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MEGA GROUP

Scientists, manufacturers & visionaries of electromembrane 
processes

A�group of technological companies with worldwide reach and 
more than 30 years of experience.

Whether you�re in Power & Energy, Food, Pharma, Chemical or 
an Automotive subcontractor, MEGA can make your business 
more effective and environmentally friendly.

Electro-membrane �ltration based on custom RALEX mem-
branes brings industries double pro�t in both recovery of valu-
able ingredients and smaller waste amount. In-house manu-
factured membranes, stacks and systems allow us to design 
custom, tailored solutions for each individual customer.

ELMARCO

Nano�bers are the future of your products

Elmarco, a global leader in industrial electrospinning equipment 
since 2004, revolutionized nano�ber production with Nanospi-
der� technology, stemming from a collaboration with the Tech-
nical University of Liberec. We offer a comprehensive range of 
electrospinning machines, from lab-scale to fully industrial sys-
tems, capable of producing nano�bers from diverse polymers. 
Our advanced electrospun membranes, known for their high 
porosity and small pore sizes, are gaining popularity in air and 
liquid �ltration, as well as performance apparel. Prioritizing sus-
tainability, we focus on developing eco-friendly membranes, 
free from PFAs and non-REACH list solvents, ensuring greener 
solutions for the future.

Website
www.mega.cz 
www.membrain.cz 
www.megatec.cz

Contact
sales@mega.cz

Location
Czechia

Website
www.elmarco.com

Contact
info@elmarco.com

Location
Czechia





INSTITUTE OF CHEMICAL PROCESS FUNDAMENTALS OF 
THE CZECH ACADEMY OF SCIENCES

A� public research institution focusing on research in the �eld 
of chemistry, new materials, and a� number of engineering 
disciplines. In addition to systematic basic research, we also focus 
on applied research, where we transform gained knowledge 
and ideas into concrete outputs with social impacts.

Website
https://link.springer.com/
journal/42247

Contact
https://link.springer.com/
journal/42247/contact-the-
-journal

Location
Doha, Qatar

Website
www.icpf.cas.cz

Contact
icecas@icpf.cas.cz

Location
Czechia



INSTITUTE OF MACROMOLECULAR CHEMISTRY, CZECH 
ACADEMY OF SCIENCES

The Institute of Macromolecular Chemistry, Czech Academy of 
Sciences (IMC), is an internationally recognised research and 
educational organisation in the �eld of synthetic polymers. Its 
mission is advancing the area of macromolecular chemistry, or-
ganic chemistry, macromolecular physical chemistry and mac-
romolecular physics including their related interdisciplinary 
�elds with the purpose of acquiring knowledge about relations 
between structure, properties and function of macromolecular 
systems and about controlled creation of supramolecular struc-
tures.

Their research is oriented on the development of new synthetic 
and technological processes, on new polymer materials 
and their applications as well as on design of polymers for 
electronics, for medicinal chemistry and for tissue engineering 
including investigation of interactions of biological systems 
with polymeric materials. The combination of interdisciplinary 
teams of knowledgeable experts with up-to-date experimental 
facilities is the main asset of the Institute. Although the Institute 
is primarily focused on fundamental research, it also closely 
cooperates with the application sphere. This is particularly 
true for application of polymers in medicine, but also for 
material research and for assessment of the ecological impact 
of plastic waste. The Institute provides training in polymer 
science for postgraduate, graduate as well as undergraduate 
students enrolled at Czech universities. It also traditionally runs 
international postgraduate courses in polymer science under 
the auspices of UNESCO and IUPAC.

Last, but not least, the IMC has many years of experience in 
organising national and international scienti�c meetings. Every 
year, the Institute organises one or two international conferences 
(PMM � Prague Meetings on Macromolecules) devoted to one 
selected topic of polymer chemistry, physics, physical chemistry 
or medical application of polymers.

Website
www.imc.cas.cz

Contact
www.imc.cas.cz/en/con-
tacts/address

Location
Czechia



UNIVERSITY OF CHEMISTRY AND TECHNOLOGY PRAGUE

The University of Chemistry and Technology, Prague is a�natural 
centre of �rst-rate study and research in the area of chemistry 
in Czechia and is one of the country�s� largest educational and 
research institutions focused on technical chemistry, chemical 
and biochemical technologies, material and chemical engineer-
ing, food chemistry, and environmental studies.

Research University

According to the prestigious Times Higher Education rankings, 
UCT Prague, one of �ve Czech universities, ranks among the 4% 
of the best world universities. The school has also dominated 
the rankings of the Education Policy Centre of Charles University 
in the category �Emphasis on Science, Research and Creativity� 
category.

UNIVERSITY OF PARDUBICE, FACULTY OF CHEMICAL 
TECHNOLOGY

We are the oldest faculty of the University of Pardubice. We de-
velop teaching and research in chemical, chemical-technologi-
cal and biological �elds and disciplines in the areas of materials 
engineering or nanotechnologies.

Today, we can boast of a� worldwide reputation thanks to ex-
tensive scienti�c research and creative activities, applied re-
search and important personalities working at the faculty. Our 
students and academics are involved in solving domestic and 
international projects, organizing prestigious scienti�c con-
ferences and student competitions.

Website
www.vscht.cz

Contact
www.vscht.cz/contact

Location
Czechia

Website
https://fcht.upce.cz/en

Contact
dekanat.fcht@upce.cz

Location
Czechia



ME-SEP

Me-Sep is an innovative research and engineering company pro-
viding technical and engineering solutions in the �eld of mem-
brane technology.

We support our clients in research and development projects. 
Lab and pilot scale are our specialty. Our team of specialists 
designs and manufactures custom-made machines, solutions, 
and processes for the membrane industry.

MDPI

A�pioneer in scholarly, open access publishing, MDPI has sup-
ported academic communities since 1996. Based in Basel, Swit-
zerland, MDPI has the mission to foster open scienti�c exchange 
in all forms, across all disciplines.

Our 442 diverse and open access journals, including 433 peer-re-
viewed journals and 9 conference journals, are supported by 
more than 295,000 academic experts who share our mission, 
values, and commitment to providing high-quality service for 
our authors. We serve scholars from around the world to ensure 
the latest research is freely available and all content is distribut-
ed under a�Creative Commons Attribution License (CC BY).

Website
www.me-sep.com

Contact
www.me-sep.com/me-sep-
-contact

Location
Poland

Website
www.mdpi.com

Contact
www.mdpi.com/about/con-
tact

Location
Switzerland



MDPI publishes over 98 journals that are ranked as high impact 
within their �elds. To view the current impact factors for MDPI 
journals (according to the Journal Citation Reports), please visit 
our yearly announcement page at www.mdpi.com.

With additional of�ces in Beijing, Wuhan, Tianjin and Nanjing 
(China), Barcelona (Spain), Belgrade and Novi Sad (Serbia), Man-
chester (UK), Tokyo (Japan), Cluj and Bucharest (Romania), Toron-
to (Canada), Kraków (Poland), Singapore (Singapore), Bangkok 
(Thailand) and Seoul (Republic of Korea), MDPI has published 
the research of more than 330,000 individual authors and our 
journals receive more than 25 million monthly webpage views.

AIRRANE

Gas Membrane Specialist

AIRRANE provides solutions for Air and Gas �elds using Gas 
separation membrane technology.

Since the Company founded in 2001, Airrane has been a�leader 
in gas separation membrane manufacturing in Korea for over 
20 years. Based on innovative corporate culture and continuous 
R&D efforts, they are expanding our participation in the global 
market through customized product design.

Airrane provides the market with a�technology to separate gas-
es such as carbon dioxide, methane, nitrogen, oxygen, hydro-
gen, and helium with high purity through self-developed gas 
separation membrane products. They aim to develop innovative 
solutions for Environment and Energy issues that world is facing 
and especially focus on carbon neutralization using membrane 
carbon capture technology.

Airrane has business with customers in various industries such 
as Oil & Gas, Energy, Biogas, Petrochemical, Electronics, Marine, 
Aircraft, Agriculture, and Logistics. As a� technological innova-
tion company, Airrane will become a� company that provides 
solutions that meet the rapidly changing needs of customers.

Website
https://en.airrane.com/

Contact
https://en.airrane.com/con-
tact_us

Location
Republic of Korea



POROMETER, A�BRAND OF APTCO TECHNOLOGIES

Leaders in porometry. Technology and expertise combined.

Porometer, a�brand of Aptco Technologies NV, a�Belgian based 
company that was founded in 2007 with the purpose of bring-
ing better porometers to the market. Since our start, they have 
been transforming the world of porometry. With the name Po-
rometer, and the typical logo representing the complexity of 
pores, their ambitions were clear from the start: becoming the 
global leader in porometry.

This implies not only getting a�top quality instrument to the cus-
tomer, but also gaining an in-depth understanding of the com-
plexity of porometry.

DIAMO

DIAMO, state enterprise, with headquarters in StrÆ� pod Ral-
skem, is an organization that implements the mitigation of the 
consequences of mining activities after uranium, ore and part of 
coal mining in the Czech Republic.

DIAMO ensures for the state the mitigation of the consequences 
of industrial activity, including the reuse of raw materials, we 
protect its interests in the �eld of strategic raw materials and 
radioactive materials, and they help to improve the environment 
in industrially affected regions.

Website
www.porometer.com

Contact
www.porometer.com/con-
tact-us

Location
Belgium

Website
www.diamo.cz/en

Contact
www.diamo.cz/en/contacts

Location
Czechia



EMI TWENTE

EMI Twente conducts research on behalf of industrial clients 
spread around the world. The Institute was founded in 1995 
and has since completed some 400 projects for more than 160 
companies in over 20 countries.

Their team comprises highly experienced membrane technology 
experts who between them can claim over 250 years of research 
experience. Moreover, they are in close contact with over 60 
colleagues and the 7 research groups of the Membrane Science 
and Technology (MST) cluster at the University of Twente.

APRIA SYSTEMS

Apria is a technology-based company that solves environmen-
tal challenges through innovative membranes processes, pro-
viding solutions in the separation and puri�cation of streams, 
sustainable energy production, and waste valorization.

Our experts can help you �nd the most suitable membrane 
technology to meet your application needs. we have extensive 
experience in the design, construction, and commissioning of 
tailor-made membrane equipment from laboratory to industri-
al scale.

Website
www.emi-twente.nl

Contact
info@emi-twente.nl

Location
The Netherlands

Website
https://apriasystems.es

Contact
comercial@apriasystems.es

Location
Spain



SURFACE MEASUREMENT SYSTEMS

World Leader in Sorption Science

About Surface Measurement Systems

As the world leaders in sorption science, Surface Measurement 
Systems develop and engineer innovative instrumentation for 
the advanced physico-chemical characterization of complex 
solids.

They combine our outstanding instruments with unparalleled 
aftersales care and educational resources to be the ideal sorp-
tion science research partner.

  

MEMS

About MEMS

�MEMS is the Wellspring company�s� specialized brand that 
provides top-notch membrane manufacturing equipment, 
including casting and spinning systems, for research and 
development purposes. We pride ourselves on offering innovative 
and compact solutions to our customers for manufacturing and 
evaluating hollow �ber and �at sheet membranes. Our expert 
team at MEMS is dedicated to providing the most suitable and 
advanced technology for research and development, regardless 
of the size, scale, or application. With years of experience, we 
offer tailored advice to all of our customers. At MEMS, we value 
and prioritize research and innovation with user-friendliness 
and convenience. Our overall goal is to provide solutions to solve 
customer�s�needs with ease and satisfaction.�

-Jeong Hak Kim
CEO of Wellspring Co., Ltd

Website
https://surfacemeasure-
mentsystems.com/

Location
United Kingdom

Website
www.pmems.co.kr 
www.wellspring.co.kr

Contact
info@wellspring.co.kr

Location
Republic of Korea



Wellspring Co., Ltd develops water treatment technology for 
a� safe and sustainable environment, contributing to the valu-
able lives of mankind through consumer-friendly and environ-
mentally friendly products.
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The Institute of Macromolecular Chemistry is a research institute of the Czech Academy of Sciences, 
which focuses on basic research on synthetic polymers. The Institute is known for the breadth and 
depth of its research, which ranges from the preparation of specific polymers for medical applications 
to the search for more environmentally friendly ways of disposing of plastics. 

 

Department of Polymer Membranes - Shaping the future of membrane technologies: 

�x synthesis of new types of polymers for various membranes  
�x development and implementation of ion exchange membranes in renewable energy sources  
�x membranes for sensors and diagnostics 
�x hollow fiber composite membranes for gas separation 

 



The University of Chemistry and Technology , Prague is a natural centre of � rst-rate study and 
research in the area of chemistry in Czechia and is one of the country‘s largest educational and research 
institutions focused on technical chemistry, chemical and biochemical technologies, material and 
chemical engineering, food chemistry, and environmental studies.

According to the prestigious Times Higher Education rankings, UCT Prague, one of � ve Czech universities, 
ranks among the 4 % of the best world universities. The school has also dominated the rankings of 
the Education Policy Centre of Charles University in the category “Emphasis on Science, Research and 
Creativity” category.

Half of its income is generated from the institution‘s creative activities focused on science, research and 
innovation. In the Czech context, this is an extraordinary accomplishment.

It is a member of the European University Association, the European Federation of National Engineering 
Associations and the International Society for Engineering Pedagogy. It cooperates with more than 100 
academic institutions not only in Europe but also in the US, Canada, Japan, Vietnam, and many other 
countries.

INSTITUTE OF CHEMICAL PROCESS FUNDAMENTALS (ICPF) of the Czech Academy of Sciences is 
a leading public research institution located in Prague, specializing in chemistry, environmental, and 
chemical engineering research. Our core research areas include:

Membrane Separations: Developing and testing novel membranes for CO2 removal, gas and vapor 
separation close to real process condition. Membrane-based separation of enantiomers.

Catalysis and Reaction Engineering: Design and reactive testing of catalysts and supports based on 
electrospun nano� bers. Structural and transport characterization of materials with hierarchical porosity.

Waste Management and Sustainable Technologies: Recovery of valuable raw material from municipal 
and industrial waste. Advancing pollutant removal and valuable byproducts production as biochar in 
thermal treatment of fuels or waste. 

Microreactors : Enhancing process intensi� cation and “batch-to-continuous” transformations for 
pharma and � ne chemicals using microreactors and additive manufacturing.

Multiphase Reactors: Studying transport phenomena in multiphase systems (bubbles/drops/particles). 
Mass transfer and hydrodynamics in gas-liquid systems and e� ect of (bio)surfactants.

Algal and Microbial Biotechnology : Optimization and scale-up of cultivation and down-stream 
processes. Design of microalgae products for human nutrition and agricultural biostimulants.

Advanced Materials and Organic Synthesis: Synthesizing polycyclic aromatic compounds as 
helicenes and phenacenes and separation of their enantiomers. Electropolymerization of thin � lms for 
optoelectronics.

Aerosol Chemistry: Investigating atmospheric aerosols as part of EU network and process of aerosol 
nucleation. Synthesis of nanoparticles and their health e� ects.

Molecular and Mesoscopic Modelling: Simulation of real � uids in micro- and mesopores, and at 
interfaces with solid surfaces. Reactive energetic materials.
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Founded in 1899 with just four professors, today we have 8 faculties, 3 university institutes, and 
over 17,000 students. We are an internationally respected educational and research institution. 
In the field of education, we offer programs in engineering, natural sciences, economics, and the 
arts. In research and development, we take pride in exploring and understanding our world. We 
have five research centers of our own and participate in two centers of excellence. Our activities 
include basic, applied, and contract research. 
Our university is located in the Czech Republic, one of the safest countries in the world. Brno is a 
vibrant student city (every 6th person is a student), with a strong industrial and technological 
tradition. The city offers excellent opportunities, especially in IT and technology sectors. 
We fully support our students and staff in gaining international experience, and we warmly 
welcome students and employees from all over the world to BUT. 
BUT is involved in several university networks aimed at sharing knowledge, deepening 
cooperation in science and research, and fostering an international environment for students 
and staff. Currently, we are part of EULiST, CESAER, and EUA. 
 

 
 
Faculty of Civil Engineering 
www.fce.vutbr.cz/en 
The Faculty of Civil Engineering is the oldest part of Brno University of Technology (BUT), 
established in 1899. Today, it is the largest faculty at BUT, both in terms of student numbers and 
educational offerings. As a modern tertiary institution, the faculty continually strives to innovate 
the fields of study it offers, as well as the composition and content of individual subjects. 
Students gain access to the latest theoretical and practical knowledge, preparing them for real-
world applications. 
The faculty places a strong emphasis on academic mobility, particularly within Europe. It offers 
accredited Bachelor's, Master's, and doctoral degree programs, as well as lifelong learning 
courses. The faculty is also deeply involved in research and development activities. 
 
Institute of Municipal Water Management 
water.fce.vutbr.cz/en/home/ 
The Institute of Municipal Water Management, part of the Faculty of Civil Engineering, focuses 
on the following areas: 

�x Water management �ó water treatment and distribution of drinking water 
�x Drainage and wastewater treatment 
�x Utility networks 
�x Balneotechnology and waste management 
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As developed economies transition to industrial paradigms which consume less energy and approach so-
�����o�o������ �^�v���š�� �Ì���Œ�}�_�� �•�Ç�•�š���u�•�U�� �š�Z���Œ���� �]�•�� ���� ���}�Œ�Œ���•�‰�}�v���]�v�P�� �u�}�À���� �š�}�Á���Œ���•�� ���]�}-based feedstocks to provide the 
products consumers demand, towards more efficient processing of hydrocarbon-based feeds and towards 
conservation through in process recycling. Membrane technology has the potential to provide game-
changing alternatives to conventional concentration and purification technologies such as distillation, 
evaporation, adsorption, and chromatography. To achieve this, membranes must offer resilience in harsh 
liquid environments, and have good permeance, selectivity, and operational lifetimes. 
 
The use of biobased feedstocks offers a key route to reducing carbon emissions. The refining of lignin has 
the potential for replacing hydrocarbon feedstocks and is an attractive area for new process development, 
but also poses one of the key challenges for biofeedstocks - the separation of complex molecular mixtures 
into useable fractions. Membranes have been demonsrated to offer advantages  in lignin-first biorefining, 
although further improvements in process performance are necessary1. Biofuels are an important member 
of the portfolio of future energy sources, and present the key challenge of separating low concentrations of 
biofuel from aqueous mixtures. Membranes have been shown to offer powerful alternatives to 
conventional distillation, through perstraction in which membranes serve to stabilize an aqueous-organic 
interface, providing significant energy savings in recovery of biobutanol from fermentation broths2. 
 
Hydrocarbon based fuels and chemicals will likely continue to play an important role in the provision of 
energy and so it is important that they are used efficiently �t currently, approximately 10% of each barrel of 
crude oil refined is used to provide refinery energy. Recent work on new polymer membranes will be 
presented which shows that there is significant potential to reduce this energy consumption by using 
membranes for separating hydrocarbon feedstocks into product streams without requiring the liqiud-vapor 
phase changes of conventional distillation3,4. Pharmaceutical manufacturing utilises solvents and reagents 
to produce medicines desired by healthcare systems, and the use of membranes to carry out complex 
separations and recycle solvents in production of high-value therapeutics will be outlined5,6. 
 
Finally the sustainability of membrane processing compared to conventional separations will be discussed. 
Key factors include membrane fabrication and end-of-life disposal7, with the service lifetime being perhaps 
the most important of all. In this respect, initial work on fouling of membranes in organic systems will be 
presented8. The presentation will finish with some considerations on membrane scale up from laboratory 
fabrication to industrial manufacture, described through the prism the speakers experience of commercial 
manufacture at Exactmer Limited9. 
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Will membrane technologies solve the global water crisis?  
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Thousands of scientific papers on membrane technologies for water treatment start with a description of 
the global water crisis, which they hope to solve or at least decrease by their research or by implementing 
technologies. This lecture investigates if this is the case, and to what extent.  
The first observation is related to the difference between water quality and water quantity. The 
quantitative problem is the central issue, because there is no point in discussing the quality of water that is 
not there. This has led to drastic manipulations of Nature to enhance, or control, quantities of water. Some 
among many examples are Los Angeles, a city that would have the size of the capital of Moravia, Brno, 
without manipulation of water sources; the South-to-North water transfer project in China bringing water 
to Beijing and many other places; and, an older example, the Aswan Dam in Egypt. Whether these are 
�•�u���Œ�š�������š�]�}�v�•���}�Œ���š�Z�����Z�µ�u���v�]�š�Ç�������š�]�v�P�����•���š�Z�����•�}�Œ�����Œ���Œ�[�•�����‰�‰�Œ���v�š�]�����������•���Œ�]�����������Ç���'�}���š�Z���U���]�•���o���(�š���]�v���š�Z�����u�]�����o����
here. 
 
If we bypass the quantity issue, however, we must understand how we end up with lower quality water. 
This may have two reasons. One is in an actual increase in quantities, so that high-quality water that is 
available has to be supplemented with low-quality water sourced from seawater, wastewater, or any 
impaired source. This can be due to population increase �t including the explosions of population due to 
war or climate refugees �t or the actual increase of consumption patterns. Such water crisis may have 
technological solutions: there are numerous examples of efficient (membrane) desalination technologies, 
or wastewater recycling using membranes. It should be understood, however, that this is an approach 
focused on fighting the symptoms rather than solving the problem.  
 
The second reason is that water quality is impaired by human development and activities. This can also 
have a quantitative impact; climate change would not decrease precipitation, but make it more unequal, 
causing a migration of many millions to places with water �t bringing us back to the previous point where 
membrane technologies can help in putting a plaster on the wound. Addressing the qualitative impact of 
human activities on water quality is where most researchers see their contribution, and the contribution of 
(membrane) technologies. Thousands of membranologists have tried to solve the threatening challenge of 
the presence of pesticides in water, which is a problem that was clearly self-provoked. With evil 
intentions? Certainly not, because we need those pesticides to feed all the population. So we end up again 
�]�v���š�Z�����Œ�}�o�����}�(���š�Z�����•�}�Œ�����Œ���Œ�[�•�����‰�‰�Œ���v�š�]�����X�� 
 
�����u�}�Œ�������Œ���u���š�]�������Æ���u�‰�o�����]�•���š�Z�����‰�Œ���•���v�������~���v�����Œ���u�}�À���o�•���}�(���W�&���^�W���������}�u�‰�}�v���v�š���š�Z���š���Á���•�v�[�š�����v�Ç�Á�Z���Œ�����}�v�o�Ç��
some decades ago, and that is now even present in samples taken in Greenland or in the Himalayas. There 
is not the slightest need for having such compounds, other than greed and the stimulation of our economic 
system. Let us keep at least that in mind, and think twice before using fluorinated polymers for membrane 
synthesis, toxic solvents in various stages of the process, or handy, resistant materials such as Teflon in 
module manufacturing. Let us stop trying to break through the infamous Robeson bound, but rather invest 
in materials with modest performance like polylactic acid. 
 
Overall, considering the protection of our water resources, most membrane-based solutions are actually 
trying to solve problems that should never have been there, and they do so on a purely academic level. 
This would not mean that membrane technology is not essential to prevent degradation of water 
resources on an even larger scale; a key example that will be addressed is the highly colored wastewater 
from the textile industry, where membranes can make an immense difference. One can still ask whether 
the humanity really needs all these fancy, non-biodegradable colors, but assuming that digging your own 
grave is intrinsic to humanity, membranes can help tremendously in reducing the threats. 



What remains? Membranes play a central role in producing drinking water on a massive scale in one single 
process: desalination. In research there is some optimization, but this is marginal: the real limit is in the 
energy needed to separate salt from water, which has a thermodynamic limit. Hybrid processes such as 
forward osmosis on wastewater combined with dilution of seawater for desalination can make an 
enormous difference, but require logistics that are seldom in place.  
�d�Z���Œ���(�}�Œ���U�� �]�v�� ���o�o�� �u���u���Œ���v���� �š�����Z�v�}�o�}�P�]���•�� �š�Z���š�� �Á���� �]�v�À���v�š�U�� �Á���� �•�Z�}�µ�o���� �l�����‰�� �š�Z���� �]�u���P���� �}�(�� �š�Z���� �•�}�Œ�����Œ���Œ�[�•��
apprentice in mind.   
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Introduction. Metal-organic frameworks (MOFs) are hybrid inorganic/organic compound made by 
coordination of organic linkers with metal nodes, leading to a crystalline framework with a permanent 
microporosity.[1] The flexibility in the selection of metal and organic building blocks, a relatively rapid 
���Œ�Ç�•�š���o�o�]�Ì���š�]�}�v���l�]�v���š�]���•�U�����v�����‰�}�•�•�]���]�o�]�š�Ç���š�}���•�Ç�v�š�Z���•�]�Ì�����(�Œ���u���Á�}�Œ�l�•���Á�]�š�Z����-scale pore aperture has led to rapid 
adoption of MOFs in molecular separation.[2,3] Thin MOF films have been pursued intensively motivated 
by the desire to prepare membranes for selective gas separation.[4-6]  To achieve membranes with high 
throughput, as in ��-scale biological channels with nanometer-scale pathlengths, MOF films with the 
minimum possible thickness, down to just one unit cell, are highly desired. However, the state-of-the-art 
methods yield MOF films with thicknesses exceeding 50 nanometers.  
 
Results and discussion. In this presentation, I will discuss a deposition method from ultra-dilute precursor 
mixtures that within minutes, and at room temperature, yields uniform unit-cell-thick MOF films on 
crystalline substrates with crystallographic registry with MOF (Figure 1).[7] For example, two-dimensional 
(2D) crystalline zeolitic imidazolate frameworks (ZIF) and UiO-66 films with thickness of a unit-cell could be 
achieved, enabling rapid permselective molecular transport (Figure 2). The method will likely accelerate the 
development of 2D crystalline and ultrathin amorphous MOF films for applications ranging from separation 
membranes to sensors and patterning for microelectronic applications. 
 
 

 
Figure 1. Synthesis ZIF films from ultradilute solutions. a, Schematic of the ZIF film synthesis approach. b, 
Composition diagram comparing the precursor solution composition used in this study with those reported 
in the literature (Supplementary Table 1). AFM (c) and the corresponding height profile (d) of a monolayer 
ZIF film on HOPG. e, Monolayer and multilayer ZIF films on HOPG with discrete thicknesses as a function of 
synthesis time. Error bars in this figure represent the standard deviation of measurement.  
 
 



 
 
Figure 2. Gas separations of 2DZIF. a, Schematic of a 2DZIF film supported on nanoporous graphene 
reinforced with PTMSP. b, H2, CO2, N2 and CH4 permeances of the support film and the supported 2DZIF 
film. c, 2DZIF membrane separation performance for an equimolar H2/N2 mixed feed. d, Comparison of the 
H2/N2 separation performance of 2DZIF membranes with the state-of-the-art. GO, CMP, HOF and BNG refer 
to graphene oxide, conjugated microporous polymers, hydrogen-bonded organic frameworks and boron 
nitride and graphene nanosheet, respectively.  
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Introduction 
Long-term evaluation of propylene and propane permeation through tight and narrow slit carbon molecular 
sieve (CMS) membranes is essential for an in-depth study of their steady-state separation performance. CMS 
membranes are characterized by finely tuned ultramicroporous structures, exceptional thermal and 
chemical stability, and hold great promise for the energy-intensive separation of propylene and propane [1-
3]. However, it is noteworthy that the gradual decline in their performance over time has often been 
overlooked. In this study, we prepared CMS membranes using a polymer of intrinsic microporosity (PIM) 
with a highly aromatic tetraphenylethylene (TPE) based repeat unit [4]. The presence of bulky and sterically 
hindered TPE repeat units renders this polymer an excellent precursor for the fabrication of high-
performance CMS membranes.  
 
Methodology 
The TPE-PIM ladder PIM underwent pyrolysis at temper���š�µ�Œ���•���Œ���v�P�]�v�P���(�Œ�}�u���ñ�ñ�ì���š�}���ó�ì�ì���£C for one hour. Pure- 
and mixed-gas permeation tests were ���}�v���µ���š������ ���š�� �ï�ñ�� �£C and 2 bar in our custom-built constant 
volume/variable pressure permeation setups. These tests were complemented by a variety of 
characterization techniques including thermal gravimetric analysis (TGA), X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), Raman analysis, N2 and CO2 BET surface area and pore size distibution, 
pure-gas sorption, and FTIR analysis. These methods were employed to evaluate the carbonization state of 
the CMS materials 
 
Results and discussion 
Exceptional pure-gas separation properties were observed for CMS films for multiple gas pairs, including 
C3H6/C3H8, surpassing the most recently reported permeability/selectivity upper bounds. Notably, propane, 
being larger than propylene, exhibited much slower permeation kinetics through the CMS membranes, 
taking ~10 days (on average) to reach steady state. Furthermore, the CMS pyrolyzed at 600 �£C exhibited a 
decline in pure-gas C3H6/C3H8 selectivity from approximately 350 to 197 over a 20-day period. Even more 
notable, under equimolar mixed-gas conditions, the isotropic CMS film displayed a C3H6/C3H8 selectivity 
reduction from 60 to 27 over a 70-day period. This performance degradation can be attributed to 
competitive sorption and notably slow dilation kinetics, which moderately reduced propylene permeability 
while significantly enhancing propane permeability. Our study suggests that long-term, continuously 
performed mixed-gas permeation experiments are essential �š�}�����•�•���•�•���š�Z�����Z�•�š�������Ç-�•�š���š���[���‰���Œ�(�}�Œ�u���v�������}�(�����D�^��
membranes for mixtures containing highly sorbing feed components, as observed in propylene/propane 
separation. These insights contribute to a better understanding of the challenges associated with achieving 
stable and efficient gas separation processes and provide valuable guidance for the development of 
membranes in challenging industrial applications. 
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Introduction  
Lithium extraction from subsurface brines can be a sustainable method with lower environmental 
footprints, and it demands its own separation techniques. Subsurface brines usually contain organic 
matter, which can become problematic during lithium extraction. High organic content is one of the causes 
of fouling, and it reduces the surface adsorption efficiency of ion-exchange materials. Furthermore, lithium 
concentration in subsurface brines can vary from very low to reasonably high values [1-3]. This research 
aims to synthesize an antifouling ion exchange membrane with high hydrophilic properties to recover 
lithium from subsurface brines. By using polyacrylonitrile (PAN) and polyethylene glycol (PEG), new ion 
exchange composite materials are fabricated in granular pellet form. The adsorption efficiency of the 
materials is investigated to analyse the performance of the ion exchange composite materials in recovering 
lithium from subsurface brines. 
Experimental methodology  
The experimental methodology includes H2TiO3 synthesis, composite materials granulation and batch 
experiments. Anatase-type TiO2 and lithium carbonate (Li2CO3) are used in the solid-phase method to 
produce Li2TiO3 [4]. Next, Li2TiO3 is delithiated using 0.2 HCL to produce H2TiO3. Then the composite 
materials are fabricated by dissolving H2TiO3, PAN, and PEG in N, N-Dimethylformamide (DMF). The slurry 
is dripped into deionized water using a syringe, to form granules. In the next step, characterization of 
materials is conducted, these include determining crystal structure, infrared spectra, morphology and 
contact angles. Finally, the adsorption performance of the granular ion exchange membrane is evaluated 
using the batch experiment method.  
Results and discussion  
The proposed ion exchange materials provide a desirable hydrophilic characteristic resulting from its low 
contact angle (less than 30o). It can minimize the fouling caused by organic matter contained in subsurface 
brines. The adsorption capacities for H2TiO3 powder, H2TiO3+PAN, and H2TiO3+PAN+PEG were 33.2, 8.72, 
and 16.88 mg/g, respectively. This is comparable to recently fabricated lithium adsorbents for salt lake 
applications [5]. The high intake lithium capacity indicates suitability for lithium recovery from subsurface 
brines at low concentrations. PAN provides good bonding to H2TiO3, so the loss rate is less than 1%. 
Meanwhile, adding PEG provides a better surface area for the granular so that the adsorption capacity can 
be increased compared to using PAN alone. In conclusion, the synthesized granular ion exchange 
composite materials are promsing separation techniques for recovering lithium from subsurface brine and 
have the prospect of being applied on an industrial scale. 
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Introduction. Plastic production has increased 20 times over the past 50 years, with an estimated 9200 
million metric tons (Mt) of plastic produced worldwide, of which more than 6900 Mt end up in landfills and 
lead to environmental pollution. 368 Mt of plastics were produced globally in 2019, which is expected to 
double within the next 20 years. Polyvinyl chloride (PVC) is the most widely manufactured and utilized 
thermoplastics globally [1]. Thin film composite (TFC) membranes are the predominant choice for large-
scale industrial water treatment and desalination applications. This paper explored the upcycling of waste 
PVC pipe as a support layer for creating a TFC membrane. The waste PVC pipe, sourced directly from a 
landfill, was transformed into a support layer using the nonsolvent-induced phase separation (NIPS) 
process. To assess the impact of additives present in the waste PVC pipe on various aspects of the upcycled 
membrane, including the structure, morphology, thickness, transport properties, and performance (water 
permeability and salt rejection) of the polyamide layer, TFC membranes using commercial research-grade 
PVC (RG PVC) powder, were fabricated employing identical conditions as those for the fabrication of the 
Upcycled PVC TFC membrane. Finally, a comparative analysis assessed the physicochemical properties and 
performance of the Upcycled PVC TFC membrane against the TFC membranes with commercial 
polyethersulfone (PES) support. 
 
Experimental/methodology. Phase inversion methods and interfacial polymerization were employed in 
the fabrication of membranes. Various membrane properties were examined, including pore size, 
morphology, surface roughness, and charge. The membrane performance, including permeability and 
rejection, was evaluated using a cross-flow filtration configuration [2]. 
 

Results and discussion. It was found that while the three TFC membranes showed almost similar 
hydrophilicity and surface charge, their PA morphology, surface roughness, and performance in terms of 
pure water permeability and salt rejection differed, which was attributed to the different support layer 
physicochemical properties (pore size, morphology, and the presence of additives) on which the TFC 
membranes were fabricated. Upcycled PVC support layer due to its larger pore size, finger-like morphology, 
and the presence of additives resulted in the formation of thinner, less crosslinked, relatively defective, and 
smaller dispersed nodular-like polyamide structure with relatively higher surface roughness leading to 
higher pure water permeability and comparable/slightly lower salt rejection compared to RG PVC TFC and 
PES TFC. In summary, this study demonstrated that upcycling waste PVC pipe to create a support layer for 
TFC membranes yielded TFC membranes with comparable or even superior performance to TFC 
membranes fabricated on commercially available PES support layers [3].  
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Introduction. Compared to conventional polymer membranes, nickel-based membranes are chemically and 
thermally stable, furthermore they show no fouling in initial emulsification tests in premix membrane 
emulsification [1]. A reduction in the pore size, which has a decisive influence on the droplet size of the 
emulsification product, should contribute to further optimization of the emulsification performance and is 
attempted here. In this context, the single crystalline nickel-based superalloy CMSX-4 is used, which in its 
initial state consists of the �J-matrix and the �J'-precipitation phase. The process of directional coarsening, 
called rafting, in which the material is subjected to creep deformation at elevated temperature, creates an 
interpenetrating network that is interconnected in three dimensions. Subsequently, the �J-matrix is 
chemically dissolved, leaving a membrane consisting of �J'-phase and channel-like porosity. This process has 
so far made it possible to produce membranes with a pore width of approx. 300 nm resulting in a droplet 
size (D50) of 372 nm after 5 cycles at a flow rate of 0.5 mL/s [1].  
Experimental. For the creep deformation, the single-crystalline alloy CMSX-4 [2] was subjected to a stress of 
�î�ñ�ì�� �D�W���� ���š�� �õ�ñ�ì�£���� �(�}�Œ�� ���µ�Œ���š�]�}�v�•�� �����š�Á�����v 140 h and 506 h. The specimens were then prepared 
metallographically and the pore width was determined indirectly via the width of the �J-phase using SEM 
images in conjunction with a line intersection method. After selective phase extraction, cross-linking of the 
�J�[-phase was investigated to assess the mechanical stability of the membranes [2]. Finally, emulsification 
tests were performed using 7.5 % SDS and 10 % Miglyol 812. 
Results and discussion. The results revealed an optimum creep duration of about 310h, leading to a width 
of the channel-like pores of approx. 120 nm in the dendritic areas (Fig. 1 left). At shorter durations, cross-
linking, i. e. mechanical stability of the membrane, is insufficient while longer ones lead to larger pores. In 
order to cover a wider range of creep durations, emulsification tests were performed on membranes with 
creep durations of 300 h �F���í�ì�ì���Z. The results exhibit a smaller droplet size already after 1 cycle for all tested 
membranes compared to polymer membranes with a nominal pore size of 200 nm (Fig. 1 right) and 
previously produced Ni membranes. Furthermore, results already show monomodal droplet distributions 
after one cycle, which makes this type of membrane suitable for continuous emulsification. Finally, the 
chemical and thermal resistance could be used for processing options such as sterilization to remove 
bacterial impurities.  

  
Figure 1: Dendritic structure after 310 h (left) [2] and droplet size (D50)  for different membranes at 120 bar (right) 
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Introduction. Hollow fiber membranes are advantageous due to their higher surface to volume ratio, 
higher packing density, and non-dependence on spacers compared to flat sheet modules [1]. However, the 
module mechanical durability during membrane cleaning processes and fiber breakage during preparation 
remain problematic. To overcome these issues, tubular and braided substrates have been introduced, but 
the manufacturing process for braid-reinforced hollow fiber membranes needs improvement [2]. 
Experimental/methodology. Polyvinylidenfloride (PVDF) hollow fiber membranes supported on glass fiber 
sock (external diameter 3.5 mm) were prepared by non-solvent induced phase separation (NIPS). The glass 
fiber support was coated with the polymer solution by dip coating technique. The effect of several 
preparation conditions, such as the dope solution temperature and the withdrawal rate, on membrane 
characteristics and performance has been studied. The mean pore size was assessed using a liquid-liquid 
displacement porometer. 
Results and discussion. The amount of polymer deposited depends slightly on the viscosity and 
temperature of the solution (Fig 1A). When the viscosity is higher, the dope solution takes longer to run off 
the surface during deposition leading to a larger amount of polymer on the surface. The higher the 
deposition rate, the more polymer accumulates, regardless of the solution temperature. This is because 
less time elapses between the start of deposition and the solidification that occurs when the membrane is 
placed in the vessel with the nonsolvent. A lower viscosity also contributes to more polymer accumulation. 
The deposition rate has a more significant effect than the temperature of the polymer solution. 

0.06

0.064

0.068

0.072

0.076

1432 1118 886 710 570

W
ei

gh
t/l

en
gh

t [
g/

cm
]

Viscosity [cP] 

A0.5 cm/s
1.0 cm/s
1.5 cm/s
2.0 cm/s
2.5 cm/s

0

0.2

0.4

0.6

0.8

1432 886 570

M
ea

n 
po

re
si

ze
 [µ

m
]

Viscosity [cP]

B

0.5 cm/s
1.5 cm/s
2.5 cm/s

30�£C 70�£C40�£C 50�£C 60�£C

30�£C 70�£C50�£C

 

Figure 1: Effect of solution viscosity on: A) polymer mass deposition and B) pore size. 
�D���u���Œ���v���•���‰�Œ���‰���Œ���������š���ï�ì�£�������v�����Z�]�P�Z���Œ���À�]�•���}�•�]�š�Ç���Z���À�������v�����À���Œ���P�����‰�}�Œ�������]���u���š���Œ���}�(�������}�µ�š���ì�X�í���R�u�U���Á�Z�]���Z���]�•��
smaller than those prepared at higher temperatures (Fig. 1B). The pore diameter variation with velocity at 
�ï�ì�£���U�� �Z�}�Á���À���Œ�U�� �Œ���u���]�v�•�� �Á�]�š�Z�]�v�� �š�Z���� ���Æ�‰���Œ�]�u���v�š���o�� ���Œ�Œ�}�Œ�X�� �K�v�� �š�Z���� �}�š�Z���Œ�� �Z���v���U�� ���š�� �Z�]�P�Z���Œ�� �š���u�‰���Œ���š�µ�Œ���•�� �~�ñ�ì�£����
���v���� �ó�ì�£���•�U�� �š�Z���� �À���o�}���]�š�Ç�� �����‰���v�����v������ �]�•�� �u�}�Œ���� �‰�Œ�}�v�}�µ�v�������X�� �D���u���Œ���v���•�� �‰�Œ���‰���Œ������ ���š�� �����À���o�}city of 0.5 cm/s 
�Z���À���������o�}�Á���Œ�����À���Œ���P�����‰�}�Œ�������]���u���š���Œ�U���Á�Z�]���Z���]�•�����}�u�‰���Œ�����o�����(�Œ�}�u���ñ�ì�£�����š�}���ó�ì�£�������µ�š���o���Œ�P���Œ���š�Z���v���š�Z���š�����š���ï�ì�£���X��
Membranes prepared at higher speeds have a larger pore diameter than those prepared at lower speeds 
���v���� �o�}�Á���Œ�� �š���u�‰���Œ���š�µ�Œ���•�� ���š�� �ñ�ì�£���� ���v���� �ó�ì�£���U�� ���µ�š�� �š�Z���Ç�� ���Œ���� �v�}�š�� �•�]�P�v�]�(�]�����v�š�o�Ç�� ���]�(�(���Œ���v�š�� �(�Œ�}�u�� �������Z�� �}�š�Z���Œ�X�� �d�Z����
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The potential of macrocyclic multifunctional building blocks of �,�º�v�o�]���Z�� ����se (HB) and Calix[4]phyrin (CP) 
(Fig. 1) for the preparation of H2- and CO2-selective acrylate-based membranes (PMMA, polyHEMA) was 
investigated. Tailoring the membrane structure and properties via intensifying interactions of �tNH2 groups 
with CO2 or blocking the CP cavity to bulkier molecules increased the membrane separation performance. 
�,���U�����•�����������Œ�]�À���š�]�À�����}�(���d�Œ�‚�P���Œ�–�•��base (TB) with two terminal amino groups, has the advantage of simplicity 
and cost of preparation compared to the preparation and modification of TB with terminal amines.[1] 
Calixphyrins are hybrid macrocycles containing sp2 and sp3 hybridized carbon atoms, representing 
a particular analogy to porphyrins and calixpyrroles.[2] Due to the sp3 �Z�Ç���Œ�]���]�Ì������ �����Œ���}�v�� ���š�}�u�•�U�� �š�Z���� �‹-
conjugation in CP is disrupted, leading to conformational flexibility and utility in targeted anion binding, 
host�tguest chemistry, and metal coordination chemistry. Moreover, both block molecules offer an exciting 
potential in creating 3D-defined cavities in membrane matrices. At the same time, they can modify the 
material structure as specific cross-linkers due to the presence of amino groups reacting with hydroxyl 
groups on the polymer chains. Controlled incorporation of HB and CP through a chemical reaction avoided 
the usual difficulties associated with preparing mixed matrix membranes without additive deposition 
control. The material properties of the prepared membranes were characterized using analytical 
techniques (SEM, XRD, FTIR), and transport properties were determined using permeation and sorption 
experiments. 
 

 
   Figure 1  �,�º�v�o�]���Z�������•�� (left) and Calix[4]phyrine (right) 
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Introduction. Membrane processes are promising advanced treatment methods for recovering and recycling 
valuable components from the waste stream [1]. Electrodialysis is a membrane separation process in which 
electrically charged membranes and an electrical potential difference separate ionic species from aqueous 
wastewater. Antimony is a critical raw material [2], and for this reason, technologies to recycle antimony 
from the wastewater generated during copper production must be evaluated. To advance in this question, 
this work aimed at the development of heterogeneous ion-selective membranes for use in electrodialysis 
processes to recover antimony (Sb) in copper mining tailings. 
Experimental/methodology. To prepare the membranes, the casting method was used. Poly (2,6- dimethyl-
1,4-phenylene oxide) (PPO) and styrene-ethylene-butylene-styrene (SEBS) polymers, and the anionic resin 
Purolite A-100 was tested. The produced membranes were characterized and their results were compared 
with the commercial membranes HDX 100. Lab-scale experiments were carried out with solutions prepared 
as a surrogate of the wastewater generated at the ion-exchange regeneration step. The solution was 
prepared by dissolving 1g Sb2O3 in 1L HCl 50 %. 
Results and discussion. The results concluded that the production of membrane heterogeneous structures 
is not possible using the amorphous thermoplastic polymer Poly(2,6-dimethyl-1,4-phenylene oxide), even 
though the most suitable solvent was used, in this case, chloroform. Unlike Poly (2,6-dimethyl-1,4-phenylene 
oxide), SEBS is a thermoplastic elastomer, which gives it greater behavior flexibility, making the production 
of membranes possible as a result of this feature. It was also possible to define that the higher the resin 
concentration, the more fragile and brittle the membrane becomes, and that membranes produced with 
resins that have large particles are not efficient, as the resin detaches from the membrane, and the use of 
particles is recommended. equal to or less than 74µm. The percentage extraction of Sb by the membrane 
produced with SEBS was 65% and for the commercial membrane, it was 72%. This result demonstrates that 
the membrane produced can be used to recover Sb. 
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Highly effective, hybrid separation materials for water purification were generated following a bioinspired 
system available in nature. The desert beetle was the inspiration for the generation of separation 
materials. Using the hydrophobic poly(vinylidene fluoride) (PVDF) membrane as the basis, the membrane 
was first activated and then furnished with silane-based linkers, and the covalent anchoring of chitosan 
was successfully accomplished. The obtained surface architecture was a copy of the desert beetle's armor 
possessing a hydrophobic matrix with hydrophilic domains.  Chitosan, a natural glucosamine polymer, is 
classified as a biowaste. For the latter reason, to find a way of reusing chitosan is really important from the 
environmental point of view. PVDF membranes with varied physicochemical qualities were utilized in the 
Premix Membrane Emulsification (PME) process with two types of pre-emulsion prepared using avocado 
oil (with and without the emulsifiers, Polysorbate 80 and sunflower lethicin). The properties of hand-cast 
membranes obtained by NIPS method were compared with their hydrophobic commercial counterparts. In 
the course of research, new membrane materials with chitosan attached to the surface (fully chemical 
modification) were developed. Moreover, novel hybrid materials with chitosan introduced onto the matrix 
and embedded in the surface were synthesized. The current study sought to evaluate the influence of 
various types of PVDF membranes on the physicochemical parameters of emulsions formed with them and 
their influence on the properties of the membranes themselves. 
The usefulness of the membranes utilized in this method was determined thanks to appropriately selected 
material measurements. Furthermore, the goal was to describe the resulting emulsions and test the 
influence of adding an emulsifier on their stability. Before starting the membrane emulsification process, 
the physicochemical properties of the formed membranes were duly described. Among others, 
thermogravimetric analysis (measurement of changes in the physical and chemical properties of 
membranes under the influence of high temperature and thermal stability), IR, Raman (modifications 
effectiveness confirmation), SEM (topography of membranes before and after modifications), goniometric 
measurement (physicochemical properties of membranes, wettability), zeta potential (membrane surface 
charge), XRD (phase composition, crystallinity), AFM (surface topography; roughness parameters) and CFP 
(membrane pore size and distribution). Membrane emulsification was performed with an inert carrier gas, 
nitrogen, using a membrane emulsification measuring system. Analytical methods such as DLS and ELS 
were used to characterize the properties (like average hydrodynamic diameter and zeta potential) of the 
emulsions obtained in the membrane emulsification process. SEM was used to visualize the emulsions and 
determine their morphology. 
The information gathered increased the topic's already existing knowledge and brought information on the 
influence of membrane emulsification on the cosmetic emulsion formation process. The effect of the 
applied modifications on the physicochemical properties of the obtained membranes was also described. 
The most important conclusion drawn in the course of the research is that the efficiency and degree of 
modification of sythesized membranes are much higher than those of commercial ones, and the 
modifications significantly improved the strength and thermal resistance of the membranes. Selected and 
applied material tests allowed to confirm the success of the modification process at each of its stages. 
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Introduction. This article mainly examines the effects of processing parameters for ethylene- 
chlorotrifluoroethylene copolymer membranes produced via the melt-blowing method on key 
characteristics such as fiber diameter, average pore size, and mechanical strength. These parameters 
include host machine rotational speed, hot air temperature, hot air pressure, take-up distance, and take-
up roller rotational speed. The findings of the study indicate that ethylene-chlorotrifluoroethylene 
copolymer melt-blowing membranes exhibit outstanding resistance to alkali, making them an ideal 
material for specialized liquid filtration applications. The melt-blowing method enables the production of 
high-performance separation membranes tailored for liquid filtration. 
Experimental. The raw ECTFE copolymer powder is introduced into a twin-screw extruder. After being 
heated, melted, and extruded, the melting ECTFE extrudes from the spinning hole. As the extruded melting 
ECTFE is exposed to high-pressure hot airflow at an angle relative to its direction, it is stretched, forming 
ultrafine fibers. These fibers, after being cooled and solidified by external cooling air, gather and solidify 
into a rolled fiber web, which is then collected and consolidated into fabric after being subjected to a flat-
pressing process. 
Results and discussion. The experimental operation is as follows: the host machine rotational speed is 4 Hz, 
the hot air temperature is 230oC, the take-up distance is 15 cm, the take-up roller rotational speed is 34 
cm/min, and the hot air pressure is 0.030, 0.035, and 0.040 MPa, respectively. The morphology of the melt- 
blowing membranes fibers is shown in Figure 1, and the performance test results are shown in Table 1. 

 
Tab1. Effect of air pressure on performance of melt-blown membrane 

Samples 
Fiber diameter 
 /�…�u 

Average pore size 
/ �…�u 

Tensile strength 
/N 

Hot air pressure 
 /MPa 

1# 5.41�r 0.44 37.9�r 3.1 1.40�r 0.21 0.040 

2# 6.89�r 0.53 31.1�r 3.5 2.59�r 0.32 0.035 

3# 7.99�r 0.49 21.5�r 2.9 2.90�r 0.40 0.030 

As the hot air pressure decreases, the fiber diameter increases. This is because as the hot air pressure 
gradually decreases, the stretching effect of the hot air flow on the fibers decreases, resulting in an increase 
in the fiber diameter. At the same time, the bonding area between the fibers increases, resulting in smaller 
average pore size and higher tensile strength.  

 

 
Fig1. SEM of melt-blowing fibers at different air pressures 
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Introduction. Heterogeneous cation-exchange membranes (CEMs) are widely used in electrodialysis (ED). 
The performance and swelling changes of CEMs depend on the properties of both the ion-exchange resin 
and the polyolefin binder [1, 2]. Swelling degree changes during the desalination process could be a serious 
problem for thin chambers with spacers and especially for the inlet channels, where the swelling could lead 
to pressure loss and overflows in an ED-stack. This was identified as a problem for a previous version of non-
reinforced ion-exchange membrane in our company. In this study, we investigated the effect of different 
polyolefin binders on the in-plane dimensional swelling changes that are the most important for non-
reinforced CEMs (commonly, CEMs are reinforced with a textile in our company). However, electrochemical, 
and overall mechanical properties must be considered as well. 
Experimental/methodology. We prepared the membrane mixture at the two-roll mill and formed 
membrane sheets that were then finalized by hot-pressing. The composite consisted of ground strong acidic 
cation exchange resin (50 vol% filling) and ten different polyolefin binders including a few types of 
metallocene polyethylene (mPE), high density polyethylene (HDPE), random propylene-ethylene copolymer 
(PPR), and polypropylene homopolymer (PP). We evaluated the dimensional swelling changes, 
electrochemical resistance, permselectivity, ion-exchange capacity, mechanical properties, and morphology 
of the CEMs using various methods. 
Results and discussion. We confirmed that the polyolefin binder had a significant influence on the structure 
and performance of the CEMs. The PP-based CEM showed the best result in dimensional stability, meaning 
that no significant change was observed between in-plane swelling in demi water and in 0.5 M KCl. On the 
other hand, mPE showed the best results in terms of permselectivity (up to 96 %) while in-plane changes 
were in a wider range between 0.8-2.8 % of the dry state. The HDPE-based CEM had the lowest 
electrochemical resistance paired with the lower permselectivity (at least 91 %). The PPR-based CEM had 
quite low in-plane swelling changes similar or lower than those observed for HDPE (down to 1.3 %), probably 
�š�Z���v�l�•���š�}���]�š�•���Z�]�P�Z���Œ���z�}�µ�v�P�[�• modulus. There were differences among the binders from each tested group, but 
in general the results suggested that mPE is a polyolefin binder for CEMs with enhanced permselectivity, 
while PP is a promising polyolefin binder for CEMs with enhanced in-plane dimensional stability. Both 
properties are important for non-reinforced CEM, but without sufficient dimensional stability, the CEM could 
not be used in ED-stack. Finally, PPR could be a compromise between electrochemical and physical properties 
with good processability at lower temperatures (below 170 °C). Nevertheless, upcoming pilot testing in ED-
stack would reveal the true tolerance to the in-plane dimensional stability of the CEM. 
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Introduction. Membrane separation based on polymeric membranes is a cost-effective, energy-efficient, 
easy-to-operate, and clean method for water treatment [1]. Recently, additive manufacturing has gained 
a great deal of attention because of its low material use, short fabrication time, cost-effectiveness, 
portability, and freeform design capabilities [2], enabling the exploration of new and intricate three-
dimensional structures. In this study, we develop porous materials for water treatment membranes that 
are 3D printable. 
Experimental/methodology. Candidate materials for 3D printable membranes were prepared using 
a photopolymerization-induced phase separation method followed by supercritical drying. Resins based on 
methacrylic acid and polyethylene glycol diacrylate were used as monomers and cross-linkers, respectively, 
along with 1-butanol and 2-phenoxyethanol as solvents and pore generators. Samples were characterized 
using SEM, FTIR, and BET analyses. 
Results and discussion. The resulting materials exhibited high porosity, with pore sizes ranging from 50 nm 
up to 1 um, which were dependent on the solvent concentration. Furthermore, these materials are 
compatible with 3D printing technologies, allowing the exploration of innovative membrane fabrication 
designs for water treatment applications. 
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Although a large amount of different polymers are currently produced, only a few of them have so far been 
applied in practice as membranes in separation technologies. These must have in addition to satisfactory 
transport characteristics which will be practically unchanged throughout the application, sufficient 
resistance, particularly mechanical and possibly also chemical and thermal. One of the polymers that has 
found wide practical application, especially in the separation of gaseous mixtures, are polyimides. These 
are products with predominantly aromatic character of rather rigid polymer chains and physical 
interactions between them. Although polyimides have been successfully used in practice as membranes, 
for example  for the removal of carbon oxide from natural gas, there is a limit to their permeability and 
selectivity (Robeson upper bound) [1]. 
It has also been shown in our work that  a significant shift of this limit cannot be achieved simply by 
changing the monomers used for the preparation of polymides (e.g., siloxane dimers and oligomers [2]). In 
the preparation of mixed matrix membranes, the uniform incorporation of porous additives (e.g., porous 
silica, metal-organic frameworks  [3]) into the polyimide matrix  and imperfect interfacial adhesion is 
a problem. The most promising results were achieved using self-supporting flat membranes (about 50 µm 
thick) prepred from a hyperbranched polyimide based on 4,4´-(hexafluoroisopropylidene)diphthalic 
anhydride and 4,4´,4´´-triaminotriphenylmethane, where the carbon dioxide permeability was nearly 
28 Barrer and the ideal selectivity carbon dioxide/methane was 137 [4]. Possible plasticization and/or 
ageing could then be suppressed by suitable crosslinking  [5,6]. 
The autor believes that this soluble  hyperbranched polyimide could be used as thin separating layer 
deposited on hollow fibres prepared from commercial (co)polyimides. 
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Introduction. The capture and separation of greenhouse gases represent a crucial challenge in the current 
industry landscape, demanding immediate attention for sustainable growth.1 Unlike conventional 
separation methods that involve substantial thermal energy consumption, membrane-based gas 
separation technique shows intrinsic advantages, such as efficient separation performance and cost-
effectiveness.1 Particularly, membrane materials based on microporous polymers demonstrate ideal 
properties for this application, owing to their high surface area, thermal and chemical stability, and 
suitability for membrane formation processes.2 
 
Experimental/methodology. Incorporating fluorinated functional groups into the polymer backbones 
emerges as an ideal strategy specifically for CO2 gas separation due to their remarkable affinity for CO2.3 
Moreover, CF3 groups have demonstrated efficacy in reducing aging in microporous polymers, leading to 
enhanced membrane stability. In this study, we introduce a straightforward method for the introduction of 
CF3 groups to generate bulky fluorinated monomers. Subsequently, we employ a superacid-catalysed 
polyhydroxyalkylation process at room temperature with commercially available aromatic monomers to 
afford a series of novel fluorinated microporous polymers. 
 
Results and discussion. Two fluorinated polymers, PADE and PADBF (Figure 1a), synthesized from diphenyl 
ether (DE) and dibenzofuran (DBF) exhibit notable microporosity with high N2 uptakes at relatively low 
pressure (p/p0 < 0.1 bar, Figure 1b). Their apparent BET surface area (SABET) are 450 m2/g and 734 m2/g, 
comparable to Polymers of Intrinsic Microporosity (PIMs), which are state-of-the-art microporous polymers 
defining the benchmark Robeson upper bounds in gas separation. Particularly, both polymers show 
significantly high CO2 uptake, indicating a large fraction of submicropores (<0.5 nm, Figure 1c and 1d) and 
good affinity for CO2. Moreover, the polymers demonstrate good solution processability, allowing for the 
formation of robust self-standing films in large sizes via a simple solution casting method (Figure 1e). Their 
scalable and processable nature holds potential for manufacturing practical membrane modules, crucial for 
CO2/CH4 and CO2/N2 separation in natural gas upgrading and carbon capture from powder plants. 

 

 

 
 

 
 
Figure 1. (a) Polymer repeat units of PADE and PADBF; (b) N2 adsorption and desorption of PADE, PADBF and PIM-1; 
(c) CO2 adsorption at 1 bar and 273 K on PADE and PADBF; (d) Pore width distribution of PADE and PADBF from CO2 
adsorption; (e) Transparent film of PADE casted from chloroform, 12 cm × 12 cm, 30 µm. 
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Introduction.  
The global obligation to produce clean energy requires creative solutions in developing advanced materials 
and technologies. Metal-organic frameworks (MOFs) represent an exclusive class of porous crystal 
materials constructed through reticular synthesis using metal nodes and multimodal organic linkers to form 
a strong coordination bonding.[1] Therefore, 2D-MOF materials have attracted tremendous research 
interest due to their extraordinary physiochemical properties, e.g., ultra-large specific surface areas, 
ultrathin thicknesses, high surface-to-volume atom ratios, and excellent functionality.[2] Moreover, their 
pore sequences in-plane minimize the mass-transfer barrier, while their generally nano-sized dimensions 
guarantee the ultra-permeable character and fast adsorption/desorption of the gas molecules.  
 
However, embedding MOF nanoparticles into the polymer matrix represents a critical part of the 
fabrication of mixed matrix membranes (MMMs). The random, non-controlled distribution of MOF into the 
polymer matrix results in non-selective void structures, particle aggregation, and sedimentation during the 
membrane fabrication, thus leading to the loss of the MOF advantages. Therefore, mastering the precise 
MOF embedding and process control on the micro level is a critical issue. 

 
 
Herein, we report the development of a novel Ni/Cu metal with HHTP/HATP new ligands and 2D MOFs 
incorporated into a polymethylmethacrylate (PMMA) matrix using a controlled external magnetic field 
method[3] to orientate the 2D-MOFs. The resulting MMM exhibited outstanding uniform MOF distribution 
with the formation of the alignment of nanolayers of the magnetic 2D-MOFs, which strengthened the gas 
separation efficiency due to the molecular paramagnetic (O2) and diamagnetic (N2, CO2) character.  
 
The undisputed challenge of the MMM preparation based on 2D-MOF and polymer membranes is the 
sensitively controlled synthesis of single-crystal magnetic 2D-MOFs, the uniform dispersion into the 
membrane matrix, and the deposition of magnetic 2D-MOFs on a thin layer. 
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Nowadays, there is a strong ongoing green transition regarding energy sources, where hydrogen is becoming 
more and more dominant due to its properties and ability to store energy. However, most of the hydrogen 
produced globally comes from fossil energy sources, which are non-renewable resources. Up to 95% of 
hydrogen is produced by steam reforming from natural gas [1]. Unfortunately, this product needs further 
purification to be used as a fuel.  
In this work, we explored the effects of combining graphene oxide (GO) and single-walled carbon nanotubes 
(SWCNT) with various inorganic additives in order to create a membrane that is stable at high temperatures 
and can potentially further purify the industrially produced hydrogen via membrane separation. The SW-GO 
composites benefit from the unlimited permeability-selectivity performance, while polymer-based 
commercial organic membranes usually suffer from the trade-off or plastification effects. Further on, due to 
the outstanding properties of these 2D materials, other applications were also investigated, including air 
separation (O2/N2), waste-water processing, and a process concept for combining a membrane module with 
liquid chromatography for polyethylene glycol (PEG) rejection. 
According to our previous work, GO was synthesized by a modified Tour method [2]. SWCNTs in a high-purity 
�‰�}�Á�����Œ�� �(�}�Œ�u�� �Á���Œ���� �‰�µ�Œ���Z���•������ �(�Œ�}�u�� �d�µ�����o�o� �X��In order to improve the performance, further modifications 
were performed by adding selected polyvalent metal ions into the GO solution before filtration to evoke 
recently reported interactions of ions with the GO structure. Due to this phenomenon, the doped GO sheets 
connect via intermolecular bonds, making the material more ordered and stable [3]. The composite SW-GO 
membranes were created by a vacuum filtration method and then tested for gas separation with an integral 
permeameter for single gasses and a permeameter connected to a GC for binary mixtures. PEG rejection was 
investigated in a membrane cell connected to HPLC. The membranes were carefully picked according to their 
pore size to create a treated mixture, that has higher PEG content for a smoother separation for the HPLC. 
Material characterization was conducted with multiple commercial methods, such as FTIR, Raman, XRD, 
SEM, TGA, XPS, CO2 sorption capacity measurements, BET porosity analysis.  
Fabricated GO-SWCNT composite membranes were tested for effective H2 separation from permanent gases 
(CO2, CH4, N2). Tailoring the GO layer thickness and composition via bivalent metal ions provided enormous 
H2 permeability > 35000 Barrer with excellent H2/CO2 and H2/N2 selectivity (above 6.4 or 3.8, respectively), 
surpassing the corresponding Robeson upper bounds. A rough cost analysis was also performed to compare 
the material cost with the commercially available polymeric membranes. The results demonstrate the 
uniqueness of the prepared composite materials, which exceeded the performance of most published 
membrane materials.  
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Introduction.  
Water and electricity shortages constitute a global energy crisis that cannot be ignored. The sun is an 
unlimited source of energy, and oceans provide abundant water and renewable energy resources. In this 
study, poly(vinylidene fluoride) (PVDF)/graphene solar evaporator membranes are fabricated for 
simultaneous freshwater production and power generation. Graphene addition transformed the PVDF 
crystal fr�}�u�� �š�Z���� �r-phase to the piezoelectric self-���•�•���u���o�Ç�� �t-phase. The resulting membrane is used to 
convert the mechanical energy of waves to electrical energy. The membrane has an output voltage of 2.6 V 
�~�F�í�X�ï�� �s�•�� ���v���� ���v�� ���v���Œ�P�Ç�� �����v�•�]�š�Ç�� �}�(�� �î�X�í�í�� �t�u�>�î�� �(�}�Œ�� �í�� �,�Ì�� �•�]�u�µ�oated waves, which are higher than values 
reported in the literature. The stacked graphene and polymer formed a wood-lumens-like mesoporous 
�•�š�Œ�µ���š�µ�Œ�����Á�]�š�Z�������‰�Z�}�š�}�š�Z���Œ�u���o�����(�(�����š�X���h�v�����Œ���}�v�����•�µ�v���]�o�o�µ�u�]�v���š�]�}�v�U���š�Z�����Á���š���Œ���‰�Œ�}���µ���š�]�}�v���Œ���š�����]�•���í�X�î���l�P���u�>�î��
�Z�>�í�U�� ���v���� �š�Ze solar-thermal energy conversion efficiency is 84%. Thus, this membrane serves as an ocean 
wave power generation device that can provide all-weather energy generation, convert stored electrical 
energy into thermal energy at night and on cloudy days, and continuously provide safe drinking water.. 
Experimental/methodology.  
Graphene-PVDF membranes preparation process. 

 

 

Results and discussion.  
As shown in Fig. 1, PVDF/Graphene membrane simultaneous water production and power generation 
prototype. Finally, a prototype is built to prove a single evaporator's feasibility that can simultaneously 
obtain freshwater and generate electricity. Under 1 sun illumination, it was found out that the freshwater 
���À���‰�}�Œ���š�]�}�v�� �Œ���š���� ���}�µ�o���� �Œ�������Z�� �í�X�ì�ô�� �l�P�� �u�>�î�� �Z�>�í�X�� �t�Z���v�� �š�Z���� �Á���À����has stabilized, the output voltage of the 
�u���u���Œ���v�����Z���•���������v�����}�v�š�]�v�µ�}�µ�•�o�Ç���Œ�����}�Œ���������š�}�������������}�µ�š���í�X�ô�ð���s�U�����v�����š�Z���������o���µ�o���š�����������v�•�]�š�Ç���]�•���í�X�õ�ó���t���u�>�î�X��
Therefore, approximately 53.19 J per hour can be stored. 

 
Fig. 1 a) Photo of PVDF/Graphene membrane simultaneous water production and power generation prototype; b) 
Power storage module circuit diagram; c) Infrared thermal imaging camera for the membrane temperature change 
observation when the battery provides 10 V output voltage; d) PVDF1:Graphene1.5 membrane simultaneous water 

production and power generation efficiency. 
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Single-layer porous graphene is highly attractive as gas selective layer of membrane. This is because inorganic 
lattice of graphene is very stable, and atom-thick pores in graphene can yield high permselective flux. 
Currently, porous graphene films are mainly synthesized by first producing graphene film followed by 
incorporating porosity in the film by various chemical and physical techniques. Creation of porosity after 
graphene synthesis adds additional steps in membrane fabrication. For scalability of the process, it is 
attractive to synthesize porous graphene in one step. Therefore, achieving direct synthesis of porous is 
desirable as it streamlines the membrane fabrication process by reducing the number of steps and overall 
complexity. Herein, developing low temperature synthesis condition in chemical vapor deposition reactor, 
involving systematic study of growth temperature and precursor concentration, we successfully synthesized  
highly porous graphene films. The unique aspect of this graphene film is that its was nanocrystalline where 
grains were only a few nanometer in size. We could find synthesis regime where grains were not perfectly 
stichted leading to grain-boundary defects with missing 10 or more carbon atoms. As seen in Figure 1, 
nanocrystalline films were composed of misoriented nanometer-scale grains with a high density of hydrogen-
permeable multivacancy defects or pores.  Notably, centimeter-scale single-layer porous graphene 
membranes should be successfully prepared, which yielded extremely high H2/SF6 selectivity, surpassing 
1000, confirming the high-quality of porous graphene with pores smaller than 0.55 nm which aligns with 
microscopy observations revealing the structure and distribution of vacancy defects. 

 

 
Figure 1. HRTEM images of graphene films synthesized at different temperatures. Insets show the merged FFT patterns 
from different graphene grains.  
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Introduction. The advancement of ultrafiltration (UF) membranes with minimal biofouling ability and 
outstanding performance is essential for effective water treatment. Blending g-C3N4 with MnFe2O4 
nanoparticles to develop MnFe2O4/g-C3N4 nanocomposite may demonstrate better properties and 
performances than utilizing the nanoparticles alone. The current study aims to (i) synthesize and 
characterize MnFe2O4/g-C3N4 nanocomposite, (ii) investigate the physicochemical, structural, 
morphological, and mechanical properties of PES incorporated MnFe2O4/g-C3N4 hybrid UF membranes 
prepared at different weight percentages, (iii) study the influence of MnFe2O4/g-C3N4 nanocomposite on 
the water permeability, antifouling behavior and rejection performance of two characteristics types of 
NOMs, namely humic acid (HA) and bovine serum albumin (BSA), (iv) assess the stability and reusability of 
MnFe2O4/g-C3N4 modified PES membranes by performing extended filtration experiments under both 
normal and harsh conditions, and (v) study the morphological changes of the fouled membranes after the 
separation of HA and BSA. 
Experimental/methodology. Both thermal decomposition and co-precipitation approaches were followed 
to synthesize g-C3N4 and MnFe2O4/g-C3N4 nanocomposite. In the first step, a certain amount of urea was 
thermally decomposed in a muffle furnace with an aluminum foil-���}�À���Œ���������Œ�µ���]���o�������š���ñ�ñ�ì��
¸�����(�}�Œ���ï���Z�X���/�v���š�Z�� 
second step, 0.2882 g of fine g-C3N4 powder was dispersed in 300 mL DI water and then probe sonicated 
for 1 h for homogeneous dispersion. In a separate beaker, 25 mL each of 0.2 M MnSO4�„H2O and 0.4 M 
FeCl3�„6H2O were homogenously mixed and afterwards added into the previously prepared g-C3N4 
suspension. The 2 M NaOH solution was slowly added in a dropwise manner to the mixed solution while 
�u���]�v�š���]�v�]�v�P�� �•�š�]�Œ�Œ�]�v�P�� ���š�� �ô�ì�� 
¸���� �(�}�Œ�� �í�� �Z�X The final precipitate was washed three times with ethanol and DI 
water to reach a neutral pH. The solid precipitate was then dried for 12 h at �õ�ñ�� 
¸���� ���v���� ���(�š���Œ�Á���Œ���•��
�����o���]�v���š���������š���ñ�ñ�ì��
¸�����(�}�Œ���ï���Z�X 
Results and discussion. This study reports the synthesis of graphitic carbon nitride modified with 
manganese ferrite to produce MnFe2O4/g-C3N4 nanocomposite by thermal treatment and coprecipitation 
methods. Textural and morphological characterizations confirmed the successful deposition of MnFe2O4 
particles on g-C3N4 surface. Polyethersulfone (PES) membranes were constructed containing MnFe2O4/g-
C3N4 nanofiller of varying loading (0.5�t3 wt.%). The MnFe2O4/g-C3N4/PES membranes executed enhanced 
physicochemical properties with increasing nanofiller content. Filtration and rejection experiments using 
pure water, humic acid and bovine serum albumin were performed to evaluate the membranes 
performance. The M2 (2 wt.% of MnFe2O4/g-C3N4) membrane revealed the maximum pure water 
permeability (351.4 LMH), three folds better than the bare membrane. The modified membrane displayed 
excellent antibiofouling capabilities, with up to 64 % and 76 % increase in HA and BSA fluxes, respectively 
and high rejection values (96.5 % HA; 97.2 % BSA). The M2 membrane demonstrated high flux recovery 
ratios of 91.1 % for HA and 88.8 % for BSA. The long-term filtration and pH-stability studies suggested 
exceptional longevity, reusability and efficiency of the membranes, under normal and harsh conditions. 
Overall, the MnFe2O4/g-C3N4 nanocomposite was regarded as an effective filler for materializing the 
permeability and anti-biofouling performance of PES-based membranes. 
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Graphene is a highly promising material for 2D membranes while pore incorporation and pore size tuning 
are the key elements for achieving high performance gaphene membranes. Recently, we reported a novel 
bottom-up approach for synthesizing porous nanocrystalline graphene (PNG) directly on nickel substrate[1] 

and further demonstrated the tuning of pore sizes through precise control of graphene crystallization 
conditions via a simple method[2].  
Comprehensive characterization of the PNG-nanostructure under different synthesis conditions showed 
the PNG films are formed through the precipitation of carbon dissolved in nickel experimentally. A model 
was used to simulate the carbon behavior in the 25 �…�u��thick nickel foil, demonstrating that the cooling 
rate serves as an ideal tool to control the PNG fomation through manipulating the precipitation behaviors 
under varying cooling conditions. Both the experimental data and simulation result indicate that faster 
cooling faciliates the precipitation of carbon, thereby promoting PNG crystallization and intergrowth of 
graphene-grains, and thus lower effective pore size.  
Gas permeation data showed that by increasing the cooling rate from 1 °C/min to over 180 °C/min, the 
H2/CH4 selectivity of resulting PNG membranes increased significantly from 6.8 to more than 50 while the 
H2 permeance decreased from more than 30000 GPU to 1600 GPU. Notably, the fast-cooled membranes 
also exhibit attractive CO2/N2 selectivity (23.7) with a CO2 permeance around 4000 GPU.  

Figure 1. (A) Schematic illustration of PNG growth and the dissolved carbon behavior in nickel matrix under different 
cooling conditions, resulting in different grain intergrowth and thus the resulting pore size. (B) Effect of cooling rate 
on the gas permeation properties of Teflon/PTMSP reinforced PNG membranes. 
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Introduction. Carbon dioxide and hydrogen separation is a key step in several energy-related industrial 
applications, including natural gas purification (CH4/CO2) or clean-up of combustion exhaust gases 
(CO2/N2). Similarly, the selective removal of hydrogen from natural gas (H2/CH4; H2/CO2) injected for 
transportation is getting more and more attention. Gas separation membranes can play a key role here. 
Especially interesting are the membranes composed of two-dimensional Metal-organic frameworks 
showing remarkable CO2 and H2 separation performance owing to their fine-tuned pore chemistry defined 
by judicious selection of the organic linkers and metallic nodes [1]. The ideal 2D-based MOF membrane 
should be mechanically robust and as thin as possible in order to simultaneously withstand the harsh gas-
separation conditions and continuous operation, as well as to enable the rapid transport of the gas 
molecules using preferential transport paths. 
This is possible by tailoring the characteristics of both the porous support surface and the orientation of 
the 2D-MOF materials. Only a few works in the literature address this challenge. Most of them focus on the 
preparation of 2D-based MOF membranes using bottom-up approaches on functionalized porous ceramic 
supports [2]. In some cases, a polymeric network is also used to heal the defects [3]. Such protocols lead to 
the formation of composite membrane materials with physiosorbed or mechanically trapped polymer units 
in the support and between the MOF nanomaterials. Despite the successful engineering of these oriented 
2D-based MOF membranes, most of the gas performances are evaluated using isobaric testing conditions 
which favors the slow diffusion of gases through the membranes and results in high selectivity not 
comparable with real-life cases where transmembrane pressures are used as the driving force [4]. 
 
Experimental and Results: In this work, a new generation of 2D-based MOFs was developed, in which the 
controlled growth and orientation of 2D MOFs at the pores and the surface of a porous ceramic support is 
driven by a grafted polymeric network. The preparation of these grafted and oriented 2D-based MOFs 
requires the controlled formation of covalent bonds between the MOF-nanomaterials and the functional 
groups of the polymeric network located at the support surface. Relevant methods have been explored to 
demonstrate the chemical anchoring of the 2D-based MOFs on/in alumina ceramic supports with units of 
polyimide network on their surface. In this presentation, the physicochemical characteristics and functional 
properties of the derived 2D-MOF membrane systems will be described and discussed. 
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The global rapid industrialization has resulted in an increase in the discharge of hazardous wastewater 
which poses serious challenge to humans and the environment. 2D MXene membranes have become the 
most attractive possibilities for separating oily wastewater due to their inherent sieving characteristics. 
However, there is still a significant challenge in 
developing such membrane materials with high 
permeate flux, enhanced antifouling, and 
hydrophilicity to deal with the large-scale discharge 
of complex oily wastewater (including organics, oils, 
microorganisms, etc). Herein, we report the novel 
fabrication of a superhydrophilic SiO2-pillared 
MXene membrane for the effective separation of oil-
in-water emulsions. By the pillaring of the MXene 
interlayers, we were able to control the wettability, 
tune the stability and impart excellent anti-fouling 
characteristics to the membranes. The SiO2@MXene 
membrane demonstrated excellent pure water 
permeance, achieving 7827 LMH at 2 bar. It further 
achieved excellent oil rejection of > 95%, and 
excellent anti-fouling and recycling performance 
within 15 cycles of continuous measurements, with a flux recovery ratio (FRR) of 98%. This combination 
of anti-fouling and high permeability renders the SiO2@MXene membrane an attractive candidate for the 
separation of oily wastewater containing multicomponent pollutants, and could be further explored. 
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Introduction. Two-dimensional materials, such as membrane materials, are becoming increasingly 
important [1]. 2D materials with atomic thickness can help customize membranes, providing excellent 
resistance to fouling and offering high flux without significantly compromising separation efficiency. 
MXenes are rapidly emerging as new 2D membrane materials [2]; Ti3C2Tx-based membranes have been 
used for various applications [3]. The pristine MXene faced significant challenges regarding stability and 
adherence to the support membranes. The stability of the 2D MXene sheets is crucial to developing 
membranes with better shelf life and constant performance over time. The pristine membrane is 
susceptible to oxidation, but its stability can be improved with appropriate functionalization, and certain 
polymers can help stabilize them on the membrane surface.  
 
Experimental/methodology. 2D MXene was synthesized MAX powder (Ti3AlC2). The MAX phase was etched 
with 48% of HF for 2h h at 35°C. The obtained MXene was thoroughly washed until the supernatant pH 
reached 6. The sulfonated MXene was synthesized with the help of dopamine and 2,5-diamino benzene 
sulfonic acid. The 2,5-diamino benzene sulfonic acid may interact through the Michael addition reaction. 
The sulfonated MXene was stabilized with the help of polydopamine on the ceramic membrane, and it was 
compacted on the surface of the ceramic membrane with the help of the dead-end cell.  
 
Results and discussion. 
The sulfonated MXene was thoroughly characterized with the help of the FTIR, SEM, EDX, and contact angle 
analyzer. The sulfonated MXene-based membranes appeared underwater superoleophobic with an oil 
contact angle of 153°. Underwater, the sulfonated MXene-based membranes have shown no affinity 
towards the oil. The designed sulfonated MXene-based ceramic membranes have shown excellent 1620 
LMH/bar permeability. The designed membranes were highly influential in separating diesel, vegetable, and 
hexane-in-water emulsions. The sulfonated MXene membranes have shown an impressive separation 
efficiency of 98%. The MXene's sulfonation has improved the membranes' antifouling characteristics, and 
the flux recovery improved by 31% compared to the non-sulfonated part. Thus, the appropriate 
functionalization of the MXene improves the membrane's separation efficiency, stability, and fouling 
resistance.  
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Introduction. Two-dimensional (2D) materials have gained significant attention as membrane materials 
due to their exceptional physical and chemical properties, and the remarkable hydrogen permeation 
through graphene is still currently being investigated intensively [1]. Among the application approaches as 
membranes, 2D laminate-based membranes are more likely to have the potential to achieve the 
technological requirements for industrial applications today [2]. Moreover, the mass production of 2D 
materials with a cost-effective approach is necessary to make laminate-based membranes more affordable 
for industries. Nowadays, the 2D materials that are industrially fabricated and massively commercialised 
are graphene and its oxidised variant, graphene oxide (GO). Hydrogen gas (H2) holds potential as an energy 
carrier to replace fossil fuels and achieve net zero emissions [3,4]. However, purifying H2 for applications 
like fuel cells and industrial processes is challenging due to impurities affecting performance. 
 
Experimental. This study systematically explored commercial graphene oxide to fabricate multilayer 
laminate membranes for H2 purification from CO2. The membranes were fabricated onto porous ceramic 
substrates using a scalable vacuum filtration method, demonstrating controlled thickness ranging from 
4 nm to 250 nm. Characterisation techniques, including AFM, FESEM, XRD, and gas permeation 
measurements, revealed that membrane performance in terms of permeability and selectivity for H2/CO2 
separation is highly influenced by thickness and feed pressure.   
 
Results and discussion. Our findings indicate that thinner membranes exhibit higher permeability and 
selectivity, while thicker membranes present significant permeability loss. The optimal balance was 
achieved with membranes ranging from approximately 4 to 21 nm thick, particularly around 8 nm thick, 
showing selectivity of up to 3.8 for H2 over CO2 and an H2 permeability of around 4,900 Barrer. These 
results align well with the Robeson upper bound for membrane performance, indicating their suitability for 
industrial applications requiring high efficiency in gas separation processes. Future research endeavours 
should further optimise membrane fabrication processes to enhance reproducibility and validate scalability 
while exploring advanced modifications on GO materials to tailor their properties for specific gas separation 
applications, especially when the gases contain highly reactive/interactive species, such as CO2.  
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Introduction. Membrane technology is one of the fastest-growing fields for molecular separation and 
recovery. Several promising materials have emerged over the past two decades, including graphene oxide 
(GO), metal-organic frameworks, polymers of intrinsic porosity, and zeolites. More recently, covalent 
organic frameworks (COFs) have garnered immense interest as membrane-forming materials due to their 
ideal features, such as high crystallinity and porosity, uniform and tunable pores, and composition from 
lightweight organic elements1. The chemistry and morphology of these pores, including their size, 
geometry, and functionality, can be pre-designed and tuned by selecting appropriate monomers2,3. Despite 
these advantageous features, COFs are generally prepared via a solvothermal process resulting in 
unprocessable and insoluble powders, limiting their applications in the fabrication of defect-free 
membranes. In contrast, GO nanosheets exhibit excellent membrane-forming ability but face the challenge 
of low permeance due to the non-porous nature of GO sheets and long, entangled water pathways. 
Therefore, blending GO with COF can address the limitations of both materials4. To achieve this, we 
synthesized ionic COF nanosheets alongside the basal planes of GO in a green solvent (water). The mixed 
GO and COF were then deposited on a polyethersulfone (PES) substrate with the aid of vacuum filtration 
and subsequently tested for nanofiltration performance. The quantities of GO and COF were carefully 
optimized. For reference, the performance of three membranes composed of pure GO, pure COF, and GO-
COF were compared in terms of water permeance and the removal of the challenging methylene blue (MB) 
dye. The GO-���K�&���u���u���Œ���v�������Æ�Z�]���]�š���������v�����Æ�����o�o���v�š���Á���š���Œ���‰���Œ�u�����v�������}�(���ð�ô���>���u���ø���Z���÷�������Œ���÷�����v�����u�}�Œ�����š�Z���v��
�õ�ô�9�� �D���� �Œ���i�����š�]�}�v�X�� �/�v�� ���}�u�‰���Œ�]�•�}�v�U�� �‰�µ�Œ���� �'�K�� ���Æ�Z�]���]�š������ �‰�}�}�Œ���‰���Œ�u�����v������ �~�í�X�ò���>���u���ø�� �Z���÷��b���Œ���÷�•�� ���v���� �‰�µ�Œ���� ���K�&��
exhibited poor dye rejection (only 17%). This work signifies the synergistic exploitation of the membrane-
forming ability of GO and the high porosity of COF. 
Experimental/methodology. GO was first synthesized using a modified Hummer's method as described in 
previous literature5. The synthesized GO was then diluted with water to a final concentration of 0.5 mg/mL 
(10 mL). Next, 1 mL each of 1,3,5-triformylphloroglucinol (5 mg) and 2,5-Diaminobenzenesulfonic acid 
(7 mg) in DMSO were added to the GO solution and mechanically stirred for 48 hours. Following this, 0.5 
mL of the mixed GO-COF solution was diluted to a total volume of 100 mL with water and sonicated for 1 
hour. Subsequently, the mixture was passed through a 0.1-micron PES support under vacuum to obtain the 
final membranes. These membranes were then tested for nanofiltration performance. 
Results and discussion. The chemical nature and morphology of GO, COF and GO-COF membranes were 
evaluated through various characterization such as FTIR, XPS, NMR, PXRD, SEM, HR-TEM, etc. The entire 
process was carefully optimized. The ratio of GO to COF was varied from 1:0.1 to 1:10, and the stirring time 
was varied from 1 hour to 96 hours. It was observed that a GO:COF ratio of 1:2 exhibited the best 
performance in terms of permeance and MB rejection. Increasing the COF amount further resulted in 
increased permeance but at the expense of MB rejection, which gradually declined. Moreover, it was 
observed that 24 hours of stirring resulted in optimal performance, with no further improvement beyond 
this duration.  
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Introduction. Given the rapid growth of the semiconductor industry in recent decades, coupled with an 
increased interest in its environmental impact, the need for wastewater treatment at various steps of the 
manufacturing process has garnered increasing attention. Particularly, the chemical mechanical polishing 
(CMP) slurries are composed of highly alkaline silica (SiO2), resulting in large volumes of silica-containing 
effluents with high solid contents. In addition, ammonium phosphate, a byproduct of highly selective 
nitride (HSN), which is a promising etchant in forming a high integration layer of 3D NAND flash memory, is 
generated at extremely high concentration. Also, its low molecular weight makes it even more difficult to 
treat. Recently, membrane-related processes have been proposed as a promising alternative to con-
ventional methods. Despite its high separation performance, ultrafiltration (UF) membranes have a limited 
removal efficiency because it relies on size exclusion mechanisms. 2D nanomaterials could play significant 
roles in the improvement of the separation performance of commercial membranes. In this study, MoS2 
(Molybdenum disulfide), as one of the 2D nanostructured materials, was explored to develop high-quality 
ceramic nanofiltration (NF) membranes.  
Experimental/methodology. A ceramic hollow fiber membrane (Dongkuk R&S, Korea) with a 10 cm length 
and a 5.37 cm2 effective surface area was used as a substrate to fabricate a ceramic NF membrane with 
a high separation capacity for the advanced treatment of semiconductor wastewater. The inner and outer 
diameter of the membrane is 1.9 mm and 2.7 mm, respectively. The MoS2, showing great stability and anti-
fouling effect in water, was coated via vacuum deposition on the pristine ceramic UF membrane. The 
physical and chemical properties of the ceramic membranes were determined by measuring MWCA and 
surface charge of the ceramic membranes and the optimal coating amount was selected by varying the 
concentrations of coating solution.   
Results and discussion. As a result of the size analysis, after 12 hours sonication and 45 minutes 
centrifugation in 4,500 rpm, the size of the MoS2 analyzed was 56.7 nm on average. Whereas the 
performance of pristine ceramic UF membrane were investigated with 97.2% of total silica and 3.6% of 
dissolved silica rejection, the fabricated MoS2 ceramic NF membrane showed 13% of additional rejection 
with pristine ceramic UF membrane permeate reaching total 16.6% rejection of dissolved silica in hybrid 
ceramic UF and NF membrane process. For ammonium phosphate, the fabricated MoS2 ceramic NF 
membrane showed more than 92% of removal. In conclusion, as the process of CMP and etching is 
expanding in order to form a high integration layer, the amount of wastewater generated is also expected 
to increase. At this point, the study will provide insights of ceramic NF membrane which shows good 
separation performance for low molecular weight contaminants such as dissolved silica and HSN.  
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Introduction.  
In this study, we used an air-gap-assisted solvothermal method for the first time to synthesize novel 2D 
anatase-phase TiO2 nanosheets similar to graphene. We believe that the results of this study have the 
potential to trigger a new era of 2D TiO2 utilization, because high-quality TiO2 sheets have not been reported. 
By changing the air gap, we could tailor the crystallinity and morphology of the resulting nanosheets. After 
electrochemical and structural characterization studies, the nanosheets produced under different autoclave 
air-gap conditions were used as Faradaic electrodes for the capacitive deionization of a NaCl solution[1]. 
With an increasing air gap, the 2D nanosheets became more crystalline and exhibited a thin, paper-like 
appearance with numerous wrinkles, similar to graphene nanosheets . The 2D TiO2 electrode demonstrated 
excellent stability and desalination capabilities, with a large desalination capacity (33.19 mg g�>�í) and rapid 
average desalting rate (2.02mg g�>�í min�>�í). Such outstanding performance can be attributed to the refined, 
layered structure of the 2D TiO2, which imparts numerous active adsorption sites, surface defects, and 
reduced ion diffusion routes. We believe that our study makes a significant contribution to the literature 
because, apart from the novel material synthesized under relatively mild conditions for use in water 
desalination, the air-gap-assisted solvothermal method presented in this work will open new avenues for 
synthesizing high-quality 2D materials with tunable properties for various applications. 
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As an emerging low-dimensional functional separation membrane, the covalent organic framework 
catalytic membrane (cata-COFM) possesses structural designability, high porosity, and uniform rigid pore 
structure, thereby maximizing the utilization of active sites. With its high efficiency and well-defined 
catalytic center, nano-confined catalytic conversion can be achieved while ensuring confined ultra-fast 
transmission. However, due to unclear energy transfer processes, and mismatched mass transfer-catalytic 
processes, the efficiency of cata-COFM remains relatively low. In this study, interfacial polymerization was 
employed to prepare self-supporting cata-COFM . The self-supporting cata-COFM was synthesized through 
water-organic solvent interface polymerization using benzene-1,3,5-tricarbohydrazide and 1,3,5-
benzenetricarboxaldehyde (BTCH-TB). The fabricated membrane exhibits a homogeneous distribution of 
nanopores (~2 nm) and an ultra-thin separation layer with submicron thickness that can be adjusted, 
demonstrating excellent permeability towards both polar and non-polar solvents. Moreover, it possesses 
remarkable structural and mechanical stability. Additionally, cata-COFMs also facilitate the selective 
activation of oxygen molecules in the solvent, leading to the generation of active oxygen species during 
continuous membrane separation processes. This results in photocatalytic oxidation of organic sulfides to 
form sulfoxides with good yields and high selectivity. 
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Introduction: Gas separation membranes can play a huge role in the future as a separation technology for 
hydrogen due to its potential application as an environmentally friendly energy storage- or as a propulsion 
system for vehicles. Natural gas streams are considered as a means of transportation for hydrogen as long 
as a suitable technology can be used to separate hydrogen from the rest of the gas at the end of the 
process. Membrane technology appears as a promising solution to this.  
Interesting membrane materials, that can achieve the goal of selective H2/CH4 and H2/N2 gas separations, 
are 2D-based zeolite membranes thanks to their defined pore aperture, and high flux due to their low 
thickness [1, 2]. An interesting 2D zeolite for the separation of H2 from bigger gas molecules, such as CH4 or 
CO2, is the titanosilicate zeolite JDF-1 due to the small pore aperture in the range of the hydrogen molecule 
[3]. Only a few works in the literature address the use of this specific zeolite [3, 4, 5]. Most of them focus 
on mixed matrix membrane (MMM) preparation by impregnation/infiltration of the 2D zeolite and related 
nanosheet in a polymer matrix. Such preparation leads to the formation of composite membrane materials 
with aggregated zeolite nanomaterial in the polymer matrix. Despite their impressive H2/CH4 selectivity of 
up to 128 [4] such MMMs exhibit inherent limitations such as their susceptibility to plasticization [6] and 
have usually a far bigger thickness up to the magnitude of several microns [7, 8, 9]. 
 
Experimental and Results: In this work, a new generation of 2D-based zeolite membranes made of 
titanosilicate nanosheets was developed directly on porous ceramic supports (Fig. 1). The preparation of 
these membranes requires the controlled deposition of nanosheets followed by the in-situ surface 
polymerization of a thin polyimide network to cover the defects and enhance the separation performance 
of the membrane. Relevant characterization methods were deployed to investigate the morphology and 
composition of the membrane and the separation performance was investigated using gas permeation 
measurements under pressure gradient 

 
 

Fig 1. Scematic representation of the surface induced polymerization approach to fill the defefcts. 
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Introduction: The use of polymers of intrinsic microporosity (PIMs) as membranes may play an important 
role in the transition to more environmentally friendly separation technologies. Although their green 
applications are advantageous, a greener synthetic method is desirable for industrial scale up. This work 
aims to make the synthesis of PIM-1 greener by changing the solvent system. The synthesis of PIM-1 was 
carried out using the novel solvent methyl-5-(dimethylamino)-2,2-dimethyl-5-oxopentanoate (MDDOP), 
a structural analogue of a known green solvent, PolarClean.  
 
Experimental: Mass based green matrix analysis was carried out on MDDOP by calculating the atom 
economy (AE), complete environmental factor (cEF), and total carbon intensity (CItotal). These values were 
compared to known routes to PolarClean1. The application of MDDOP as a solvent was exemplified by 
carrying out multiple SNAr reactions to synthesise PIM-�í�X���d�Z���•�����•�Ç�v�š�Z���•���•���Á���Œ���������Œ�Œ�]�������}�µ�š���µ�•�]�v�P���ñ�U�ñ
;�U�ò�U�ò
;-
tetrahydroxy-�ï�U�ï�U�ï
;�U�ï
;- tetramethyl-�í�U�í
;-spirobisindane (TTSBI) with either tetrafluoroterephthalonitrile 
(TFTPN) or tetrachloroterephthalonitrile (TCTPN) at varying temperatures (120 �t 160 °C) and reaction 
durations (50 min �t 6 h) in MDDOP.  
 
Results and Disccusion: Green matrix analysis reveals that the synthesis of MDDOP produces less waste 
than current known synthetic routes to PolarClean. Waste production was further reduced by the recovery 
of both methanol and MDDOP from the quenching reaction. This recovery of 92% of the methanol and 54% 
of MDDOP led to a 22% reduction in solvent waste for the synthesis and purification of PIM-1. It was found 
that reactions carried out using TCTPN produced PIM-1 polymers with a higher Mw than those produced 
using TFTPN when analysed by multi-detector gel permeation chromatography. All samples showed varied 
topology, with evidence of branching and cyclic structures, characterised by 1H NMR and MALDI-TOF mass 
spectrometry. TFTPN derived samples showed higher colloidal network content than those synthesised 
using TCTPN. The product from the most successful reaction conditions was fabricated into a thick film 
membrane and tested with pure gases for the gas pairs, CO2/CH4 and CO2/N2. This polymer performed 
comparably with thick film data from PIM-1 made using conventional solvent systems.  
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Introduction 
Ion exchange membranes (IEMs) are essential components for the efficient operation of a wide range of  
electrochemical technologies, including electrodialysis, water electrolysis, and fuel cells [1]. These 
membranes act as separators between the compartments of electrochemical cells, and are used to 
regulate the transport of ions based on charge exclusion. IEMs are mainly evaluated based on their 
conductivity and permselectivity, which affect the energy intensity and efficiency of these processes [2]. 
The harsh operating conditions required for certain applications also make chemical stability an important 
parameter to consider. For these reasons, there is a growing need to develop highly conductive 
membranes that are stable in extreme pH and oxidative environments. 
 
It was recently shown that sustainable and highly stable IEMs can be produced by hot-pressing 
polyelectrolyte complexes (PECs), resulting in so-called saloplastic membranes [3,4]. Saloplastic anion 
exchange membranes (AEMs) prepared from the strongly charged polyelectrolyte pair, poly(diallyl-
dimethylammonium chloride) (PDADMAC) and poly(sodium 4-styrenesulfonate) (PSS), have been shown to 
be pH stable, monovalent ion selective and permselective at low concentrations [4]. However, due to the 
low charge densities of these membranes, their conductivities and selectivities (at higher concentrations) 
were too low to compete with commercially available membranes. 
 
Experimental/methodology  
In this work we focus on producing membranes of reproducible thickness by monitoring and controlling 
the moisture and salt content of the PEC during hot pressing. We take a systematic approach to membrane 
optimisation by using advanced characterisation techniques, such as 1H-NMR, to accurately measure the 
composition of the membranes and to monitor possible leaching of polyelectrolytes after long-term use. 
Finally, we make incremental adjustments to the molar mixing ratio during complexation in order to 
produce saloplastic AEMs with higher fixed charge densities. 
 
Results and discussion  
This work demonstrates that 1H-NMR is more reliable and time efficient than the traditional titration 
methods for quantifying the charge density of saloplastic membranes containing both anionic and cationic 
fixed charge groups. By simply making incremental adjustments to the molar mixing ratio during 
complexation, the fixed charge density of the PSS/PDADMAC AEM increased by 80% compared to the 
original saloplastic membrane developed in our research group. The result was a significant increase in 
both conductivity and permselectivity at higher concentrations. This approach has been effective in finding 
the optimum PSS/PDADMAC molar ratio and will be used for further optimisation of these membranes. 
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Introduction. Polyvinylidene fluoride (PVDF) is a polymer commonly used to make membranes because of 
its outstanding mechanical strength, thermal stability and chemical resistance [1]. The main disadvantage 
of membrane materials is fouling during the filtration process, while the main disadvantage of 
photocatalytic materials is the necessity for catalyst recovery and removal from the treated water. The 
combination of these methods eliminates the constraints of both methods [2].  
 
Experimental/methodology. PVDF ultrafiltration membranes modified with metal-doped graphitic carbon 
nitride were developed to produce hydrophilic and photocatalytic membranes capable of reactive removal 
of foulants over the long-term operation of the membrane. The structural, morphological and surface 
properties of photocatalytic materials and modified membranes were characterized using TEM, SEM and 
AFM. Transport properties of membranes were evaluated in a series of ultrafiltration in the dead-end 
filtration mode and cross-flow filtration mode. Rhodamine B and Rhodamine 6G were chosen as 
representatives of organic pollutants to evaluate the photocatalytic activity and transport properties of 
developed membranes. 
 

Results and discussion. The intermediates formed during the photodegradation of Rhodamines was 
investigated by LC-Q-ESI/MS and presented in Fig. 1. Water permeability coefficients and rejection 
coefficients were determined. In general, proposed photocatalytic PVDF membranes can become a key 
component of new treatment systems for cost-effective wastewater treatment where the currently 
prohibitive expenses related to membrane cleaning are minimized.  

 

Fig. 1. Proposed degradation pathway of Rhodamine 6G in aqueous solution using by PVDF membrane modified with 
g-C3N4 under visible light irradiation 
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Reported performance data for polymeric membranes often show wide variations for notionally the same 
polymer. This may be due to differences in the experimental conditions, or in the history of the membrane, 
but it may also arise because of differences in the polymer itself. As well as having a distribution of molar 
masses, a polymer may exhibit a variety of topologies, including linear, cyclic, branched, tadpole and 
network architectures (Fig. 1) [1].  
 

(a)      (b)  
 

Fig. 1. (a) Possible polymer topologies. (b) Model of a fragment of the polymer of intrinsic microporosity PIM-1 
showing a branch point 

 
For Polymers of Intrinsic Microporosity (PIMs), the distribution of topologies has a profound effect on 
membrane performance, and on ageing and plasticization behaviour [2]. This is of particular importance for 
gas separations with thin film composite (TFC) membranes [3], which are more relevant to commercial 
application than the relatively thick films that are often studied in academic laboratories.  
 
Defects associated with branching in PIMs allow for interactions with certain metal salts, providing 
a mechanism for crosslinking the polymer [4]. This can be used to stabilise PIM membranes for use in 
organic/organic liquid separations by processes such as pervaporation [5]. 
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Introduction. Controlling membrane performance by tuning simple fabrication parameters is highly 
desirable. We used cellulose nanocrystals (CNCs) to form the selective layer of composite membranes via 
tangential flow filtration of CNC suspensions over a porous support layer. Shear rate, which affects the align-
ment of the nanorod-shaped CNCs in the flow direction and �š�Z���� �•�µ�•�‰���v�•�]�}�v�[�•��ionic strength and pH were 
used as tuning parameters to vary the effective pore size of the CNC membranes.  
Experimental/methodology. CNCs were formed by acid hydrolysis of cotton linter [1]. After depositing CNCs 
on a porous support layer made of cellulose acetate, physical stabilization was done by permeating a 0.2 M 
AlCl3 solution through the layer. Alternatively, chemical crosslinking of TEMPO-oxidized CNCs was done via 
Ag(I)-catalyzed oxidative decarboxylation [2,3]. Polarized optical microscope images were obtained between 
crossed polarizers to demonstrate birefringence of CNC layers due to nematic or cholesteric alignment. 
Results and discussion. CNCs align in the flow direction beyond a certain shear rate, as verified by polarized 
optical microscopy (Fig.1a). Increasing shear rate to align the nanorods increases the rejection of the 
membranes (Fig.1b).  

 
 
 
 
 
 
 
 
 

With increasing salt concentration in the CNC suspension, rejection increases both at low and high shear rate, 
accompanied by a drop in permeance, due to screening of 
electrostatic repulsion between nanorods allowing their 
tighter packing (Fig.1b) [4]. Polarized optical microscopy 
indicates presence of tactoids, or aggregates with cholesteric 
order, of varying size as a function of shear rate and salt 
concentration (Fig.1c). 
CNCs obtained by sulfuric hydrolysis have sulfate half esters on 
their surface. TEMPO oxidation of these CNCs adds carboxyl 
groups onto the surface which can then be crosslinked in a 
solution of AgNO3 and potassium persulfate [3]. While both 
physical and chemical crosslinking of TEMPO-CNCs yield 
membranes with good stability, chemical crosslinking 
improves drying of the membranes which is important for 
module preparation and scale up (Fig.2) [2]. 
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Figure 1. (a) The membrane with aligned CNC layers under crossed polarizers. Flow direction at 0, 45, 90 and 135 
degrees to the polarizer. (b) The rejection and permeance of CNC membranes prepared under high shear (CNC80) and 
low shear (CNC9) conditions. (c) CNC membranes prepared using suspensions containing 1, 5 and 25 mM NaCl 
between crossed polarizers (top), schematic explanation of the morphology (middle) and SEM images of cross-sections 
(bottom). 

Figure 2. Permeance and rejection of TEMPO-
CNC membranes formed by physical 
crosslinking (circles) and chemical crosslinking 
(crosses). Inset: Dried membranes. Left: 
physically crosslinked, right: chemically 
crosslinked. 
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Introduction.  
Currently, polymeric materials are dominant in the market for gas separation applications. For example, 
ARKEMA´s polyamide-b-polyether (PEBAX®) segmented block copolymers have shown good selectivity of 
CO2 over other light gases [1]. Because of the linear and aliphatic structure of state of the PEBAs, 
membranes are processed as flat sheet, by coating of a polymeric solution into a porous support [2]. The 
resulting composite structure has the disadvantage that the polymer cannot be recycled. In addition, the 
flat geometry leads to a low packing density of the membrane into a separation module. To overcome 
these drawbacks, we have investigated the synthesis of new, PEBAX® with a modified chemical structure, 
tuned to offer processability into a hollow fiber membrane (HF). In addition, aiming to offer reduced 
environmental footprint we have focused our efforts in using monomers derived from renewable 
feedstocks. 
Experimental/methodology. Polymer synthesis was done by polycondensation in two steps. First the 
polyamide (PA) was synthetized from dimer fatty acid (Pripol® 1009) and 1,10 diaminodecane, second the 
PA was copolymerized with polyethylene oxide (PE). The manufacture of hollow fiber membranes involved 
air step evaporation followed by non-solvent-induced phase separation done by co-extrusion of one or two 
polymer solutions with an inner fluid through an air gap into a coagulation bath [3].  
Results and discussion.  
Best hollow fiber membrane morphology and separation properties were achieved when different PA to PE 
weight ratios were used for the same co-polymer. The co-polymer with a higher PA weight % was co-
extruded around the same co-polymer with a higher PE weight %, both around the inner fluid. The 
selective layer was formed at the interior surface and a high porosity was contained within the wall and at 
the outer surface [4]. The dual layer hollow fiber morphology is shown in Figure 1. 

 
Figure 1. Cross sectional morphology of dual layer hollow fiber membranes developed in this work. 
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Introduction. One highly promising application of polyelectrolyte multilayers (PEMs) is their use as 
selective layers in nanofiltration (NF). Especially encouraging are the simplicity of fabrication, controlled 
layer thickness in the nanometer range, and versatility. In addition to commonly used tuning parameters 
such as pH, ionic strength, and choice of polyelectrolytes, combining two different PEMs in a so-called 
asymmetric PEM enables further optimization of the selective membrane layer. Such asymmetric PEMs 
have already led to highly promising membranes with, for example, excellent removal of micropollutants 
(>98%) at high permeances [1]. But their structure and separation properties are not well understood, as 
two layers with different separation properties are combined in a single membrane. Indeed, the presence 
of one PEM might affect the other through intermixing or altered layer growth. To push these promising 
systems even further, more fundamental understanding is required on the connection between 
asymmetric PEM layer structure and the resulting transport properties.     
 
Experimental/methodology. 
Here, we combine filtration experiments and theoretical transport models to describe the effective 
structure of an asymmetric PEM consisting of a bottom layer of a relatively open PEM and a top layer of 
a more dense PEM. We test the effects of 4 different bottom layers and 4 different top layers and study 
their separation performance in detail, through water fluxes, ion retentions and MWCO measurements. 
Moreover, multilayers are characterized on model surfaces, for one system allowing elucidation of the 
intermixing of the two PEMs via neutron reflection experiments [2].  
 
Results and discussion.   
The obtained membrane properties suggest the formation of a distinct layer structure with individual layer 
properties close to the properties of single symmetric PEMs after a minimum number of layers. There is, 
however, a fundamental difference in the retention charged and uncharged molecules. While salt 
retention properties of the asymmetric PEM are stable already after only one bilayer of the dense PEM, 
a much more gradual transition is observed in the retention of the neutral polyethylene glycol molecules 
(MWCO). This is attributed to the different exclusion mechanisms dominating solute transport (size- vs 
charge-based). For some systems excellent separation properties are observed, reaching for the system of 
poly(allylamine hydrochloride) (PAH)/poly(sodium 4-styrenesulfonate) (PSS) with a top layer of 
PAH/poly(acrylic acid) (PAA) a minimum MWCO of around 120 g mol�>�í after 5 BLs. Theoretical transport 
models assuming an ideal layer structure in series predict this same value. At the same time, high mono- to 
divalent salt selectivity is observed already after 1 BL of PAH/PAA. Single salt retention of NaCl is around 
20% versus NaSO, MgCl and MgSO being above 95%. Although this trend is qualitatively predicted by the 
theoretical transport model, again assuming ideal layers in series, deviations indicate variations in charge 
distribution within these layers. These insights provide clear directions to further improve asymmetric PEM 
membranes for effective water treatment [3, 4]. 
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Bacterial cellulose has gained prominence in recent years as an alternative for the sustainable material 
with an immense potential in diverse processes and applications. This study provides a thorough 
investigation of bacterial cellulose produced from Komagataeibacter strains: K. uvaceti FXV3, 
Komagataeibacter sp. NFXK3, and K. intermedius LMG 18909, demonstrating its versatility in the form 
of flat sheet membranes, beads, and fibers for air/gas filtration and biomedical applications. 

To evaluate the potential of bacterial cellulose for air filter applications, flat sheet membranes were 
produced by optimizing fermentation conditions such as carbon source (glucose and glycerol), and 
ethanol concentration (0 %, 1.5 %, and 3.0 % v/v). Among the tested strains, NFXK3 strain produced 
the highest cellulose mass, amounting to 9.6 g/L using glucose and 11.46 g/L using glycerol. 
Interestingly, each bacterial strain leads to a different interwoven pattern with different surface 
porosity, fiber diameter, pore size distribution, and specific surface area. Gas permeation tests were 
performed to evaluate N2, O2, and CO2 permeation. FXV3 based membranes, showed the highest gas 
permeability of all membranes examined, because they are more porous. It can be concluded that the 
membrane morphology had a significant impact on the gas transport properties. Our results showed 
that these bacterial cellulose membranes are excellent candidates for air/gas filtration, allowing for 
the retention of particles larger than 0.2 µm including biological agents, such as bacteria. Moreover, 
they could serve as eco-friendly air filters or face masks. [1] 

Bacterial cellulose has become attractive as a carrier in drug delivery, owing to its biocompatibility, 
swelling capacity, biodegradability, high porosity, and high surface area. Our additional aim is to 
enhance the effectiveness of drug delivery systems while maintaining sustainability. A novel blow 
spinning technique, employing N-Methylmorpholine-N-Oxide (NMMO) as a greener solvent, was 
optimized for producing bacterial cellulose beads. This method ensured the production of beads with 
a diameter range of 0.4 �� 0.6 mm, exhibiting excellent dispersion, stability, and controlled drug release 
capabilities. Alternatively, for drug encapsulation and release, electrospinning was also studied in this 
work to fabricate nanofibrous bacterial cellulose based membranes using Dimethylacetamide/Lithium 
Chloride. Experimental parameters such as applied voltage, flow rate, solution viscosity, temperature, 
and humidity were comprehensively studied and optimized. These membranes exhibited a large 
specific surface area and high porosity, essential for effective drug release and cellular integration. 
These findings show the remarkable potential of bacterial cellulose as an eco-friendly and 
biocompatible solution for pressing needs in both the environmental and healthcare sectors. 
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Introduction.  
The main focus for maximizing the value of natural resources and mitigating climate change is to decrease 
carbon dioxide (CO2) emissions. To achieve this, the circular economy strategy can be utilized to convert 
fossil fuels into carbon-neutral alternatives. Rapid development of membrane preparation strategies based 
on the use of green solvents and biopolymers derived from bio-based platform chemicals is taking place in 
this scenario  [1,2]. The main goal is to exploit new solvent platforms that have a large potential to replace 
hazardous solvents such as N, N-dimethylformamide (DMF) or N-methyl-2-pyrrolidone (NMP) for the 
production of more sustainable membranes in different configurations. Among them, CyreneTM 

(dihydrolevoglucosenone) and dimethyl isosorbide (DMI) are biobased-green solvents that were used, for 
the first time, for the preparation of polyethersulfone (PES) and polyvinyl difluoride (PVDF) flat-sheet 
membranes allowing their production with a microporous morphology and tunable structure. From these 
premises, the present study aimed to prepare, for the first time, entirely green porous membranes by 
combining the use of polylactic acid (PLA) as a biopolymer and DMI and CyreneTM as sugar-based green 
solvents. The approach was based on the use of solvents derived from biomass and their affinity (Hansen 
solubility, relative energy distance, etc.) to polymer and/or biopolymer and nonsolvent for membrane 
preparation.  
Experimental/methodology.  
The membranes were produced via nonsolvent and vapor-induced phase separation (VIPS-NIPS) at different 
exposure times to humidity (55 RH%) such as 0, 2.5 and 5 minutes. The thermodynamic aspects of the 
interactions between polymer and solvent and non-solvent were determined in terms of Hansen solubility 
parameters (HSPs), polymer-solvent distance, and relative energy difference (RED). The influence of the 
viscosity, polymer concentrations, and the presence of pore formers was properly investigated. The so-
obtained membranes were characterized in terms of morphology, pore size, porosity, thickness, contact 
angle, and -FTIR. Filtration tests were also carried out in terms of pure water permeability (PWP) and the 
stability of the membranes was determined.  
Results and discussion.  
The use of DMI and CyreneTM as sugar-based solvents was intended to substitute common solvents for 
producing a green membrane with PLA as a biopolymer. HSPs evidenced the distance between the solvents 
and the PLA biopolymer �]�v���š���Œ�u�•���}�(�����]�•�‰���Œ�•�]�À�����(�}�Œ�������~�w���•�U���‰�}�o���Œ���(�}�Œ�������~�w�‰�•�U�����v�� �Z�Ç���Œ�}�P���v�����}�v�����(�}�Œ�������~�w�Z�•���]�v��
the Hansen dimension space assuming that the enthalpic term is dominant. Porous membranes were 
prepared without the necessity of using lower concentration of additives (e.g., polyethyleneglycole). The 
morphology of the new membranes was dependent on the polymer used and on the exposure time to 
humidity, resulting in a finger-like or sponge-like structure. The porosity of the membranes was in the range 
of 70-80% thickness of about 80-100 µm dependent on the dope solution composition and the exposure time 
to humidity that played a crucial role in improving the performance of the membranes. For all the membranes 
investigated, it was possible to tune the pore size from the ultrafiltration (UF) to the microfiltration (MF) 
range just by acting on the exposure time to humidity. Water permeability results indicate that these 
membranes are suitable for water treatment applications. The work's outcomes are pivotal in generating 
new avenues for sustainable membrane fabrication at the industrial level. 
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Introduction. Eutectic solvents (ES)s are a recent class of solvents that offer significant advantages, such as 
low component cost, high biobased content, and ease of fabrication1. Although ESs were identified as an 
essential tool for preparing innovative materials with enhanced functionalities, their application in the 
preparation of ionic soft materials is a relatively recent research topic2. In recent years, the use of ESs has 
become popular as sustainable and economically viable alternative to expensive ionic liquids. Ionic soft 
materials based on ESs combine the ionic conductivity provided by the ES and a solid-like behavior. This 
combination facilitates the preparation of all-solid electrochemical devices, avoiding the main drawbacks 
related to the leaching or flammability of liquid electrolytes. ES gel solid electrolytes have been mainly used 
in batteries and supercapacitors3. Recent progress has also been made in the application of these ionic soft 
materials to the field of bioelectronics4. In this work, we will focus on adding new interesting properties to 
ES-based polymeric materials, such as degradability and biocompatibility, for the creation of a new 
generation of sustainable membrane materials. 
Experimental/methodology. Polymerizable eutectic monomers were prepared by combining different 
biobased compounds that possess beneficial properties for use in the human body, such as anti-
inflammatory and antimicrobial responses (e.g. gallic acid and pyrogallol). These monomers were then UV 
polymerized with another comonomer to enable the preparation of degradable polymer backbones and 
a crosslinker to give consistency to the membranes.  
Results and discussion. Among the polymerizable eutetic monomers tested, those containing phenolic 
components showed the best performance and allowed the preparation of crosslinked polyES membranes 
(Figure 1).  

 
 
 
 
 
 
 
 

Figure 1. Degradation capacity of the crosslinked polyES membranes. 
 
The membranes were characterized in terms of physicochemical properties such as NMR, FTIR, rheological 
and mechanical properties and ionic conductivity. Finally, their degradation behaviour was studied by 
immersion in water and application of temperature (Figure 1). Conductivity measurements and 
degradability tests indicate that these materials are promising alternative membranes. 
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Introduction. Surface modification presents an appealing approach for tailoring the characteristics of 
polymer membranes. However, the lack of predictive relationships between modification strategies and 
membrane performance remains challenging. Addressing this, we explore the potential of data-driven 
approaches, specifically machine learning. Our study employs machine learning methods on datasets 
comprising performance metrics of modified membranes to predict parameters such as pure water 
permeability and zeta potential for membranes modified with novel substances. 
 
Experimental/methodology. In this study, machine-learning models (tree-based ensemble methods and 
neural networks) were used to predict novel modified membranes. Additionally, the new membranes were 
prepared by electron-beam modification. The predicted membrane properties (pure water permeance and 
zeta potential) were compared to the actual measured values.  
 
Results and discussion. In this study, machine learning methods were first used to identify the impact of 
a �•�µ���•�š���v�����[�•�� ���Z���u�]�����o�� �•�š�Œ�µ���š�µ�Œ���•�� ���v���� �‰�Œ�}�����•�•�� �‰���Œ���u���š���Œ�•�� �}�v�� �š�Z���� �Œ���•�µ�o�š�]�v�P�� �u���u���Œ���v���� �‰�Œ�}�‰���Œ�š�]���•�X The 
models showed the parameters with the highest importance. These importances can help to understand 
which of the modification parameters likely affected the properties of the modified membranes, and, 
therefore, new modification strategies can be chosen based on these data. 

Additionally, membranes modified with new substances were predicted. After the preparation of these 
new membranes, the predicted results were compared to the actually measured properties. The 
predictions from both models were excellent, especially for interpolated values of experimental conditions 
for the electron beam-based modification approach, e.g., irradiation dose and concentration. The 
predictions were done in a short computational time and with satisfying accuracy.  

In conclusion, the application of machine learning in membrane modification is a promising tool for 
accelerating the development of membranes with improved performance and for saving time and costs 
during the development process 
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Membranes are crucial for water purification, medical applications, and virus filtration. While their use is 
primarily to combat health and environmental hazards, their manufacture potentially has a negative 
impact on people and the environment. Solvents such as N,N-dimethylacetamide (DMAc), N-methyl-2-
pyrrolidone (NMP) or N,N-dimethylformamide (DMF) are used for the production of those membranes. 
These solvents are highly (repro-)toxic, environmentally harmful and poorly biodegradable. However, their 
high solubility for commonly used membrane polymers such as polysulfones (PSF), polyether sulfones (PES) 
or polyvinylidene fluoride (PVDF) and low price make them attractive for large-scale membrane 
production. Sustainable alternative solvents are essential for a green membrane production process. Thus 
creating a research need for green solvents for membrane fabrication.   
In this project, suitable alternatives to toxic solvents were first identified based on aspects of green 
chemistry and economic criteria such as price and availability. Promising solvents were then 
mathematically evaluated for their suitability to produce PES-based membranes using the Hansen 
solubility parameters. Afterward, hollow fiber membranes were produced and characterized with respect 
to their performance in liquid applications. Furthermore, the influence of the solvents on the phase 
separation kinetics was analyzed using optical methods.  
Figure 1 shows the SEM pictures of membranes produced with different green solvent compositions. 
Analysis of the phase separation kinetics reveals that fast precipitation, as in system A, leads to the 
formation of an open, sponge-like pore structure and a high permeability of the membranes. In System B, 
the precipitation is very slow, which leads to the formation of a closed pore structure and a significantly 
lower permeability of the membranes. Further parameter studies were carried out during manufacturing 
to achieve a wide range of molecular weight cut-offs. 
The successful production of hollow fiber membranes based on green solvents promotes sustainability in 
the manufacturing process. In the future, the complete portfolio of hollow fiber membranes of Sartorius 
will be based on green solvents.  
 

 

 

 

 

 

 

 

 

Figure 1: SEM images of hollow fibre membranes made from different green solvent compositions. System A with 
coagulation times of a few seconds, and system B which only precipitates after several minutes. 
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Introduction. Soil and water pollution from fossil-based products, as stated ���Ç�� �š�Z���� �h�v�]�š������ �E���š�]�}�v�•�[��
Sustainable Development Goals, necessitates a shift towards biopolymers for curbing plastic waste. 
Cellulose and its derivatives, notably cellulose acetate (CA), stand out for their abundance, 
biocompatibility, biodegradability, cost-effectiveness, and robust chemical and mechanical properties. 
Electrospinning is a cost- and energy-efficient process yielding nanofibers with high porosity. Highly porous 
structures with tunable pore sizes and shapes are in demand for filtration applications.The electrospinning 
of CA emerges as a practical solution to address this demand as a promising membrane material. 
Nevertheless, the electrospinning of CA has predominantly utilized toxic and hazardous solvents and 
additives, leading to increased health and safety concerns associated with both the final product and the 
manufacturing process. Therefore, it is crucial to address the challenge associated with replacing 
hazardous materials with alternatives that are both sustainable and pose reduced risks. 
 
Experimental/methodology. In this study, CA electrospun nanofiber membranes were developed from 
solely sustainable materials, including green solvents and additives [1]. Moreover, the nanofiber 
morphology was tuned by adjusting the polymer solution composition. The optimized electrospun fibers 
were further examined in terms of their thermal, mechanical, and biodegradable nature, and molecular 
dynamics simulation was used to better understand the electrospinning process. 
 
Results and discussion. In this work, the electrospinning of CA using dimethyl carbonate (DMC) and 
cyclopentanone as green solvents was demonstrated. Pore formation was attributed to the higher volatility 
of DMC. The use of green additives, namely, tetrabutylammonium bromide salt, and sophorolipid-based 
biosurfactants, obtained from honey yeast, substantially improved the spinnability of the CA solution and 
the uniformity of the nanofibers. Moreover, adjusting the solvent and additive ratio allowed nanofiber 
diameter and porous texture tunability. The modeling revealed that the addition of surfactant enhanced 
the spinnability by increasing solvent evaporation. The CA nanofibrous membranes exhibited excellent 
thermal and mechanical properties, including their high flexibility. Moreover, the CA nanofibrous 
membranes successfully underwent notable biodegradation within 40 h using esterase�tcellulase enzymes, 
showing their sustainable nature from cradle to grave.  

 

Figure 1. Electrospinning process of cellulose acetate nanofibrous membrane with sustainable life cycle loop. 
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Introduction 
Selectivity in terms of ion and micropollutant rejection of nanofiltration (NF) membranes is a crucial factor 
for the performance in applications, such as wastewater treatment. Membranes based on commercially 
available fluorine-free ionomers may extend the available selectivity spectrum and provide higher stability 
compared to conventional polyamide-based NF membranes [1]. 
 
Experimental/methodology 
Herein, the fabrication of a tunable and highly stable ionomer NF membrane by coating the negatively 
charged block copolymer Nexar on several support membranes, from regenerated cellulose (RC) or 
polyacrylonitrile (PAN), with ultrafiltration (UF) characteristics is reported. The aim of this project is to tune 
the coating conditions (dip coating) and the solvent systems (cf. [2]) to increase the separation performance 
of the resulting thin-film composite (TFC) NF membranes beyond state-of-the-art [1]. 
 
Results and discussion 
Prefunctionalization of the support membrane to introduce positively charged groups [3,4] was found to be 
critical for a defect-free and stable lamination with the negatively charged ionomer and may also yield a kind 
of polyelectrolyte complex membrane. The nanoscale morphology of the Nexar film can be tuned by the 
solvent system of the coating solution. A mixture of toluene and 1-propanol was identified as the solvent that 
results in superior morphology and performance compared to other solvents. Low Nexar layer thickness was 
accomplished by dip coating conditions. Alternative casting methods, e.g. casting with a doctor knife, were 
investigated. NF characterization of an exemplary new membrane (0.8 µm Nexar film thickness on aminated 
PAN support) revealed rejections for Na2SO4 of 95 %, for NaCl of 75 % as well as for sucrose of 99 %, and 
a pure water permeance of ~ 2.5 LMH/bar. To further tune the performance, a thinner selective film 
(>0.1 µm) is fabricated, and the feasibility of post-treatment methods is examined. In addition, research is 
also devoted to deeper understand the morphology of the Nexar film. In addition, in analogy to recent other 
work with Nafion as part of the selective layer [5], a polyelectrolyte complex membrane is prepared by 
combining the fluorine-free Nexar layer with a polycationic polymer (e.g. polyethyleneimine) to further tune 
membrane separation performance. 
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Introduction. Membrane technology, recognized for its energy efficiency, finds diverse applications across 
industries, including wastewater purification, seawater desalination, and hemodialysis. Among the 
established techniques for crafting polymeric membranes, phase inversion stands out as the most 
prevalent in both industrial and academic settings. This method involves dissolving the polymer in 
a suitable solvent to create a homogeneous polymer solution. Unfortunately, many solvents utilized in 
membrane fabrication are highly toxic, subject to strict industrial regulations. Notably, environmentally 
harmful solvents like NMP (derived from fossil sources) contribute significantly to the environmental 
footprint of membrane production, accounting for 40�t60% of the overall impact.[1] Adapting green solvents 
(derived from bio-based sources) presents a promising avenue to mitigate the environmental impact by up 
to 35%.[1] 

Experimental/methodology. The preparation of hollow fiber membranes is influenced by numerous 
parameters, necessitating an examination of their impact on membrane properties when employing novel 
green solvents. In this context, the highly efficient Design of Experiments approach proves to be 
particularly fitting. By leveraging statistical methods, it minimizes the required number of experiments, 
facilitating the study of various parameters and their effects on membrane characteristics. 
Results and discussion. In this study, poly (ether sulfone) (PES) hollow fiber membranes were prepared 
utilizing N,N-dimethyllactamide as an environmentally friendly solvent. The study revealed that the 
molecular weight of the pore forming additive played a pivotal role in influencing the membrane structure 
and subsequently its performance. Specifically, the use of a higher molecular weight poly (vinylpyrrolidone) 
(PVP) facilitated the preparation of hollow fiber membranes with a sponge-like structure (exceeding 99% of 
the cross-section area). This sponge-like configuration contributed to enhanced mechanical stability. Both 
the PES and PVP content within the dope solution played a role in influencing mechanical stability and the 
resulting structure. 
Furthermore, the study demonstrated the necessity of a minimal viscosity in the dope solution to achieve 
sponge-like membranes. This critical viscosity was attained through adjustments in the PES/PVP content 
and the molecular weight of the PVP. The incorporation of sufficient amounts of additional solvents such as 
isopropanol, ethanol, glycerol, or N,N-dimethyllactamide in the bore liquid was found to enhance 
membrane performance. However, these solvents were not imperative for the preparation of sponge-like 
fibers. 
Adjusting the molecular weight cutoff (MWCO) and permeance of the resulting membranes was achieved 
by post-treatment with sodium hypochlorite. It enabled a significant increase in permeance and alteration 
of the MWCO. This study offers valuable insights into optimizing the preparation and performance of PES 
hollow fiber membranes using a green solvent with potential applications in science and industry.  
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Introduction. Tangential streaming current and potential are two popular methods used for zeta potential  
determination. However, they are both impacted by the electrokinetic leakage phenomenon, a parasitic 
phenomenon that may occur when tangential electrokinetic measurements are conducted on porous 
samples [1]. As a result, both methods lead to an inaccurate determination of the membrane zeta 
potential �~�•�}�� �����o�o������ �^���‰�‰���Œ���v�š�� �Ì���š���� �‰�}�š���v�š�]���o�_�•��when the standard Smoluchowki approach is used. In this 
study, we introduce a new parameter, the electrokinetic index, defined as the ratio of the apparent zeta 
potential determined from the two methods. We show how the electrokinetic index value can indicate the 
presence of the electrokinetic leakage, and how its variation makes it possible to identify whether 
a membrane modification occurs only on the surface or also in the membrane matrix [2]. The interest of 
the electrokinetic index was demonstrated by considering the example of ageing of flat-sheet and hollow-
fiber polyethersulfone (PES)-based membranes. 
 

Experimental/methodology. Four types of PES-based membranes were used: two flat-sheet ultrafiltration 
(UF) membranes (HFK-131 and UP150), a flat-sheet nanofiltration membrane (NP030) and a hollow-fiber 
UF membrane (HydraCap 60). Static ageing experiments were performed in 48,000 ppm sodium 
hypochlorite for 1 to 48h. Tangential streaming current and potential measurements were conducted on 
pristine and aged samples. 
 

Results and discussion. When different from 1, the electrokinetic index (IEK) indicates the presence of an 
electrokinetic leakage (the two electrokinetic tehniques do not lead to identical apparent zeta potentials). 
As shown in Fig. 1, it is the case for all the pristine membranes, except NP030. Then, the variation of IEK over 
the time of exposure to NaOCl shows that IEK increases progressively, at different rates for the various 
membranes. Any variation in the index is associated with modifications inside the membrane matrix; 
therefore the index can distinguish modifications inside the membrane matrix from modifications occuring 
solely on the external surface. This method can be used with membranes of various geometries. These 
considerations open the path for on-line sensors developpement based on the IEK operating principle [2]. 

 

Figure 1: Electrokinetic leakage index versus ageing time; ageing solution: 48,000 ppm NaOCl, pH 8. 
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Introduction. Molecular separation process is crucial as it involves our daily activities and various industry, 
such as water purification, energy generation and storage [1,2]. Amongst diverse separation technologies, 
membrane-based separation has garnered significant attention due to its efficiency, reduced energy 
consumption, and simplicity [1]. Adsorptive membranes, a novel subset of membrane technologies, 
ingeniously combine adsorption with membrane separation. These membranes offer a promising solution 
to challenges associated with traditional pressure-driven membranes, such as energy demands, 
selectivity/permeance trade-off, and fouling issues.  
Experimental/methodology. In this study, we designed and fabricated amidoxme-modifed polymer of 
intrinsic microporosity (AOPIM) as an adsorptive membrane, unlocking potential of the unique pH-
responsive behaviour of the amidoxime group for selective dye removal. We initiated by synthesizing PIM-
1, followed by its modification through the substitution of the nitrile group with the amidoxime group, 
yielding AOPIM. This AOPIM was casted as an adsorptive membrane via non-solvent induced phase 
separation (NIPS) technique. The pH-responsive filtration behaviour and selective separation mechanism of 
the adsorptive AOPIM membrane was examined using either single or dual dye mixtures as feed.  
Results and discussion. The amidoxime group in the AOPIM membrane serves as the primary affinity site 
for charged dye adsorption. Specifically, this functional group assumes a positive charge under acidic 
conditions and reverses its charge in alkaline environments. The AOPIM membrane exhibited a noteworthy 
adsorption capacity, evidenced by its uptake of MB at 444.2 mg g-1. In applications involving dye filtration, 
the AOPIM membrane demonstrated robust separation efficiencies for both anionic (IC:  94.7 L m-2h-1bar-1 
with an 80% rejection rate) and cationic dyes (MB: 94.9 L m-2h-1bar-1 with a 99% rejection rate). Intriguingly, 
while the pH-responsive nature of the AOPIM membrane was anticipated, its performance in cationic dye 
separation at elevated pH values (Flux: 80.0 L m-2h-1bar-1 and SMB=0.31) surpassed its capability to remove 
anionic dye at lower pH levels (Flux: 82.1 L m-2h-1bar-1 and SMO=0.03). This can be attributed to the 
protonation of anionic dye molecules under acidic conditions.  
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Figure 1. Separation performances of AOPIM membrane 

Figure 2. Characterization and absorption 
performance of AOPIM membrane 
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Introduction.  
The present work is a proof�tof�tconcept study where a highly performant Polymer of Intrinsic 
Microporosity (PIM) is dispersed in a biobased and biodegradable copolymer of the 
Poly(hydroxyalkanoate) (PHA) family. PIMs, a subclass of microporous polymers, are known for their high 
permeability and molecular sieving capacity, given their high porosity and interconnected micropores [1,2]. 
PHAs, on the other hand, are environmentally friendly semicrystalline polymers known for their good 
properties, such as hydrophobicity, thermoplastic behaviour, and biocompatibility [3,4], but have limited 
gas permeability. The addition of a microporous organic filler, such as PIM�t1, to a semicrystalline 
biopolymer could lead to a significant disruption in crystallinity with beneficial effects on permeability and 
selectivity. Moreover, properties such as flexibility can also be improved, allowing to produce films suitable 
to withstand high pressure differences. 
 
Experimental.  
Composite membranes of Poly(3�thydroxybutyrate�tco�t3�thydroxyvalerate) with 8 %mol of hydroxyvalerate 
(HV) units, PHBV8, and PIM�t1 were prepared through solvent casting at concentrations of PIM lower than 
5wt%. Thermal properties of the pristine polymer and composite membranes were investigated through 
Differential Scanning Calorimetry (DSC) to evaluate the crystallinity reduction. The CO2 and CH4 transport 
properties were assessed in PHA�tbased membranes at 35°C by direct sorption experiments and by single�t
gas permeation in a closed�tvolume variable�tpressure apparatus.  
 
Results and discussion.  
The addition of PIM�t1 to a semicrystalline biodegradable polymer, PHBV8, and the subsequent solvent 
casting resulted into apparently homogenous membranes with the typical yellow colour of PIM, and 
without visible defects. The crystallinity was lowered by addition of PIM. The thermodynamic and kinetic 
contributions to the separation capability of the investigated membranes were analysed and correlated 
with the properties of pristine polymers. It was found that the dispersion of the organic filler allowed to 
improve considerably the transport properties of the composite membranes, due to the intrinsic properties 
of the PIM-1 and to the crystallinity disruption in the matrix. In particular, an addition of just 2wt% of PIM�t
1 led to a reduction in crystallinity of 12% and to an impressive increase in CO2 Permeability of 550%. 
Moreover, the low amount of PIM�t1 in the composite membranes allows to maintain the environmentally 
friendly nature of PHBV8.  
In conclusion, this Dispersion of highly performant filler at low loadings in biopolymeric matrix can allow 
the production of sustainable membranes with enhanced transport properties, suitable for efficient gas 
membrane separation. 
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Introduction. Widespread water scarcity caused by population growth, climate change and water pollution 
has become one of the major global issues to be addressed [1]. The growing global needs for drinking 
water supply and wastewater treatment have led to extensive research and development of water 
treatment techniques. The most active separation and purification technologies include membrane 
processes, e.g. for water purification and concentration of targeted chemicals from an aqueous solution, 
wastewater treatment, desalination of sea and brackish water, removal of organic substances, etc. Of the 
various materials, polymer membranes are considered promising for water treatment due to their 
favorable properties and low cost for large-scale production. However, there are still certain problems that 
must be solved, such as surface fouling. This work is focused on the preparation of polymer composite 
materials based on the biodegradable polymer polylactic acid containing various nanofillers (1 wt%) with 
demonstrable antimicrobial effects in addition to the long-term effect of inhibiting biofilm formation [2,3]. 
Experimental/methodology. Polylactic acid was used as a biodegradable polymer to prepare 
(nano)composites filled with various fillers/nanofillers (modified clays, silver/graphene oxide, zinc oxide 
etc.) to ensure antimicrobial properties. The resulting products were immersed in aqueous solutions (pH ���] 
7) for 6 months and the changes in the physicochemical, morphological and antimicrobial properties were 
monitored. Various methods for characterization polymer, fillers and resulting products were used: FTIR, 
Raman spectroscopy, thermogravimetry, differential scanning calorimetry, optical and scaning electron 
microscopy etc. Antimicrobial activity was tested using bacterial gram-negative (G-) strains E. coli and P. 
aeruginosa, gram-positive (G+) strains S. aureus, S. salivarius, and yeast strain C. albicans. In addition, the 
biocompatibility and biocide effect (bacterial growth, biofilm formation, autoaggregation and motility of 
the tested bacteria) were evaluated [2,3]. 
Results and discussion. Polylactic acid excels in its properties over other biodegradable polymers (such as 
easy processability, low toxicity, lower carbon footprint, mechanical and thermal strength, biodegradability, 
bioabsorbability and biocompatibility) and therefore attracts a high attention for industrial application and 
production of membranes. It also has a number of uses in other sectors, e.g. biomedicine. It can be 
considered a multifunctional polymer with wide application potential. Microscopic analyzes in this work 
confirmed that damage to all composite surfaces increases with immersion time and antimicrobial 
properties also increase. The composites showed the highest antibacterial activity after 6 months of 
immersion. The results showed that the composites lose their surface integrity during aging in solutions, 
allowing the antimicrobial fillers to act against the microbial organisms present. Thus, they can prevent the 
microbial colonization of the surface of the composite. The suitability of polylactic acid-based composites 
for variety applications, such as biomedical purposes or membranes for water purification was confirmed. 
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The high temperatures and aggressive chemical conditions of many relevant industrial processes such as 
the hydrogen production from hydrocarbon fuel sources restrict the use of most polymeric membranes for 
gas separations (GS) that could make such processes more efficient and environmentally friendlier whilst 
reducing their operational costs. Therefore, this work was centered on the development of a thin-film 
composite membrane (TFCM) prepared with high-performance polymeric materials capable of 
withstanding temperatures above 200 °C in industrial GS applications and which could eventually be 
integrated to perform in situ separations in a reactor. 

A three-layered TFCM comprising the polyimide �ð�U�ð�[-(hexafluoroisopropylidene) diphthalic anhydride-2,2-
bis(4-aminophenyl) hexafluoropropane (6FDA-6FpDA) on top of a porous cross-linked (CL) Matrimid® 5218 
(Matrimid) and polyphenylene sulfide (PPS) nonwoven supports was developed. First, the porous Matrimid 
membrane was deposited via the nonsolvent-induced phase separation method on top of the PPS 
nonwoven. Subsequently, a chemical cross-linking with propandiamine as post-treatment method for the 
porous Matrimid membrane was carried out to render this polymer stable against liquid tetrahydrofuran 
(THF) and make possible the coating of the 6FDA-6FpDA selective layer on its surface. 

The separation performance of the prototypical TFCM was further investigated in two different single gas 
permeation experimental facilities in a temperature range from 30 to 200 °C and feed pressures of up to 
10 bar. The TFCM exhibited relatively low permeances compensated by outstanding ideal selectivities for 
the H2/CO2, H2/CH4 and O2/N2 gas pairs. This behavior was attributed to the formation of an 
interpenetrating network between 6FDA-6FpDA and Matrimid, caused by a swelling effect of the solvent 
used to form the selective layer on the surface of the CL Matrimid porous membrane. A drop in membrane 
performance was observed above 170 °C due to a reduction in the thermal stability of the CL Matrimid 
resulting from the opening of the imide rings of the polyimide backbone during the cross-linking reaction. 
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Introduction. Facing the dual challenges of water scarcity and pollution, there's an increasing need to tap 
into impaired water sources for various demands [1]. This situation has spotlighted reverse osmosis (RO) 
technologies, which rely on membranes like polyamide (PA) and cellulose triacetate (CTA) to treat water 
[2]. However, these technologies must overcome obstacles in enhancing water permeablity and solute 
rejection performances while reducing organic fouling. This research explores a novel strategy using UV 
irradiation to modify PA membrane structures, aiming to improve water flux without sacrificing solute 
rejection. This approach seeks to address the critical balance between membrane efficiency and durability 
in water treatment applications. 
Experimental/methodology. Membrane samples from two commercial brackish water reverse osmosis 
(BWRO) systems were prepared for experiments. Chemical coatings on the membranes were removed by 
soaking in deionized water. Various analytical grade chemicals and natural organic matter (NOM) were 
used to simulate fouling agents in water treatment scenarios. Photooxidation experiments were conducted 
using UV-B light at specific doses to modify the surface of the PA and CTA membranes. The effect of UV 
exposure on the membranes was assessed by comparing treated samples at different UV doses with non-
treated controls. 
Results and discussion. Pristine membranes demonstrated a higher rejection rate for MgSO4 and NaC), 
with PA membranes showing superior rejection capabilities compared to CTA, especially for uncharged 
boron due to size and Donnan exclusion effects. UV-B irradiation significantly increased the pure water flux 
�}�(�� �W���� �u���u���Œ���v���•�� �Á�]�š�Z�}�µ�š�� �u���Œ�l�����o�Ç�� ���}�u�‰�Œ�}�u�]�•�]�v�P�� �E�����o�� �Œ���i�����š�]�}�v�� ���š�� �o�}�Á���Œ�� �h�s�� ���}�•���•�� �~�í�î�� ���v���� �î�ñ�� �:�|���u�t2), 
suggesting an enhancement in membrane permeability. However, a high UV do�•���� �~�ñ�ì�� �:�|���u�t2) led to a 
substantial increase in water flux at the cost of dramatically reduced salt rejection, indicating membrane 
failure. These changes suggest UV-B treatment can improve membrane performance up to a certain 
threshold before compromising membrane integrity. Surface analysis revealed that UV-B irradiation 
modified the PA membrane surfaces, increasing their hydrophilicity and altering surface charge, which 
likely contributed to the observed improvements in water flux and fouling resistance. In contrast, CTA 
membranes showed no significant changes upon UV-B treatment, indicating their resistance to 
photooxidation. Furthermore, UV-B treated PA membranes exhibited lower fouling propensities with NOM 
fouling agents, maintaining higher permeate fluxes over time. Overall, UV-B irradiation emerges as a 
promising strategy for enhancing RO membrane performance by improving permeability and reducing 
fouling potential, albeit with a careful balance to avoid compromising solute rejection. 
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Introduction. Membrane manufacturing is yet to embrace the use of harmful and toxic solvents, such as N-
methyl-2-pyrrolidone (NMP), N, N-dimethylacetamide (DMA), and N, N-dimethylformamide (DMF) despite 
being a sustainable technology with a low environmental footprint [1-2]. Finding solvents that are more 
environmentally friendly and sustainable for making polymeric membranes is imperative. In this �Á�}�Œ�l�U���v-
valerolactone (GVL) was selected as a renewable green solvent for the preparation of poly (vinylidene 
fluoride) (PVDF) membranes by phase inversion technique that allowed to obtain membranes with 
controlled morphology, pore-size and physical-chemistry properties comparable to those commercially 
available.  
Experimental/methodology. PVDF-based membranes were produced by coupling vapor-induced phase 
separation (VIPS) and non-solvent-induced phase separation (NIPS) techniques. The formation mechanism 
of the developed membranes was preliminary studied in terms of thermodynamics, related to polymer 
precipitation behavior (such as Hansen Solubility Parameters), and kinetics, related to the exchange rate of 
solvent/nonsolvent during phase separation (such as dope viscosity). The PVPK17 (polyvinylpyrrolidone) 
and polyethylene glycol (PEG200) as pore-formers were used for the fabrication of membranes with 
controlled pore sizes. The membranes were cast in the climatic chamber with 55Rh% of humidity for 
different times (0,2.5,5 minutes) Isopropanol and/or Ethanol with water were selected as coagulant baths 
and the effect of relative energy difference (RED) in different compositions was investigated. The 
membranes were fully characterized concerning morphology, pore size distribution, wettability, thickness, 
and porosity. 
Results and discussion. GVL was used as a green and bio-based solvent for the replacement of the 
commonly employed for producing PVDF porous membranes with a wide range of pore sizes (from 0.1 to 1 
µm). The results confirmed an asymmetric structure of the membrane and the possibility of obtaining 
a sponge-like morphology without the presence of macrovoids depending on dope solution composition 
and preparation conditions. The top structure changed from dense to porous in the case of the exposure 
time to humidity was increased from 0 to 2.5 minutes (NIPS-VIPS technique). Generally, the effect of 
humidity on membrane morphology delays the phase inversion process promoting the formation of porous 
surfaces and sponge-like structures. The porosity of the membranes was in the range between 84% and 
86% with a thickness of about 90-120 µm dependent on the composition of the dope solution and, 
generally, the presence of additives may form thicker membranes. The results of the work are crucial in 
opening up new opportunities for sustainable membrane fabrication at the industrial level. 
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Introduction.  
The effective filtration of ions and organic pollutants, together with their selective retention, is crucial for 
nanofiltration (NF) membranes, especially for applications in waste water and treatment, including resource 
recovery. Materials like polyelectrolytes or ionomers (amphiphilic charged polymers) offer promising 
alternatives to state-of-the-art polyamide-based NF membranes, providing comparable membrane 
performance, while demonstrating significantly higher stability, for example against oxidizing agents like 
active chlorine. The aim of this study is the development of thin film composite NF membranes with 
adjustable membrane performance and a selective barrier film made from fluorine-free ionomers, for partial 
desalination and removal of organic micropollutants of urban and industrial waste-water.  
 
Experimental/methodology. 
Highly stable thin film composite NF membranes are fabricated, which are adjustable in terms of separation 
selectivity and permeance. Commercially available ionomers, like the negatively charged Pemion or the 
positively charged Fumion and Aemion, which all had been established for fuel cell or water electrolysis 
technologies, are used to establish a NF-selective film. This is achieved by first preparing 
a polyacrylonitrile (PAN) membrane with ultrafiltration (UF) properties [1] and subsequently coated it with 
an ionomer solution by frame casting. A crucial aspect for achieving a defect-free, negatively charged  and 
stable Pemion ionomer film is the premodification of the PAN UF membrane with ethylenediamine (EDA) [2] 
leading to positively charged groups on the surface and thereby to attachment by a polyelectrolyte complex 
[3]. For further coating, Pemion is dissolved in an alcohol mixture and poured onto the PAN membrane in 
a horizontally oriented metal frame. After evaporation of the solvent at room temperature the membrane is 
ready for use.  
 
Results and discussion. 
A suitable PAN support membrane was established in laboratory scale and the upscaling of the manufacturing 
process to large area of non-woven supported membrane was successful. This resulted in a PAN membrane 
with a sufficiently high pure water permeance of 600 L/m2·h·bar and a MWCO of 45 kDa. The effective 
premodification of the PAN membrane with EDA was successfully proven by a positive zeta potential and the 
stability of coated anionic ionomer films. As a first prototype, a composite with a defect-free and 
homogeneous 450 nm thick Pemion film on EDA-modified PAN membrane was obtained. The NF 
characterization of that membrane revealed rejections for Na2SO4 of 85 %, NaCl of 60 %, for sucrose of 50 % 
and for glucose 40 %, with a pure water permeance of 2 L/m2·h·bar. Further optimization like increasing the 
permeance by reducing ionomer thickness by alternative coating methodes such as dip-coating or electro-
spraying, are currently under investigation. Other ongoing studies explore the coating of positively charged 
ionomers (Fumion and Aemion) in combination with adapted modification of the PAN support membrane. 
Thereby, the specific influence of a cationic or anionic film, along with the impact of the support membrane, 
on ion selectivity, micropollutant rejection and permeance of the novel thin film composite membranes are 
examined.   
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Introduction.  
Membrane filtration is widely used in industries, but fouling�v accumulation of contaminants�v poses 
challenges, reducing efficiency. Overcoming this requires effective fouling control and developing 
membranes with enhanced resistance. Surface characteristics like hydrophilicity, roughness, and 
electrostatic charge significantly influence membrane fouling 10,11. A membrane surface with hydrophilic 
functional groups forms a hydration layer, reducing the adhesion of foulants to the membrane surface [1]. 
Surface modifications have some challenges, particularly concerning flux decline and the stability of the 
added modifiers [2].  In the current study, ultrasonically mist coating is utilized to modify the surface of 
a TFC NF membrane. A polyester coating layer with a spot-like appearance was formed on top of the PA 
TFC layer. The coating layer was synthesized by interfacial polymerization technique. 

Experimental/methodology.  
The methodology involved the synthesis of a polyamide (PA) membrane through interfacial polymerization 
using piperazine (PIP) and trimesoyl chloride (TMC). The process included saturating a polyethersulfone 
(PES) support with a PIP solution, adjusting the pH, removing excess solution, and initiating interfacial 
polymerization with a TMC solution. The resulting membrane was cured and stored before surface 
modification. In the second step, an ultrasonic humidifier dispersed monomer droplets onto the PA 
membranes. The membranes were coated with varying concentrations of sulfonated poly(ether ether 
ketone) (SKL) and misted with a TMC solution. The coating time was optimized to prevent droplet merging 
on the PA surface. The coated membranes were cured, washed, and stored.   

Results and discussion. The zeta potential measurements and AFM results demonstrated a significant 
reduction in coated membrane properties, indicating improved antifouling characteristics after applying 
a polyester coating. Specifically, membranes coated with a 7 wt.% SKL polyester composition exhibited 
a 90% flux recovery ratio during Bovine Serum Albumin (BSA) filtration, showing a 15% enhancement 
compared to the control membrane (PA). This positive trend was consistent for Sodium Alginate (SA) 
solution as well. Furthermore, the polyester-coated membranes maintained stable separation performance 
over 40 hours of filtration, with minimal variations in Na2SO4 rejection and water flux, underscoring the 
stability of the polyester coating. The enhanced antifouling properties can be attributed to increased 
negative charge and reduced surface roughness, deterring foulant adhesion. The presented work 
distinguishes itself with a faster coating technique, reduced material consumption, and the use of an 
environmentally friendly biopolymer (SKL). The outlined improvements make this technique cost-effective, 
environmentally friendly, and easily integrable into the current production line of TFC membranes. 

References 
[1] Wang, M.; Wang, J.; Jiang, J. Membrane Fouling: Microscopic Insights into the Effects of Surface Chemistry and 
Roughness. Adv Theory Simul 2022, 5 (1). https://doi.org/10.1002/adts.202100395. 
[2] Khoo, Y. S.; Lau, W. J.; Liang, Y. Y.; Yusof, N.; Fauzi Ismail, A. Surface Modification of PA Layer of TFC 
Membranes: Does It Effective for Performance Improvement? Journal of Industrial and Engineering 
Chemistry 2021, 102. https://doi.org/10.1016/j.jiec.2021.07.006. 
 



Polyhydroxyalkanoate based microfiltration membranes: influence of 
the copolymers in composition on membrane properties  

 
D-T. Tran1, L. Lemiegre1, J-L. Audic1, A. Courtois2, P. Loulergue1* 

 
1 Univ Rennes, ENSCR, CNRS, ISCR - UMR 6226, F-35000 Rennes, France 

2 POLYMARIS Biotechnology, 160 rue Pierre Rivoalon 29200 Brest, France 
*patrick.loulergue.1@univ-rennes.fr  

 
Keywords: bio-based and biodegradable membranes, PHAs, green solvent. 

Introduction. Polyhydroxyalkanoates (PHAs) refer to a class of bio-based, biodegradable polymers that 
have gained massive interests in recent years as alternatives to conventional petroleum-based polymers. 
Yet in the field of membrane science, only a few attempts have been made to fabricate PHA porous 
membranes, while the types of PHAs being used was also limited to only P3HB3HV [1,2]. In this work, for 
the first time, the feasibility of microfiltration (MF) membrane fabrication was studied for different types 
of poly(3-hydroxybutyrate) (P3HB) based polymers, including P3HB3HV with 2 mol% HV (denoted as P1), 
P3HB3HV with 14 mol% HV (P2), P3HB3HHx (P3) and P3HB4HB (P4). In addition, a green solvent, DMSO, 
was used to fabricate these membranes with the aim towards an environmental-friendly approach: 
a membrane made from biodegradable material and green solvent. 

Experimental/methodology. The copolymer content (in mol%) of the four PHAs was determined by NMR, 
and their crystallinity by DSC. Membranes were made using the classic non-solvent induced phase 
separation (NIPS) method. Dope solutions were prepared by dissolving the four PHAs, with or without 
polyethylene glycol (PEG) as additive, in NMP and DMSO at elevated temperatures. Membranes were then 
characterized by a range of techniques, including scanning electron microscopy (SEM), permeability, water 
contact angle, porosimetry and mechanical strength. 

Results and discussion. Porous membranes with different properties were prepared from all four types of 
PHAs, either with the traditional solvent NMP or green solvent DMSO. Among them, P2 proved to be the 
best type for producing MF membranes via NIPS, in terms of the easiness in processing and mechanical 
stability. The higher 3HV content in P2 compared to P1 allowed the process to be performed at a lower 
temperature (100 to 120oC in DMSO), while its lower crystallinity (43 to 63%) contributed towards a more 
homogeneous and mechanically stronger membrane. On the other hand, P3 membranes were quite fragile 
due to the presence of the 3HHx (10 mol%), while the fully amorphous P4 membranes showed rubber-like 
properties and lacked rigidity. All membranes exhibited a porous structure, with P2 membranes showing 
typical assymetric structure of MF membranes, having finger-like structures near the surface and 
microporous at the base (Fig. 1), with porosity of ca. 80% and pore size in the range of 0.1-6 µm. These 
results underline the substantial potential of PHA-based membranes as greener filtration materials. 

 
Fig. 1. SEM images (top: cross section, bottom: active surface) of P3HB3HV bio-based membranes prepared with the 

green solvent DMSO at 17, 20 and 25 wt% (left to right) polymer content. 
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Introduction. Cellulose nanocrystals (CNCs) are two-dimensional nanoparticles synthesized in aqueous 
media from cellulosic materials and characterized by high crystallinity and aspect ratio. Membranes 
derived from CNCs exhibit exceptionally high oxygen barrier effects and significant tensile strength, which 
can be attributed to the dense packing and high concentration of hydrogen bonds between the crystals [1]. 
However, their potential as bio-based gas separation membranes is limited due to their brittleness and due 
to the insufficient data on their permeability to gases other than oxygen.  
In this study, membranes with pure nanocrystals incorporating various biodegradable plasticizers (at three 
different concentrations) are examinated and compared. The objective of the work is to investigate the 
impact of the plasticizer on their mechanical properties, as well as to elucidate the gas-specific interaction 
with the plasticizers and cellulose nanocrystals network. 
Experimental/methodology. In this study, CNCs are prepared from cellulose pulp employing the TEMPO-
mediated oxidation technique, followed by ultrasonication. This process yields a stable suspension of CNCs 
with carboxylic groups on their surface. Diffirent plasticizers, namely agar, glucose, glycerol, high and low 
viscosity alginate, mannytol, PEG-400, raffinose, sucrose and starch, are incorporated into the suspension 
in three concentrations (5%, 10%, to 20% w/w). The incorporation is performed by stirring the suspension 
for 2h at room temperature. The resulting suspension is then cast into a petri dish and left to dry in 
a laboratory oven set at 40°C. The measured thickness of the resulting mebranes and their diameter is 
approximately 10 µm and 90 mm respectively. 
The gas permeation properties of these membranes are evaluated using a constant pressure variable 
volume setup with mixed gas streams, a quadrupole mass spectrometer as the detector, following 
a methodology analogous to that described by Fraga et al [2]. 
The mechanical properties of the membranes instead are evaluated through indentation tests on circular 
samples with a diameter of 1cm. This testing follows the procedure described by Kuo-Kang Liu et al[3], 
utilizing an XYZ Pull and Shear machine equipped with a 20N load cell. 
Results and discussion. All solutions, except those containing starch, result in homogeneous and defect-
free transparent membranes. The fracture behavior of all the analyzed samples remains brittle, not 
showing any plastic deformation, but it is possible to almost triple �š�Z�����z�}�µ�v�P�[�•���u�}���µ�o�µ�•���}�(���š�Z�����u���u���Œ���v����
by adding 10% glycerol by weight and to almost double it by the addition of 5% sucrose.  
The gas permeation measurements are currently underway and will focus on the transport properties of 
hydrogen, helium, nitrogen, oxygen, and carbon dioxide. 
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Introduction. Membrane separation technologies are known for good performance, compactness, and ease 
of use. However, new materials and fabrication processes are required to address current limitations in 
recyclability and risks for negative environmental and health impacts [1]. Towards this objective, 
polyhydroxyalkanoates (PHAs), a family of bio-based and biodegradable semi-crystalline polyesters, are 
being considered [2]. The research literature is often limited to commercial poly(3-hydroxybutyrate) (PHB) 
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with low (<3%) weight fraction of 3-
hydroxyvalerate (3HV). The present work addresses membrane formation and properties with PHBV blends 
of higher average 3HV content and broader copolymer blend distribution. Principles and insights, along with 
methods, were developed and applied in this work to build an understanding of engineering membranes 
with short-chain-length PHAs. The goal is to widen the scope to tune and target specific properties for 
membrane needs and applications with these biopolymers. 
 
Experimental/methodology. Two commercial PHAs (PHB and PHBV with 1 wt% 3HV) were compared to two 
distinct non-commercial PHBVs produced at the pilot scale. These two PHBV grades of pre-eutectic 3HV 
���}�v�š���v�š�� �~�C�ï�ó�� �Á�š�9���ï�,�s�•���Á���Œ���� ���]�•�š�]�v���š�� �]�v���u���o�š�� ���v����crystallization behavior. The influence of PHA grade on 
polymer-solvent interactions and resulting microstructure developments and membrane functional 
properties were evaluated. Both dense membranes and coatings on polyacrylonitrile (PAN) were prepared 
by solution casting with dimethyl carbonate (DMC). Critical temperatures and concentrations were 
determined by differential scanning calorimetry. Membrane performance evaluations included pure water 
permeation and FCF fast green dye retention within the nanofiltration range. 
 
Results and discussion. PHBV 3HV content and copolymer distribution affected membrane formation and 
properties. Gelation tendency of PHBV/DMC solutions played a key role in membrane morphology due to 
the temperature-concentration dependency of the gelation. Dense surfaces were formed so long as the 
evaporation temperature was above the gelation onset temperature defined by the initial concentration 
(Fig.1b). Gelation tendency is significantly reduced with a higher average 3HV content (Fig.1a). Gelation 
during membrane formation also influences membrane density that in turn contributes to differences in pure 
water flux (Fig.1c). Despite observed differences in pure water flux, all membranes exhibited consistent 
nanofiltration dye retention (Fig.1c). In this presentation, the opportunity for tuning PHBV based membrane 
properties and membrane production integrated to the polymer recovery will be discussed and elaborated. 

 

 

 

 

 

Figure 1: (a) PHBV gelation in DMC as functions of 3HV content and PHA concentration. (b) Membrane morphologies 
above and below gelation temperature. (c) Pure water permeation and FCF fast green (800 Da) dye retention. 
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Recently, the accumulation of organic micropollutants (OMP) in ground and surface waters, caused by the 
disposal of insufficiently treated wastewater streams, has become an increasing concern for human and 
environmental health and safety. One of the techniques that is being looked at to clean such streams are 
polyelectrolyte multilayer membranes (PEMM) [1]. 
 
Currently, commercial PEMMs are made in the hollow fibre (HF) configuration with the thin selective layer 
on the inside of the HF (figure 1, left). An improvement to these membranes would be to have the selective 
layer on the outside of the HF (figure 1, right). Such outer skinned PEMMs would have the advantage of an 
increased surface area per fibre and, allow fibres to be operated in the outside-in filtration configuration, 
enabling the use of new module geometries with superior mass transport properties [2]. Moreover, it 
would enable the use of smaller mechanically stronger fibres, due to contaminants in the feed not being 
able to clog the bore of the fibres. 
 

 
Figure 1: Cross sectional image of a PEM coated hollow fibre support membrane with an inner skin for inside-out 
operation (left) and an outer skin for outside-in operation (right). 
 
To prove that the concept of an outer skinned PEMM is feasible, we used the dry-jet wet spinning process 
to fabricate charged outer skinned HF support membranes and coated them through the layer-by-layer 
self-assembly process to form a PEMM. The results showed that we were able to form the first outer 
skinned HF PEMMs with a 3.5x increase in active membrane surface area to volume ratio as compared to 
commercial PEMMs. SEM images of the support fibres confirmed the existence of an asymmetric structure 
with an outer skin, and fluorescent imaging of the coated fibres confirmed that the polyelectrolyte 
multilayer was located on the outside of the fibre. The PEMMs showed nanofiltration properties ideal for 
removing OMPs with a pure water permeability of 3 L/(m2*h*bar) and a molecular weight cut-off of 300 
Da. Our results thus clearly pave the way for the development of the next generation of HF nanofiltration 
membranes. 
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Introduction. Reverse osmosis membranes made with interfacial polymerization (IP) are limited in the 
ability of IP to control the selective layer composition, thickness and morphology which hinders transport 
properties and operational lifetime.1 To overcome the limitations, we have developed TFC reverse osmosis 
membranes using molecular layer deposition (MLD) rather than IP. This gas-phase deposition technique is 
derived from the semiconductor industry and can create semipermeable polymer films with monomer-
level control of composition, thickness and chemistry. MLD is accomplished by exposing a substrate to 
monomer vapors one at a time in vacuum. This sequential method is self-limiting at each exposure, which 
allows for precise film growth.2 Key to fabrication was the ability to grow the MLD film across the pore 
openings of a porous substrate despite the conformal nature of MLD. To do so, we developed a sacrificial 
pore filling process that enabled growth atop a polyethersulfone ultrafiltration support layer. 
Experimental/methodology. Selective aromatic polyamide MLD films were made from m-
phenylenediamine and trimesoyl chloride precursors in vacuum at 120°C. Brackish water desalination 
performance was evaluated with crossflow measurements using a 2000 ppm NaCl feed solution at 15.5 
bar. The molecular structure of the polyamide layers was investigated with X-ray scattering, X-ray 
photoelectron spectroscopy and X-ray reflectivity.  
Results and discussion. In crossflow desalination tests, MLD TFC membranes had NaCl rejection as high as 
�õ�ð�9�� ���v���� �‰���Œ�u�������]�o�]�š�Ç�� ���•�� �Z�]�P�Z�� ���•�� �í�X�î�� �>�l�u�]�v�|�Z�|�����Œ�X�� �d�Œ�������}�(�(�� �����š�Á�����v�� �‰���Œ�u�����v������ ���v�����Œ���i�����š�]�}�v�� ���}�µ�o���� ������
tuned by varying the thickness and composition of the MLD selective layer. High rejection could achieved 
with films that were several nanometers thick. Compared to IP, MLD films were dense, highly crosslinked, 
and morphologically conformal, without nanoscale voids. This fabrication strategy allows us to create novel 
selective layer materials which may be engineered for specific properties such as resilience to degradation 
and for other applications which use TFCs, such as gas separations and nanofiltration. 

References 
(1) Werber, J. R. et. al, Nature Reviews Materials 2016, 1 (5), 1�t15. 
(2) Welch, B. C. et. al, Chemistry of Materials 2024, 36 (3), 1362�t1374. 



Chemical crosslinking for enhanced stability of polyelectrolyte 
multilayer nanofiltration membranes under high salinity conditions 

 
X. Zhang1,2*, A.J.B. Kemperman1,2, H. Miedema1, E. te Brinke2, W.M. de Vos2 

 
1Wetsus, European Centre of Excellence for Sustainable Water Technology, Leeuwarden, The Netherlands  

2Membrane Science and Technology, MESA+ Institute for Nanotechnology, University of Twente, Enschede, 
The Netherlands 

*x.zhang-9@utwente.nl 
 

Keywords: chemical crosslinking, membrane, polyelectrolyte multilayers, high salinity, stability 
 
Introduction. The Layer-by-Layer (LbL) technique is a versatile method for developing membranes with 
ultrathin skin layers with tailored functionalities, extending beyond those of conventional nanofiltration 
membranes [1]. Membranes coated with PDADMAC (poly(diallyldimethylammoniumchloride)) and PSS 
(poly(sodium 4-styrenesulfonate)) exhibit high physical and chemical stability but show weaknesses when 
exposed to highly saline streams [2�t4]. To address this challenge, we employ chemical crosslinking as an 
effective post-treatment to enhance the stability of polyelectrolyte multilayer (PEM) membranes in high 
salinity conditions. 
Experimental/methodology. To explore the optimal crosslinking conditions, the stability of  PDADMAC/PSS 
multilayers on model surfaces before and after crosslinking was evaluated, using reflectometry. 
A photosensitive crosslinker was used and the multilayers were crosslinked under UV light. The same 
crosslinking conditions were then applied to fabricate flat sheet PEM nanofiltration membranes.  For this, 
we prepared support ultrafiltration membranes with enhanced negative surface charge to improve the 
feasibility of layer-by-layer coating.  
Results and discussion. Figures 1a and 1b show that the permeability of the non-crosslinked membrane 
increases with higher ionic strength but decreases during pure water filtration (zig-zag pattern). Particularly, 
in 1.5 M NaCl, permeability increases by 60%, and in 4.0 M NaCl, it jumps by nearly 300% compared to initial 
water permeability, reflecting membrane instability. Conversely, crosslinking stabilizes permeability up to 1.5 
M NaCl for all membranes, extending to 2.0 M NaCl with higher crosslinker concentrations (Figure 1b). 
Moreover, increased crosslinker concentration leads to higher initial pure water permeability (Figure 1 a). 
Additionally, crosslinking induces a shift in membrane surface charge from positive to negative, shown by the 
increase in Na2SO4 retention, and a decrease in CaCl2 retention after crosslinking, respectively.  

In conclusion, cross-linking successfully enhances membrane stability in high salinity conditions, showcasing 
the versatility of our fabrication method for preparing stable membranes with diverse applications. 

a) b) c) 

   

Fig.1. Behavior of non-crosslinked/crosslinked (PDADMAC/PSS)4.5 membrane: a) and b) permeability (Relative 
permeability for b) when alternatingly exposed to pure water and NaCl solutions (0.5 M to 4.0 M);  c) Salt retentions.  
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Introduction:  
Currently, the fabrication of commercial hollow fiber membranes relies on the usage of harmful, reprotoxic 
organic solvents, which will potentially be banned in the EU in the near future[1]. Therefore, research and 
industry focus on the search of suitable alternative sustainable solvents for membrane fabrication or even 
alternatives to the organic solvent-based phase separation process. A promising process is the fabrication 
of porous membrane structures via all aqueous phase inversion of polyelectrolytes. However, hollow fiber 
membranes with sufficient mechanical stability have not yet been reported. 
Experimental/methodology: 
We present the spinning of free-standing, defect-free, and mechanically stable hollow fiber membranes 
using the salt-induced phase separation of polyelectrolytes. An aqueous polymer solution containing 
poly(sodium 4-styrenesulfonate) (PSS), poly(diallyldimethylammonium chloride) (PDADMAC), and 
potassium bromide (KBr) is extruded with an aqueous lumen fluid through a spinneret into a purely 
aqueous coagulation bath at 0°C. Subsequently, the fibers receive a photo-induced crosslinking with the 
cross-�o�]�v�l���Œ�� ���]�•�}���]�µ�u�� �ð�U�ð�[-diazidostilbene-�î�U�î�[-disulfonate tetrahydrate (DAS), inducing the desired 
mechanical stability. 
Results and discussion: 

The achieved asymmetric hollow fibers with an inner diameter of around 450 µm show a pure water 
permeance of 0.5 LMH/bar, a molecular weight cut-off of 200 Da, and salt retentions of up to 90 % MgCl2. 
The mechanical stability of the cross-linked hollow fiber membranes represents a burst pressure at 6.25 ± 
1.11 bar, compared to the burst pressure of the uncross-linked hollow fiber membranes at 0.1 bar, around 
60 times increased.[2] 

Figure 1: DAS cross-linking process and the cross-section of the cross-linked PEC hollow fiber membrane. 
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Introduction: 
Green chemistry emphasizes avoiding harmful solvents and reagents in chemical manufacture and use. Because 
of its essential role in ecological processes, membrane science is an integral part of this premise.[1] 
Electrospinning is the most environmentally friendly method for producing membranes, and the use of green 
solvent  makes the process more sustainable [2]. Cellulose acetate (CA) is a polymer that is widely available and 
has exceptional biocompatibility and biodegradability. [2]. There are significant studies about the use of green 
solvents for CA electrospun fiber production, and the studies presented have not shown very good morphology 
of fibers. In this study, we developed CA electrospun nanofibers based on the bio-renewable Cyrene as the main 
green solvent, along with four different co-solvents that are also either green or having very low toxicity.  
Experimental & Characterization: 
The dope solutions for electrospinning were prepared by varying the concentration of cellulose acetate. The 
electrospinning (ESR200R2D; es-robot®) process was performed under specific conditions: Relative humidity (RH) 
20-25%, Voltage: 13kv; Flow rate 0.1 ml/hr. The membrane's morphology was examined using a Field Emission 
Scanning Electron Microscope (FE-SEM) (Thermoscientific Quattro S). The concentration of the methylene blue 
(MB) dye was measured at a wavelength of 664 nm using a SPECORD 210 plus UV�tvisible spectrophotometer. 
The percentage removal (% R) was calculated by  Eq. (1):[2] 
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Where �%�â (mg/L) is the initial concentration and �%�Ø (mg/L) is the final concentration 
Results and discussion:  
Membranes prepared from the different co-solvents show different morphology due to different types of 
interaction between polymer and solvents.[3] The membranes prepared using Cyrene: C and Cyrene: D have 
diffused fibers due to the low rate of evaporation during the electrospinning process[4]. By increasing the CA 
concentration from 15 % to 17 %, the morphology of fibers improves, and the fiber distribution narrows down. 
The membrane prepared using Cyrene: B shows the best fiber morphology and uniform fiber distribution of 250 
nm. Adsorption Experiments show 100 % removal of methylene blue using CA nanofiber membrane. 
Conclusions: 
In this study, a green solvent-based CA nanofiber membrane was successfully fabricated using the 
electrospinning technique. The membranes made from the dope solution Cyrene: B showed good fiber 
morphology and a uniform distribution of fiber diameter. The performance of the membrane was evaluated by 
adsorbing methylene blue and found to achieve 100 % removal of MB by the CA electrospun nanofiber 
membrane 
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Introduction. The global need for clean drinking water is increasing. Many regions around the world are 
facing challenges related to water pollution and scarcity. Filtration processes play a major role in ensuring 
the availability of safe drinkable water. Among those approaches, membrane-based filtrations are known 
for their ease of operation and low consumption of energy [1]. Remarkably, nanofiltration membranes 
have shown an excellent performance in removing a wide range of pollutants including divalent ions, 
organic compounds, and certain micropollutants from contaminated water. However, the tradeoff 
between flux and rejection is a major challenge in membrane-based methods [2]. 
Experimental/methodology. Herein, a membrane was designed to address this problem by increasing the 
permeated flux while maintaining the high rejection efficiency of the membrane. To enhance the 
hydrophobic nature of polysulfone, a hydrophobic diamine was employed as a modifier to the polysulfone 
layer. The modification process involves preparing the casting solution of polysulfone and the diamine in 
dimethylacetamide solvent, with the addition of polyvinylpyrrolidone. Followed by casting this solution 
over a polyethylene terephthalate support [3]. The active polyamide layer was formed by interfacial 
polymerization method using trimesoyl chloride and piperazine. This adjustment may lead to an effective 
formation of the polyamide layer and eventually result in a different performance compared to the 
conventional nanofiltration membrane. Different characterization techniques were utilized such as AFM, 
FTIR, FESEM, EDX, and WCA to examine the chemistry, morphology, and surface properties of the new 
membranes 
Results and discussion. Performance testing was conducted using crossflow filtration setup at an 
operational pressure of 15 bar. The results of this study were highly promising, as the optimum membrane 
exhibited a remarkable increase in the permeated flux, rejection of salts and most of the pharmaceutical 
drugs compare to the standard nanofiltration membrane. 
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Introduction. The research and development of membranes with extreme wettability has supported to 
considerably increase separation efficiency and to reduce the main disadvantages of membrane technology, 
which is membrane fouling [1]. In the present work the modification of commercial PVDF membranes with 
a hydrophobic polymer of low surface energy (SE) has been achieved to generate superhydrophobic surfaces 
to separate water-in-oil emulsions. The modification that we propose is a simple two-step methodology, 
starting with an alkaline activation of the membranes and subsequently the grafting of polydimethylsiloxane 
(PDMS) to promote the formation of rough microstructures with low SE [2]. 
Experimental/methodology. Alkaline activation of the PVDF membranes surface (GWPH Millipore) was 
carried out with NaOH solutions (2.5, 5 and 7.5 M), at different temperatures (40 and 60 °C). After alkaline 
treatment, the membranes were washed with deionized water twice and were impregnated with the 
modifier solution (10 wt % PDMS). Subsequently, the membranes were washed and dried in an oven at 80 °C 
for 1 hour to promote the polymerization of PDMS. The grafting process was performed a second time (M2) 
to evaluate the formation of polymeric microstructures of greater hydrophobicity. The samples were 
characterized by ATR-FTIR, Raman, and contact angle (CA). 
Results and discussion After activation, changes in CAW were observed, generally it decreased (from 142° to 
101.7°), due to PVDF dehydrofluorination [3]. Using Raman scattering spectroscopy, the appearance of new 
signals was observed after alkaline activation at 1520 and 1120 cm-1 (C=C bond). By modifying the 
membranes with PDMS, superhydrophobic surfaces with low SE were obtained with CAW close to 160°. Using 
spectroscopic techniques, chemical changes on the surface of the membranes were evident, presenting new 
characteristic signals of PDMS (Figure 1). These preliminary results indicate that the modification has been 
successfully achieved to obtain membranes with superhydrophobic surfaces following a simple, fast, and 
effective methodology. 

 
Figure 1. FTIR-ATR (a) and Raman (b) spectra of the unmodified PVDF membranes, after alkaline treatment (5M 
NaOH, 60 min, 60 °C) and after modification with PDMS (M1 and M2).  
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Introduction  
Hollow fiber membranes (HFM) offer a higher surface area-to-volume ratio, improved packing density, and 
reduced fouling compared to flat sheet modules. The Layer-by-Layer deposition of polyelectrolytes on 
porous hollow fiber membranes based on a blend of polyether sulfone (PES) and sulfonated polyether 
sulfone (SPES) has proven to create nanofiltration membranes and has recently been commercialized 
Error! Reference source not found.. Low molecular weight cut-offs (MWCO) are of special attention, since 
they offer the possibility to retain micropollutants while the hollow fiber module design, offers easy 
cleaning via backwashing. However, the multi-step coating procedure is cost and time consuming. 
Additionally, the fabrication of the porous hollow fiber membrane involves the usage of reprotoxic 
�‰���š�Œ�}���Z���u�]�����o���•�}�o�À���v�š�•���Á�Z�]���Z�����}�v�[�š���(�}�o�o�}�Á���š�Z�����‰�Œ�]�v���]�‰�o���•���}�(���P�Œ�����v�����Z���u�]�•�š�Œ�Ç�X �d�Z�����Z���Z���u�]�•�š�Œ�Ç���]�v�������•�‰�]�v�v���Œ���š�[��
technique has bee used create hollow fiber membranes comprising a polyelectrolyte dual layer in a single-
step process. The negatively charged porous structure based on SPES forms simultaneously to a first 
charged layer on the inner side of the fiber through the use of a positively charged polyelectrolyte in the 
bore. A second charged layer is then added by immersing the freshly formed fiber into a coating bath 
containing another charged polyelectrolyte. This work is geared towards the fabrication of composite HFM 
�Á�]�š�Z�� ���� �‰�}�o�Ç���o�����š�Œ�}�o�Ç�š���� �•���o�����š�]�À���� �o���Ç���Œ�� �µ�•�]�v�P�� ���v�À�]�Œ�}�v�u���v�š���o�o�Ç�� �(�Œ�]���v���o�Ç�� �•�}�o�À���v�š�•�X���,���Œ���]�v�� �š�Z���� �Z���Z���u�]�•�š�Œ�Ç�� �]�v�� ����
�•�‰�]�v�v���Œ���š�[�� ���‰�‰�Œ�}�����Z�� �]�•�� �µ�•������ �š�}���•�Ç�v�š�Z���•�]�Ì���� �,�&�D�� �Á�]�š�Z���� polyelectrolyte inner layer, by using bio-based and 
non-toxic solvents. Additionally, polyelectrolyte pairs such as poly(allylamine hydrochloride) (PAH) and 
poly(styrene sulfonate) (PSS) which have shown to create low molecular weight cut-offs Error! Reference 
source not found. are used in the bore and coating bath. We aim to showcase the greener single step 
fabrication of hollow fiber nanofiltration membranes for the removal micropollutants from water. 
 Experimental/methodology  
�W���^�� ���v���� �^�W���^�� ���Œ���� ���}�u���]�v������ �Á�]�š�Z�� �u�µ�o�š�]�‰�o���� �Z�P�Œ�����v���Œ�[�� �•�}�o�À���v�š�� �}�‰�š�]�}�v�•�� �š�}�� ���Œ�����š���� ���� �Z�}�u�}�P���v�}�µ�•�� �•pinnable 
solution. N, N-dimethyl lactamide (also known as Agnique) was choosen as the best performing solvent 
amongst the other options. PEI and PAH were included in the bore solution. After the membranes are spun 
and the solvent has been washed out, a soaking bath containing PSS is prepared to immerse the 
membranes for 4 hours. 
Results and Outlook 
While the membrane are being extruded, one of the polycations (PEI/ PAH) in the bore is attached to the 
lumen side of the fiber due to the SPES contained in the polymer solution, hence, creating a charged layer 
on the hollow fiber membrane. After the membrane is immersed in the PSS bath, the polyanion is attached 
to the lumen side of the membrane. The final membrane contains a dual polyelectrolyte layer that is 
expected to have a low MWCO, whilst less hazardous solvents are used for the substrate fabrication. 
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Introduction. Fabrication of cost-effective innovative polymer membranes with enhanced gas transport 
properties, low physical aging, and high resistance to plasticization, which are essential to develop 
membrane gas separation technology in emerging fields such as biogas or biohydrogen purification, 
requires the careful structural design of high performance polymers. Herein, we present five novel 
phthalimide-based polymers of intrinsic microporosity (PIMs) with different sizes and positions of the alkyl-
substituents to evaluate their influence on the physical properties and their potential use as gas separation 
membranes.1 
Experimental/methodology. Different 3,4,5,6-tetrafluoro-N-R-phthalimides have been prepared and 
subsequently reacted with 5,5',6,6'-tetrahydroxy-3,3,3',3'-tetramethylspirobisindane (TTSBI) via the double 
nucleophilic aromatic substitution to obtain five novel Aryl-Phthalimide based PIMs. Solubility, thermal 
properties, BET surface area, ability to form free-standing film, gas transport properties and physical aging 
have been established. Also, bulk density, surface area, and fractional free volume were calculated for the 
amorphous periodic cell models and the results were compared to those obtained from the experiments. 
Results and discussion. Four of the obtained polymers formed self-standing films, exhibiting excellent 
thermal stability and relatively high BET surface areas ranging from 434 to 661 m2 g-1, which correlated with 
those obtained by molecular simulation models. A linear function is proposed as a tool to predict the 
surface area values of future PIMs from the corresponding computational models.  

 
Figure 1. Correlation between experimental and simulated surface areas. 

In relation to the gas transport properties, it was found that the larger the alkyl substituent in the ortho 
positions of the aryl-phthalimide fragments the gas permeability of the polymer membranes tends to be 
higher. On the other hand, a substitution at the para position of aryl-phthalimide moieties also seems to be 
favorable for achieving higher permeability values. 
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Introduction: Cellulose membranes, with abundant hydroxyl groups in their polymer structure, can 
be functionalized to improve specific surface properties, such as surface charge [1]. TEMPO-mediated 
oxidation offers an effective route to selectively oxidize C6 primary hydroxyl groups into carboxylates, 
thereby imparting negative charge on cellulose surface [2]. Layer-by-layer (LbL) polyelectrolyte 
assembly offers a versatile and tunable technique to create an ultra-thin multilayer film onto TEMPO-
oxidized cellulose membrane to enhance its separation performance [3]. Additionally, salt annealing 
presents a promising post-assembly strategy to further improve the structural and functional 
properties of polyelectrolyte multilayer membrane (PEM) [4]. This study examined the sequential 
surface modifications of commercial cellulose ultrafiltration membranes to enhance its surface 
properties and separation performance.  
Methodology: Cellulose membrane was first oxidized using NaOCl as the primary oxidant and TEMPO 
(2,2,6,6-tetramethylpiperidin-1-oxyl) and NaBr as the catalysts, at room temperature and under 
alkaline condition for two hours. Next, poly(diallyl dimethylammonium chloride) (PDADMAC) and 
poly(styrene sulfonate) (PSS) were sequentially deposited onto the oxidized cellulose membrane via 
fluidic layer-by-layer assembly technique. The resulting 9 bilayer (PSS-terminated) multilayer 
membrane was then rinsed with 2M NaCl for 30 minutes, followed by water rinse and PSS monolayer 
deposition in a cyclic manner.  
Results: TEMPO-oxidation notably increased negative surface charge on cellulose membrane, with 
zeta potential change from -35 to -80 mV at pH7. It led to modest increase in sulfate rejection, from 
3 to 20%, while chloride rejection remained below 1%. Additionally, water permeance improved from 
63 to 74 L/m2hbar. LbL polyelectrolyte coating resulted in notable decline in water permeance, from 
74 to 33 L/m2hbar and marginal increases in salt ion rejection rates. Moreover, LbL coated multilayer 
membrane surface appeared coarse and irregular, characterized by polymer clusters. Subsequent 
cyclic salt annealing of multilayer membrane resulted in more compact and smoother surface 
morphology. Although water permeance of salt annealed multilayer membrane slightly decreased to 
�î�ì���>�l�u�ø�Z�����Œ, sulfate rejection significantly improved, reaching 80% after only two annealing cycles. 
However, chloride rejection remained modestly low at around 5%. Overall, the findings suggest that 
multi-step surface modification approach is a promising strategy to improve the properties and 
performance of ultrafiltration cellulose membranes.  
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Introduction.  
Many separation processes require membranes to have excellent stability in solvents and at extreme pH. 
Moreover, oxidative stability becomes important in applications such as redox flow batteries (RFB), where 
the membrane also needs to withstand the concentrated acidic/alkaline electrolyte solutions. This 
exemplifies the need for ultra-stable membranes. Currently, no membrane chemistry exists which (1) leads 
to a highly performant membrane, (2) is chemically stable, (3) offers the versatility to be used in a variety 
of applications and is (4) fluorine free. In this research, ultra-stable polyamine TFC-membranes are 
developed for both SRNF and RFB applications. Polyamines are highly interesting materials due to their 
excellent stability and their versatility.[1] 
Experimental/methodology.  
Casting solutions with varying concentrations of chloromethylated polystyrene or chloromethylated 
polysulfone are used to tune the porosity of the membrane. These solutions were casted on a non-woven 
(SRNF), on a reinforcing mesh (RFB) or free-standing (RFB). The resulting films were immersed in a water 
bath to obtain porous membranes through non-solvent induced phase separation. The resulting 
membranes were crosslinked using diamines. A polyamine top layer was synthesized on top of these 
supports using interfacial polymerization (IFP). The resulting TFC-membranes could then be further 
crosslinked or quaternized during post-synthesis modification. 
Results and discussion. 
In order to obtain a crosslinked membrane, the chloromethylation conditions were first were studied. The 
porosity  and the membrane thickness of the chloromethylated support was optimized for each application 
separately, since these two parameters greatly affect the membrane performance. The membrane 
performance was tuned by varying the conditions of IFP and subsequent post-treatment. Performance of 
the supports and TFC-membranes were tested during filtrations (SRNF) and by measuring the resistance 
(RFB). 
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Introduction. Membrane separation is a cutting-edge technology for treating water pollutants1�t3. 
Polymeric membrane materials with tunable porous structures have gained significant attention due to 
their high selective molecular sieving, effective permeability, and ability to be easily functionalized. 
However, the disposal of spent membranes after their useful life poses environmental recontamination 
challenges. To address this, we are focusing on fabricating a bio-based membrane using 
Polyhydroxyalkanoates (PHAs) polymer4,5. PHAs are biodegradable polyesters produced by bacteria as 
intracellular storage materials. These polymers are potential candidates for substituting petrochemical-
based, nonrenewable membrane materials due to their biodegradable and non-toxic properties, aligning 
with circular economy principles and end-of-life management.  Despite their potential, biobased 
membranes face challenges such as mechanical integrity, stability, and durability. 
Experimental/methodology. Our research aims to overcome these challenges by fabricating PHA 
membranes incorporating specific weight ratios of two PHA polymers: P3HB3HH (P1) and P3HB4HB (P2) 
without adding any additives. P3HB3HH, a copolymer of 3-hydroxybutyrate and 3-hydroxyhexanoate, 
offers improved flexibility and toughness, while P3HB4HB, a copolymer of 3-hydroxybutyrate and 4-
hydroxybutyrate, provides enhanced elasticity and reduced brittleness6. To further enhance mechanical 
stability and tune the pore structure, we introduced an interpenetrating polymer network (IPN) 
architecture by adding polyaniline within the PHA membrane matrix through in-situ polymerization of 
aniline. The resulting PHA-based semi-IPN membranes (PHA@IPN) were fabricated by immersing the PHA-
aniline membrane in an ammonium persulphate (APS) coagulation bath using simple non-solvent-induced 
phase separation (NIPS) process to polymerize polyaniline within the PHA matrix. 
Results and discussion. This IPN design offers tunable pore size and augmented mechanical integrity for the 
PHA-based membrane. Furthermore, the chemical structure of PHAs, which contain ester bonds and 
hydroxyl groups, adds to their hydrophilicity and slightly negative surface charge. The addition of IPN 
architecture with electrostatically tagged polyaniline to the PHA matrix improves hydrophilicity and 
significantly enhances the membrane's antifouling properties. Characterization using spectroscopic and 
microscopic techniques confirmed the successful synthesis and modification of the PHA@IPN membranes. 
The membranes demonstrated successful regeneration, achieving ~98% removal of both Methylene blue 
and Congo red dyes with a pure water flux of around 150 LMH.  The newly fabricated bio-based PHA@IPN 
membranes are flexible, robust, industrially scalable, and exhibit superior water filtration properties, 
reducing environmental impact, making them highly suitable for practical applications, and contributing to 
societal impact through a circular economy approach. 
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Figure: Fabrication of bio-based PHA@IPN membrane modified with semi-IPN architecture: Optimizes pore size for 
enhanced molecular sieving of water contaminants, improves mechanical integrity, and supports circular economy 
practices for end-of-life management. 
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Introduction. Cellulose hollow fiber membranes (CHFMs) are sustainable, bio-based membranes that can 
be used for water applications and solvent resistant nanofiltration [1, 2]. The mechanical integrity of 
CHFMs may degrade due to physical aging in the operational environments. In this work, the analysis of 
mechanical reliability of CHFMs produced using organic solvent [EMIM][DEP] via a dry-jet spinning 
technique is reported. The analysis was carried out using two-parameter and three-parameter Weibull 
weakest-link models. First, the effect of physical aging (by an hour water immersion) on microstructures, 
separation performance (water permeation, solute rejection), and mechanical properties of CHFMs of 
different cellulose concentrations was studied. Then, we investigated the effect of water immersion at 
different times (up to 2-months period) on mechanical properties of CHFMs.  
 
Experimental/methodology. The MWCO of the pristine and aged cellulose hollow fibers was investigated 
with different PEG probe molecules. Membrane morphology was studied with cryo-FESEMto confirm the 
pore size variation. DMA was imploied for the mechanical characterization of the hollow fibers.Finally, 2-
model and 3-model Weibuill matematical models were used to study the effect of aging on themechanical 
stability of the membranes. 
 
Results and discussion. Our results showed that CHFMs with 15 wt.% cellulose content provided the 
highest molecular weight cut-off (MWCO) due to their dense microstructure. In dry condition, cellulose 
content and gauge length did not alter the mechanical properties significantly. The mechanical properties 
of physically aged CHFMs were drastically modified after 10-min of water immersion, beyond which their 
properties were stabilized. Weibull modeling of mechanical reliability showed that two- or three-parameter 
Weibull could estimate the failure probability of CHFMs quite well. Nonetheless, three-parameter Weibull 
is better than two-parameter Weibull in terms of the accuracy in determining the threshold strength, which 
�]�•�� �o�}�����š������ ���š�� �š�Z���� �^�o�}�Á���Œ-���v���� �š���]�o�_�X�� �K�µ�Œ�� ���v���o�Ç�•�]�•�� �‰�Œ�}�À�]�����•�� ���� �Œ�]�P�}�Œ�}�µ�•�� �����u�}�v�•�š�Œ���š�]�}�v�� �}�(�� �t���]���µ�o�o�� �u�}�����o�]�v�P�� �]�v��
evaluating mechanical performance of ductile, cellulose-based hollow fiber membranes, which is essential 
to support the design and development of future hollow fiber membranes in desalination industries.  
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Introduction. Today poly(ethersulfone) (PESU) ultrafiltration membranes are manufactured by non-solvent 
induced phase separation (NIPS) in N,N-dimethyl acetamide and N-Methyl-2-pyrrolidone as solvents which 
���Œ���� �Œ���š������ ���•�� �•�µ���•�š���v�����•�� �}�(�� �À���Œ�Ç�� �Z�]�P�Z�� ���}�v�����Œ�v�� �~�^�s�,���•�X�� �������}�Œ���]�v�P�� �š�}�� �š�Z���� �‰�Œ�]�v���]�‰�o���•�� �}�(�� �^�'�Œ�����v�� ���Z���u�]�•�š�Œ�Ç�_�U��
solvents as auxiliary substances should be made unnecessary wherever possible and innocuous when used 
[2]. In this contribution we introduce 4,5-Dihydro-5-methyl-2(3H)-furan-2-on (�J-valerolactone, Figure 1) as 
novel, biodegradable and innocuous solvent for PESU ultrafiltration membrane preparation by NIPS 
processing [3]. 

   
Figure 1: �J-Valerolactone [CAS 108-29-2] 

 
Experimental/methodology. Flat sheet membranes were prepared from clear and transparent PESU 
solutions in g-valerolactone with poly(ethylene oxides) (PEO) of different molecular weights as second 
dope additive by coagulation in water. The membrane morphology was characterized with scanning 
electron microscopy (SEM) and hydraulic permeability (PWP), molecular weight cut-off (MWCO) and 
porosity were analyzed. Details on the membrane chemical composition were obtained by 1H-NMR 
spectroscopy and differential scanning calorimetry (DSC). 
 
Results and discussion. PEO-PESU membranes with a PWP from 210 to 800 kg m-² bar-1 h-1 (MWCO: 17 - 68 
kDa, porosity: 91 �t 75 %) were obtained using PEO with different weight average molecular weights (Mw) 
ranging from 94 to 314 kg mol-1. Most PESU-PEO membrane cross sections showed defect-free, asymmetric 
morphology but the PESU-PEO membrane obtained from the solution with lowest molecular weight PEO of 
Mw 94 kg mol-1 showed few drop-shaped macro-voids but still having a well-established filtration layer. 
Regardless its molecular weight PEO was found with less than 0.3 wt% according to DSC and less than 0.8 
wt% according to 1H-NMR in the membrane matrix proving its effectiveness of as pore forming additive for 
the GVL/PESU system in NIPS processing. 
As summary, �J-valerolactone proved to be a potent solvent for the fabrication of PESU UF membranes 
using PEO as simple and effective pore forming additive. These membranes could have applications for 
surface water filtration and as precleaning step in seawater desalination. 
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Introduction 
Oil pollution has caused severe environmental problems and is deteriorating with frequent oil spilling 
events and growing oily wastewater discharge from industry. Various methods have been employed to 
eliminate the oil species from these polluted oily wastewater [1]. Especially, membrane technologies, such 
as ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO), are playing a critical role in treating 
oil-water mixtures, because of excellent selectivity, high flexibility and smaller pore size[2]. However, these 
typical polymer membranes have to be limited to a smaller scale of application due to some evident 
disadvantages, including inferior mechanical stability, fouling and bacteria affinity of hydrophobic polymer 
membranes and extra driven pressure[3,4]. Inspired by the phenomena of superwetting in nature, 
superwetting membranes offer a feasible approach to fractionate oil species and water from oily 
wastewater to address these technical challenges[5]. 
Experimental/methodology 
In this study, a useful strategy for constructing a superhydrophilic membrane with superior antibacterial 
properties was proposed through rapid co-deposition of dopamine and 3-aminopropyltriethoxysilane 
(APTS) initiated by ammonium persulfate on the Cu nanoparticles-loaded porous PVDF substrate.  
Results and discussion 
The resultant superhydrophilic membrane yielded an underwater oil contact angle of 163.5°, enabling 
a fast and robust gravity-driven filtration for various oil-in-water emulsions with a separation effciency of 
>99.9 %. Additionally, incorporating of Cu nanoparticles and polydopamine endowed the superhydrophilic 
membrane with superior antibacterial activity (100 % inhibition efficiency against Escherichia coli), and 
thereby remarkably enhancing the anti-biofouling performance. This study provides a viable approach to 
design highperformance membranes for separation of oil-in-water emulsions, with promising applications 
in the industrial and environmental sectors.  

 
(a)Schematic illustration in fabrication of the coated membrane; (b) Separation performance of the coated 

membrane in various oil-in-water emulsions; (c) The antibacterial efficiency of the coated membranes 
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Introduction.  
Plastics are being used on massive scale due to its favourable properties such as versatility, ease of 
manufacture and low cost. However, they are a serious threat to the environment, due to their difficult 
degradation. For this reason, its recycling is also extremely important. Among the polymers used as the base 
for the manufacture of membranes, there is polystyrene (PS), specifically of the high impact type (HIPS) [1], 
which is used to manufacture objects that require greater mechanical resistance. In this work, it is proposed 
to produce low-cost (flat sheet) membranes using recycled HIPS and the phase inversion method, for their 
application in low pressure gradient processes such as microfiltration (MF) and ultrafiltration (UF). The 
application of UF for the regeneration of wastewater has not been implemented on a large scale despite 
providing better water quality than conventional treatment (physiochemical + filtration) due to the cost of 
the membranes and their fouling [2]. 
 
Experimental/methodology.  
The materials used were: recycled HIPS (ATECO, Spain), N,N-dimethylacetamide (DMA, Sigma-Aldrich), and 
non-woven carrier material (Freudenberg, Germany). The variables studied were: percentage polymer 
composition, the support membrane, screed thickness, post heat treatment and several additives (PEG, Al203, 
Zr02).  
The characterization  of the membranes was carried out with an ultrafiltration lab-scale plant (Orelis), with 
a Rayflow® flat-sheet membrane module.  
 
Results and discussion.  
The best results were shown by the membrane obtained with a composition of 20% HIPS (without additives), 
75 µm thick, FO 2431 support (due to its roughness) and with post-heat treatment. The permeabilities of the 
membranes are between 40-80 l·m-2·h-1 and the percentage removal achieved is about 30% for COD, 50% for 
proteins and 80% for turbidity. 
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Introduction. Fugitive dissolved methane (D-CH4) in anaerobic digester effluents poses a dual challenge as 
a potential energy loss and an environmental concern due to its high global-warming potential compared 
to CO2 [1]. Addressing this issue, polymeric membrane contactors emerge as a promising technology for D-
CH4 recovery with low-cost, energy efficiency, and scalability [2]. Leveraging electrospinning (ESP) in 
polymeric membrane production provides a notable advantage over conventional methods, creating high-
surface-area structures and precise control over fiber morphology [3]. This study delved into the factors 
influencing the fabrication and processing of flat sheet electrospun nanofiber membranes (ENMs), aiming 
to optimize their properties for efficient CH4 recovery from liquid effluents in membrane contactors. 
Experimental/methodology. A Spinbox electrospinner (Bionicia, Spain) fabricated the non-woven PVDF 
ENMs with ESP dopes of 10 and 15%wt. PVDF (Kynar 761) on a 6:4 %v/v mixture of dimethylformamide 
(DMF) and acetone as solvent [3]. The study explored the sustitution of DMF by dimethilsufoxide (DMSO) 
as a greener solvent. The horizontal ESP setup included a rotary collector, a static 20 Ga needle, a tip-to-
collector distance of 12 cm, a flow rate of 1.20 mL/h, and ESP time of 8 h. Following overnight drying at 85 
°C, a QIXINGTM Laboratory Mini Hot Press (ACS Materials, USA) processed the membranes involving 
temperature ranges of 25 �t 120 °C and pressures of 1.0 �t 20 MPa during 6 �t 14 min, to ensure fiber 
consolidation and improve membrane integrity. These high-intensity hot-pressing (HP) results were 
compared to low-intensity HP tests with glass plates under various temperature (130 �t 170 °C), time (1 �t 
15h), and pressure (70 �t 310 Pa) conditions. Membrane characterization included measurements of water 
contact angle (°), thickness (�…m), polymer surface density (mg/cm2), fiber diameter and fiber distribution 
by SEM analyses. Furthermore, membrane integrity was tested under typical hydrodynamic operational 
conditions used for the recovery of dissolved CH4 in a flat-sheet membrane contactor [4]. 
Results and discussion. ENMs produced from DMSO dopes required extended drying time due to its lower 
volatility compared to DMF. The choice of solvent influenced the mean fiber size, as SEM revealed mean 
fiber diameter ranges of respectively 400 �t 600 nm and 800 �t 1000 nm for DMF and DMSO dopes. ENMs 
subjected to low-intensity HP exhibited a WCA higher than 122° and 114° for DMF and DMSO formulations. 
Thicknesses were around 200 and 300 �…�u���(�}�Œ���í�ì�����v�����í�ñ��%wt. dopes, though fiber fraying still occured upon 
manipulation, even after high temperature HP. High-intensity hot-pressed ENMs demonstrated a reduction 
in the membrane WCA, especially above 80 °C and regardless of the pressure, with observed WCAs around 
90°, attributed to sintering and rugosity reduction. Additionally, they were 20 to 40% more compact than 
their low-intensity HP counterparts, with thicknesses being coherent with the applied pressure. The study 
revealed a positive correlation between increased membrane thickness and polymer surface density and 
improved membrane integrity under operational conditions. 
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Introduction. The decarbonisation of industrial effluents is a critical operation under the current European 
environmental strategies, which mainly consist in avoiding the emission of greenhouse gases and recovery 
of energy vectors, such as methane (CH4) [1]. Membrane technologies offer a decarbonisation alternative 
to conventional, energy-intensive processes used currently in industry. Supported liquid membranes 
(SLMs) consist in the addition of a liquid phase to the pores of the polymeric membrane [2], which 
facilitates the transport of a valuable component or pollutant across the membrane. The objective of this 
work was to elaborate deep eutectic solvents (DES), obtain flat-sheet SLMs, and functionalize their surface, 
with the finality of maintaining DES inside the SLM while also increasing their hydrophobicity. Additionally, 
a laboratory-scale membrane contactor for the recovery of dissolved CH4 from water was performed to 
evaluate the removal efficiency of the membranes. 
Experimental/methodology. For SLMs production, a commercial PVDF polimeric flat-sheet membrane was 
used (Durapore, Merck, Germany). Regarding the liquid additives, multiple DES were elaborated and used 
for SLMs. These compounds mainly consist of choline chloride (ChCl), such as ChCl-Glycerol 1:2, ChCl-Urea 
1:2 and ChCl-Oxalic acid 1:1 but also natural species were employed for the elaboration of DES (NADES) 
based on thymol-menthol, menthol-decanoic acid and thymol-decanoic acid, all of them in 1:2, 1:1 and 2:1 
molar ratios. Both species of each mixture were first mixed, heated to 80°C for 30 minutes and cooled at 
room temperature overnight, obtaining a homogeneous liquid additive. Each DES was introduced inside 
the membrane by applying vacuum (FB65452, 8 mbar, Welch, Germany) to the membrane sample during 
5-15 min, forcing the DES to be retained. Afterwards, the SLMs were kept in an oven at 60°C for two days. 
For the functionalisation, the SLMs were activated via corona treatment (Eltech, India) at 40% power for 
2 min. Functionalisation with a solution of 7,5% of 3-(triethoxysilyl)-propylamine (APTES) as silicon 
precursor and 7,5% of 1H,1H,2H,2H-perfluorooctyltriethoxysilane (Dynasylan® F8261, Evonik GmbH, Essen, 
Germany) was performed as optimized in a previous work [3]. Regarding the characterisation of the 
samples, Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray (EDX), and Water Contact Angle 
(WCA) analysis were performed. Finally, the CH4 separation experiments have been performed using N2 as 
sweep gas on the permeate side, using the experimental setup described in previous works [3].  
Results and discussion: Only NADES were capable of forming SLMs. EDX analyses confirmed a correct 
retention of these DES, by detecting characteristic elements from these additives within the membrane 
pores for all SLMs. Respecting to functionalised membranes, they featured a layer of silane groups on their 
surface. Either functionalised or not, SLMs showed a hydrophobic behavior in all cases (WCA>90°), but the 
WCA of the functionalised samples was of approximately 140°. SEM analysis revealed structure changes, 
especially in the case of functionalised samples, which consisted in the densification of the membrane, 
making them potentially suitable for other membrane applications such as gas separations. Remarkably, 
the dissolved CH4 recovery experiment performed on the non-functionalised thymol-menthol SLMs offered 
a CH4 removal efficiency of approximately 60% at five hours of experiment, similarly to that of the pristine 
PVDF membranes. 
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Polyvinyl alcohol (PVA) as an inorganic polymer with outstanding flocculation properties, has been 
applied to numerous wastewater treatment processes. The advantage of lower dose required for 
treatment, which results in a smaller volume of sludge than when using other polymers. PVA is 
a suitable option for the moderation of smashed aerobic granules because of this benefit. Hence, this 
study aims to evaluate the impact of PVA on the development of granular sludge in sequencing batch 
reactor (SBR) when treating an industrial wastewater polluted. The experiment was conducted using 
two SBRs that operated at ambient temperature with 3500 mg/L mixed liquor suspended solids at 16 
h hydraulic retention time (HRT). One reactor was operated without the addition of PVA, while the 
other one was operated with the addition of PVA dose at 0.75 g/L. Findings from the experiment 
revealed that the PVA supplemented bioreactor had lower value sludge volume index SVI30 = 93.02 
mL/g than the original sludge SVI30 = 291.80 mL/g. The granule also had particle size of 2.76 mm and 
fast settling velocity of 31.42 m/h. As a result, the quick start-up of the AGS system with PVA 
supplement may be accomplished with a short settling period and can prevent excessive biomass 
washout. This helps to maintain high organic matter (COD = 98.62%) and nutrient (TP = 78.49%) 
removal while speeding up sludge granulation. Adding PVA in the reactor led to the attainment of 
rapid granulation in 14 days, and good removals of COD and total phosphorus after 21-28 days of 
formation. PVA has been shown to facilitate the attachment and proliferation of microbes through 
electrostatic attraction, hence speeding up the granulation of AGS. The grown granules 
demonstrated superior mechanical strength and outstanding pollution removal performance, 
suggesting that the chemical conditioning of PVA positively impacted the aerobic granule strength 
and stability. The results of kinetic model optimisation showed that, when it came to the 
examination of substrate removal rates for COD and total phosphorus, modified stover models were 
�š�Z���� �u�}�•�š�� ���‰�‰�Œ�}�‰�Œ�]���š���� ���v���� �•�š���š�]�•�š�]�����o�o�Ç�� �•�]�P�v�]�(�]�����v�š�� �~�Z�î�� �H�� �ì�X�õ�•�X�� ���•�� ���� �Œ���•�µ�o�š�U�� �š�Z�����u�}�����o�� �u���Ç�� ������ �µ�•������ �š�}��
anticipate the behaviour of bioreactors as well as to build and optimise SBR systems. 
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Introduction. Chlorination is an effective and well-established disinfection process. Generally, the intake 
water is fed with sodium hypochlorite (NaOCl) for the sake of killing microorganisms which if left untreated 
results in severe biofouling of the membranes[1]. Although the desalination plants have dechlorination 
facilities as well, the active oxychloride can still pass the dechlorination stage and reach the polyamide 
membrane surface causing oxidation and bleaching of the membrane's active layer[2]. Resultantly the 
rejection of the salts and organic pollutants is affected in a verse manner which deteriorates the quality of 
the permeate and eventually outcomes in replacing the membranes with new membrane elements. Where 
replacing the damaged membranes with new ones is economically not a viable process on an industrial 
scale[3]. Hence, the need of the day is to fabricate chlorine-resistant membranes. Therefore, this research 
was designed to decorate phosphate-based zeolitic materials to the active layer of nenofiltration 
membranes during interfacial polymerization. The chemistry was to provide electronic repulsion to the 
���Z�o�}�Œ�]�������Œ�����]�����o���Á�]�š�Z�}�µ�š�����(�(�����š�]�v�P���š�Z�����u���u���Œ���v���[�•���‰���Œ�(�}�Œ�u���v�����X 
Experimental/methodology. The current research has been designed to decorate phosphate-based 
zeolites in the active layer of nanofiltration polyamide membranes through interfacial polymerization (IP). 
Nanofiltration membranes are typically three layered that is polyamide (PA)@polysulfone (Psf)@ 
nonwoven support. The active polyamide layer is the result of interfacial polymerization resulting from 
a reaction of aqueous diamine and organic solution of a crosslinker[4]. The phosphate based zeolites were 
dispersed into the diamine solution with two different weight ratios that is 0.025 and 0.05 wt. %. The best 
known diamine (piperazine) and crosslinker (Trimesoyl chloride) were chosen. Phosphate ions being 
negatively charged are expected to provide an electronic repulsion to the attacking oxychloride radical. 
The synthesized zeolite and the resulting thin film nanocomposite membranes were characterized using 
various techniques including XRD, TEM, SEM, EDX, AFM, Water Contact angle, Zeta potential, and FTIR.  
Results and discussion. The newly fabricated membranes were compared with the conventional 
polyamide nanofiltration membrane where the zeolite-decorated membranes showed a two-fold 
increment in flux with a high rejection of the monovalent and divalent salts. The rejection of 
micropollutants with a molecular size of 350 Da was >99% in the case of a newly fabricated membrane. 
The membranes were further exposed to a 4 ppm concentration of the chlorine solution for 24 h. The 
chlorine-treated membranes retained their performance in terms of rejection of salts and micropollutants 
with no significant variations. 
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Introduction. The wetting phenomenon involves the main operational problem in porous polymeric 
membrane contactors in gas-liquid applications, causing a significant increase in the membrane mass 
transfer resistance. Wetting is mainly influenced by membrane properties such as hydrophobicity and pore 
size, which can be controlled by means of the dope solution composition in the membrane production [1]. 
Regarding the membrane preparation, there is an imperative need of substituting traditional solvents with 
a significant toxicity, such as N-methyl pyrrolidone, for green solvents due to the imposition of restrictive 
regulations. The aim of this work was to study the influence of poly(ethylene glycol) (PEG) and glycerol 
(GLY) in the fabrication of flat-sheet (FSM) and hollow-fiber membranes (HFM) using triethyl phosphate 
(TEP) as green solvent, for its use in membrane contactors for CH4 recovery from water. 
Experimental/methodology. Poly(vinylidene fluoride) (PVDF) FSMs and HFMs were prepared via non-
solvent induced phase separation (NIPS) method [2], using triethyl phosphate as green solvent and PEG 
and GLY as pore-forming additives at a concentration of 2.5, 5.0 and 7.5 %. The film preparation for FSM 
was carried out at 80 °C (Automatic Film Applicator, TQC Sheen, Lumaquin), to avoid solution gelification, 
and subsequently, ethanol was used as non-solvent. Drying of membranes was carried out under an air 
flow rate of 0.5 L min-1 overnight. Hollow-fiber membranes were performed using 0.1 MPa water pressure 
(Hollow Fiber Membrane Casting, Tech Inc, India), with a spinneret with internal and external diameters of 
0.4 and 0.8 mm, respectively. A water bath as a non-solvent was applied for 48 hours. Membranes were 
characterized by means of Scanning Electron Microscopy (SEM) imaging, Energy Dispersive X-Ray (EDX), 
water contact angle (WCA), thickness, porosity, and membrane integrity under operation conditions. CH4 
degassing tests with the FSMs were also conducted as described elsewhere [3]. 
Results and discussion. Regarding FSM configuration, both PEG and GLY flat-sheet membranes were 
produced with a final thickness of around 200 µm. FSMs obtained at different PEG concentration showed 
a similar WCA and porosity, with values of around 140 ° and 80 %, respectively. SEM images elucidated 
a sponge-like structure and showed that the surface pore size significantly increased with the addition of 
PEG. the addition of GLY resulted in a pronounced decrease of both the WCA and porosity of the flat 
membranes. In this regard, WCA decreased from 131 ± 5 ° to 104 ± 3 ° and porosity decreased from 86 ± 3 
% to 50 ± 2 % at a GLY concentration of 2.5 and 7.5 %, respectively. SEM images showed the reduction of 
superficial pore size with the increase in GLY concentration, as well as a denser internal structure. As 
a relevant result, the membrane integrity tests indicated that the use of PEG and GLY as additives increase 
the resistance of membrane under operation conditions with water until breakage. Dissolved CH4 removal 
efficiency obtained in the FSM module was of around 45 % after 5 hours of operation [3]. Regarding HFM 
configuration, dope solutions with PEG and GLY concentrations of 2.5, 5.0 and 7.5 % led to membranes 
with similar characteristics, showing an external diameter closed to 1.2 mm and fibers with similar 
characteristics in both additives.  
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Membrane technology has shown a promising role in combating water scarcity, a globally faced challenge. 
However, the disposal of end-of-life membrane modules is problematic as the current practices include 
incineration and landfills as their final fate. In addition, the increase in population and lifestyle 
advancement have significantly enhanced waste generation, thus overwhelming landfills and exacerbating 
environmental repercussions and resource scarcity. These practices are neither economically nor 
environmentally sustainable. Recycling membranes and utilizing recycled material for their manufacturing 
is seen as a potential approach to address the aforementioned challenges. Depending on physiochemical 
conditions, the end-of-life membrane could be reutilized for similar, upgraded, and downgraded 
operations, thus extending the membrane lifespan while mitigating the environmental impact that 
occurred due to their disposal and new membrane preparation for similar purposes. Likewise, using 
recycled waste such as polystyrene, polyethylene terephthalate, polyvinyl chloride, tire rubber, keratin, 
and cellulose and their derivates for fabricating the membranes can significantly enhance environmental 
sustainability. This study advocates for and supports the integration of sustainability concepts into 
membrane technology by presenting the research carried out in this area and rigorously assessing the 
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special interest in this work. Furthermore, this study offers guidance for future research endeavors aimed 
at promoting environmental sustainability 
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Introduction. Renewable cellulose is a promising option for membranes, as it provides them great 
properties, such as hydrophilicity, and high selectivity [1]. However, the significant problem with 
cellulosic membranes is biodegradation caused by microbes [2], which prevents their large-scale use 
in applications like wastewater treatment. Large-scale use of cellulosic membranes could be possible 
with coatings that protect the membrane. Polyelectrolytes are one option that can be utilised for such 
coatings on membrane, and in this study, two different polyelectrolyte pairs have been explored: 
PDADMAC/PSS (Poly(diallyldimethylammonium chloride)/poly(styrene sulfonate)) and PVAm/PAA 
(polyvinylamine/poly(acrylic acid). A special characteristic of the PVAm/PAA coating noted in 
literature is its possible antimicrobial property [3]. 
 
Experimental/methodology. The cellulosic membr���v���[�•�� �•�µ�Œ�(�������� ���Z���Œ�P���� �Á���•�� �u�}���]�(�]������ �Á�]�š�Z�� �d���D�W�K��
mediated oxidation before coating assemblies to ensure stronger adhesion. The filtration properties 
of PDADMAC/PSS and PVAm/PAA coated membranes were assessed by measuring pure water 
permeance and neutral solute rejections. Nonetheless, the main purpose of this study was to improve 
the microbial resistance of cellulosic membranes using these two different polyelectrolyte coatings. 
The effectiveness of the coatings was tested with wastewater exposure tests, where coated 
membranes and non-modified control membranes were held in incoming untreated municipal 
wastewater for five days. The filtration properties and changes in molecular weight cut-off (MWCO) 
were monitored daily to observe the effects of the coatings. Based on the results from the wastewater 
exposure tests, one coating for the cellulosic membrane was chosen to be utilised in a five-day 
filtration with incoming untreated municipal wastewater. 
 
Results and discussion. When the filtration properties of PDADMAC/PSS and PVAm/PAA coated 
membranes were compared, it was observed that with the same number of bilayers (BL) PVAm/PAA 
���}���š�]�v�P�� �u�������� �š�Z���� �u���u���Œ���v���[�•��MWCO tighter than PDADMAC/PSS coating. The results from the 
wastewater exposure tests showed that both coatings positively affected the durability of the 
cellulosic membranes. During the wastewater exposure, the pure water permeance of the 
nonmodified membrane increased significantly from 70 to 180 L/(m2 h bar). In contrast, the pure 
water permeance of the 5.5 BL PDADMAC/PSS coated membrane decreased from 40 to 
20 L/(m2  h  bar), while the pure water permeance of the 5.5 BL PVAm/PAA coated membrane 
remained constant at 4 L/(m2 h bar). Overall, the PVAm/PAA coatings were more effective at 
maintaining the membrane�•�[ filtration properties and MWCO. Therefore, the PVAm/PAA coating was 
chosen for the wastewater filtration, and it successfully prevented the degradation of the cellulosic 
membrane during the filtration process. The protective mechanisms provided by the PDADMAC/PSS 
and PVAm/PAA coatings have since been further investigated. 
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Introduction. Zeta potential (ZP) is a well-known parameter that characterizes the surface charge of  solids 
and provides information on the electrokinetic behavior of solid-liquid interfaces. ZP can be determined 
from electrokinetic measurements, which are most often performed according to the so-called tangential 
mode (i.e. along the surface to be characterized). However, we show in this work that a parasitic 
phenomenon called the electrokinetic leakage (EL) can lead to serious misinterpretation of membrane 
surface properties. The example of Layer-by-layer modified polyelectrolyte membranes was used to put 
this phenomenon into evidence. 
 

Experimental/methodology. The polyelectrolyte (PE) deposition of polycation (poly(ethyleneimine) PEI, 
poly(allylamine hydrochloride) PAH) and polyanion (poly(4-styrene sulfonic acid) PSS) was made on 
a regenerated cellulose (RC) microfiltration membrane (average pore diameter: 0.45 µm). The 
polyelectrolyte layers were successively deposed on the surface by quenching of the membrane in the 
appropriate PE solution. Tangential streaming current measurements were conducted and the �^���‰�‰���Œ���v�š�_��
ZP was then calculated with the Smoluchowski equation. Alternatively, the accurate value of ZP was 
determined from an advanced experimental protocol (first proposed by Yaroshchuk and Luxbacher [1]) 
that allows accounting for the EL phenomenon. 
 

Results and discussion. Fig. 1 shows that a significant quantitative error in the determination of the pristine 
membrane ZP is induced when the EL phenomenon is disregarded (Smoluchowski equation).  In the case of  
the PEI/PSS/PAH modified RC membrane, a qualitative error is even highlighted, since the apparent surface 
ZP does not have the expected positive sign (the terminating layer being a polycation layer). In addition, the 
determination of both surface and porous layer ZPs can be used to evidence different polyelectrolyte 
deposition mechanisms. When deposited directly on the RC membrane, PAH seems to spread on the 
surface and inside the porous layer, as testified by the positive ZP values on the membrane surface and 
inside pores. On the other hand, when a PEI/PSS bilayer is first deposited on the RC membrane, PAH 
becomes unable to enter the membrane pores (ZP inside pores remains negative). Once a parasitic 
phenomenon, the EL now becomes a source of insightful information on the deposition mechanism of PE 
[2]. 

 

Figure 1: Surface (apparent and advanced) and porous layer (advanced) zeta potentials of the RC membrane; 
measuring solution: 0.001 M KCl at pH 5.40 ±0.07. 
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The presence of humidity is often ignored in scientific bench-top studies, yet humidity is present in most 
environments and is found in a wide range of systems from electronics and drug delivery systems, to the 
use of polymers as chemical barriers and in carbon capture and storage (CCS). Therefore, accurate 
experimental sorption and permeation data are important for the application of membranes in the real 
world [1,2]. 
An attractive type of membrane material for CCS consists of polymers with intrinsic microporosity (PIMs) �t 
forming flexible and easy to manufacture single component membranes with high gas permeabilities and 
selectivity for CO2 over N2 and O2 �t �‰�Œ�]�u���Œ�Ç�����}�u�‰�}�v���v�š�•���}�(�� �(�o�µ���� �P���•�X���t���š���Œ�������v�����o�µ�•�š���Œ���]�v���š�Z���� �^�>���v�P�u�µ�]�Œ�_��
voids causing an obstruction of the pore, decreasing this gas selectivity and permeability. [3,4] In this work, 
a novel membrane analyser the BTA Horizon was developed to observe the multi-component permeation 
of flue gas constituents through membranes of PIM-1 and its more hydrophilic carboxylate functionalized 
version, cPIM-1, to reveal the impact of contaminants and process conditions on the membrane separation 
efficiency. 

     
Figure 1(a) The impact of humidity on PIM-1 and cPIM-1 CO2 permeation (b) Changes in CO2/N2 Selectivity in cPIM-1 

with increasing %RH 
 
Organic vapour sorption properties of polymeric membranes are equally important as volatile organic 
compounds (VOCs), including toluene and xylene appear in different forms in solvents and packaging 
material [5]. In barrier films, depending on the nature onf the polymer, the presence of humidity may 
either cause a hinderance of increase in the permeation of other components through processes such as 
plastisation.  In this study, the diffusion of methanol, water and water-methanol co-diffusion through 
Kapton film at different temperatures were investigated using a specially designed Payne diffusion cell and 
DVS instrument.  

  
Figure 2: Chamge in mass as a function of time for Kapton film in the presence of methanol, water and water-

methanol at �î�ñ�£�������v�����ð�ñ�£���X 
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Introduction. Endocrine-disrupting chemicals (EDCs) present a significant threat to water quality and 
environmental health due to their adverse effects on the endocrine systems in both humans and wildlife 
[1]. The modification of microfiltration polyethersulfone (PES) membranes emerges as a promising strategy 
for the effective removal of EDCs from water. 
 
Experimental/methodology. Urethane functional groups are created on the surface of the 
polyethersulfone membranes using the concept of interfacial polymerization reaction between 
diisocyanates and polyols. Electron beam irradiation is used to immobilize the polyols on the surface of the 
membranes. Dynamic adsorption tests are carried out to investigate the adsorption loadings of modified 
and unmodified polyethersulfone membranes towards eight endocrine disrupting chemicals [2]. 
 
Results and discussion. Fourier transform infrared spectra and X-ray photoelectron spectroscopy analysis 
are performed and prove the formation of urethane functional groups on the surface of the modified 
membranes. Furthermore, the formation of urethane functional groups increases the surface wettability 
and water permeance of the membranes. The results show that the removal of 17ß-estradiol, estriol, 
bisphenol A, estrone, ethinylestradiol and equilin are enhanced by the formation of the urethane functional 
groups. The adsorption loading of the modifies polyethersulfone membrane for 17ß-estradiol increases five 
times compared to the unmodified polyethersulfone membrane. This study suggests that the adsorption 
could be governed by the formation of hydrogen bonds between the aromatic hydroxyl groups of the 
endocrine disrupting chemicals and the urethane functional groups on the surface of the modified 
membranes. The unaffected adsorption of endocrine disrupting chemicals without aromatic hydroxyl 
groups could further supports this hypothesis. On the other hand, the adsorption on the unmodified 
polyethersulfone membranes is governed by hydrophobic interactions. 
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Introduction. Biofouling is one of the significant problems in membrane-based processes. The growth of 
biofilms on membranes can reduce filtration efficiency, cause membrane degradation and lead to 
increased operating costs. Therefore, novel modification strategies to produce membranes, which can 
actively disturb the formation of biofilms are needed. Natural phenolic compounds are interesting 
sustainable alternatives for membrane modifications as they have an ability to inhibit the growth of 
biofilms through several different mechanisms (e.g. by quorum quenching, disruption of cell membrane 
and inhibition of enzyme activities) [1]. The simplest method to modify the membranes is the physical 
adsorption of phenolic compounds. It yields uniform surface coverage and enables selection of 
functionalities to be introduced. Interesting phenolic compounds with antibacterial properties were 
screened in silico and identified in our previous study [2] and used for adsorptive surface modification of 
cellulose-based filtration paper [3]. In this work, we aimed to produce anti-biofouling ultrafiltration 
membranes by coating the commercial polyethersulfone membrane via airbrush spraying phenolics having 
a flavonoid or stilbenoids structures in a dimethylsulfoxide (DMSO) solutions. To test the modified 
membranes, the filtration characteristics, surface properties and antibacterial activities of the membranes 
were examined. 
 
Experimental/methodology. Pieces of commercial polyethersulfone ultrafiltration membrane UH004 P 
(Microdyn-Nadir) were coated by airbrush spraying 1�t50 mg/ml of the chosen phenolics in DMSO solutions 
and flushed with water. The membrane samples were characterized by attenuated total reflectance 
infrared spectroscopy (ATR-IR), Raman spectroscopy and sessile drop contact angle analysis. Pure water 
permeability measurements were carried out with Amicon dead-end cell. Antibacterial measurements 
were carried out by the standard ISO 22196 test method with Staphylococcus aureus. 
 
Results and discussion. Natural phenolic flavonoids and stilbenoids were physically adsorbed on the 
membrane surface. Their presence on the membrane surface was verified by infrared, Raman and contact 
angle measurements. The amounts of phenolics adsorbed on the membrane were dependent on the initial 
concentrations of the DMSO solutions of phenolics, as expected. Modified membranes had antibacterial 
activities against S. aureus.  
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Polyelectrolyte complex membranes are materials based on oppositely charged polyelectrolytes that are 
typically soluble in water. Interaction between oppositely charged polyelectrolytes creates an insoluble 
substance that can form solids in aqueous environments. Such a process does not require organic solvents, 
and such an aqueous salt-dilution-induced phase separation process induces polyelectrolyte complexation 
through a pH or salinity switch [1]. Due to the low dielectric constant polyelectrolyte complex membranes 
are stable in organic solvents, which makes them suitable for a wider range of separation processes [2]. 
In this study membranes based on poly (sodium 4-styrene sulfonate) (PSS) and poly (diallyl dimethyl 
ammonium chloride) (PDADMAC) were obtained using the method proposed by J. Kamp et al. [1]. The 
investigation focused on assessing the impact of polymer concentration and forming knife thickness on the 
membrane properties. Solutions containing 20% and 25% PSS and PDADMAC were utilized, along with 
�����•�š�]�v�P�� �l�v�]�À���•�� �}�(�� �î�ì�ì�� �…�u�� ���v���� �ð�ì�ì�� �…�u�� �š�Z�]���l�v���•�•�X�� �d�Z���� �‰�Z�Ç�•�]���}���Z���u�]�����o�� �‰�Œ�}�‰���Œ�š�]���•�� �Á���Œ���� �]�v�À���•�š�]�P���š������ �µ�•�]�v�P��
AFM, SEM, IR and EDX. 
The average pore size of the membranes depends on the polymer solution's concentration. A sponge-like 
asymmetric structure was revealed in all membranes (Fig.1).  

 

 
1) 2) 3) 4) 

Fig.1 . Cross-section SEM images of the samples cast with:  
�í�•���î�ì�ì���…�u�U���î�•���ð�ì�ì���…�u���~�����•�������}�v���î�ì���Á�š���9�•�U���ï�•���î�ì�ì���…�u�U���ð�•���ð�ì�ì���…�u���~�����•�������}�v���î�ñ���Á�š���9�• 

 

Water permeability tests of membranes demonstrate typical nanofiltration flow characteristics, making it 
a promising candidate for ion retention applications. And organic solvent resistance of the membranes 
represents a promising step towards the development of sustainable membranes without the use of toxic 
organic solvents and crosslinkers for the separation of organic solvent-based solutions.  
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Introduction.  
Electrospinning (ES) is a novel technique in which a high electrical voltage is applied between a needle and 
a collector, and a mixture of polymer and solvent (called collodion) is propelled through the needle to form 
a film of fibers on the collector. On the other hand, plastics are an environmental problem that affects the 
entire world and is now in the spotlight. The use of HIPS as polymer in ES is a practical application that could 
help to recycle plastics. The properties of the collodion (viscosity, density, surface tension...) and also de ES 
variables (neddle-objective distance, applied voltaje, collodion flow...) can influence the results.  
 
Experimental/methodology.  
A lab-scale commercial electrospinning machine (Spinbox from Bioinicia Fluidnatek) was used to perform 
the tests. The collector was made of stainless steel and square in shape. The polymer/solvent mixture was 
recycled HIPS (provided as pellets by ACTECO (Spain)) dissolved in N,N-dimethylacetamide (DMA, sigma-
Aldrich). Support material (FO2431) was purchased from Freudenberg (Germany). The operating conditions 
to be studied are: variation of the electric field voltage, distance from the needle to the conductive plate, 
polymer injection speed and the percentage of polymer in the collodion. In addition, a heat post-treatment 
of the electrospinnered films was also studied as in [1]. 
 
Results and discussion.  
The films obtained by the electrospinning technique, as shown in the photomicrographs of Figure 1, form 
quite open structures. The polymer threads are observed with the corresponding nodules typical of the ES 
process. 

 
Figure 1. FESEM photomicrographs of the surface (A) and a cross section (B) are shown. 
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Introduction. Oil spillage, a significant environmental challenge, stems from accidental release of crude oil 
or refined petroleum into aquatic ecosystems due to various human activities [1,2]. These incidents 
contaminate oceans, threatening aquatic life and ecosystems, with immediate and long-term 
consequences [3]. Crude oil's persistence in the environment leads to bioaccumulation, affecting human 
health [4]. Developing sustainable solutions is vital for mitigating the environmental damage caused by oil 
spillage amid growing global concerns. 
Experimental/methodology. The aim of this study is to assess the effectiveness of a previously reported 
PVC electrospun membrane containing zeolite particles (AMCD-PVC) in removing crude oil from water. The 
experimental approach involves optimizing the integration of AMCD particles into the PVC membrane by 
varying parameters such as reaction time, solution pH, vacuum treatment, and reaction temperature. 
Additionally, the study evaluates the ability of AMCD-PVC to adsorb crude oil from water while maintaining 
membrane and fiber properties. This research aims to develop a sustainable, cost-effective, and 
environmentally friendly method for crude oil removal from water, with the ultimate goal of preserving 
and restoring aquatic ecosystems. 
Results and discussion. Six mixed-matrix electrospun nanofibrous membranes were fabricated using PVC 
and zeolitic imidazolate framework for oil spill remediation. Various parameters were investigated to 
enhance zeolite adhesion onto the fibers and achieve optimal stability and performance. Notably, pH 
played a crucial role in membrane stability, with higher stability achieved under conditions favoring 
nucleophilic reactions. Incorporating zeolites into the PVC fibers significantly improved crude oil adsorption, 
resulting in high flux rates of hexane (1221 LMH), toluene (720 LMH), and dodecane (440 LMH). However, 
the flux of crude oil was notably lower due to its high viscosity and complexity. Furthermore, membrane 
performance in emulsion separation was evaluated, with a flux of 30 LMH observed for a 1:99 water-to-
crude oil emulsion, significantly decreasing with increased water content. The membranes exhibited good 
recyclability over five cycles while maintaining mechanical properties. 
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Introduction. Recalcitrant pollutants present in water and wastewater streams determine significant 
environmental and health hazards. Conventional treatment technologies often fail due to the high 
chemical stability of these compounds [1]. Therefore, the development of efficient and sustainable 
processes is essential to mitigate the limitations of traditional methods [2]. 
Experimental/methodology. One promising approach for wastewater treatment is the utilization of 
photocatalytic membrane reactors, which integrate photocatalysis with membrane separation [3]. In this 
study, titanium oxide-graphene oxide (TiO2-GO) composite was synthesized by the hydrothermal method. 
Polyethersulfone (PES) mixed matrix membranes (PMMMs) were prepared via the non-solvent phase 
inversion separation method (NIPS) and employing TiO2-GO composite as the photocatalytic agent. SEM 
and EDX analyses, contact angle, and tensile strength measurements were used for characterizing the 
prepared membranes. Finally, the catalytic performance was evaluated by employing methyl orange as 
a model recalcitrant pollutant. 
Results and discussion. The addition of the TiO2-GO composites in the PES based-membranes caused as 
decrease of the water contact angle indicating an increace of the surface hydrophilicity. The mechanical 
properties improved until a composite concentration of 0.05 wt %; a further increase determined 
a decrease for the cluster formation. The mixed matrix membranes containing 0.05 wt% of TiO2-GO 
exhibited the better photocatalytic activity. Lastly, the reusability of the prepared membranes was also 
demonstrated. 
 
Acknowledgments 
This work has received funding from PRIMA Foundation under grant agreement no. Grant Agreement number: [2024] 
[TRUST] [Call 2020 Section 1 Water IA]. 
 
References 
[1] Bai, et al  Chem. Eng., 2019 358, 1519�t1528. 
[2] Bhattacharyya , et al. Chemical Engineering Research and Design, 2023, 193, 641-648. 
[3} Bhattacharyya, et al. Groundwater for Sustainable Development, 2024, 24, 101055. 



 

  

COMPUTATIONAL-AIDED DEVELOPMENT OF MOF MIXED MATRIX 
MEMBRANES 

 
Alejandro Diaz-Marquez 1*, Dong Fan1, Supriyo Naskar1, Aydin Ozcan1,2, Shuvo Jit Datta3,4

, 
Mohamed Eddaoudi3,4 and Guillaume Maurin1  

1 ICGM, Univ. Montpellier, CNRS, ENSCM, Montpellier 34293, France 
2 TÜBITAK Marmara Research Center, Materials Technologies, 41470, Gebze, Kocaeli, Türkiye. 

3 King Abdullah University of Science and Technology (KAUST), Division of Physical Science and Engineering 
(PSE), Advanced Membrane and Porous Materials Center, Thuwal 23955-6900, Saudi Arabia. 

4 KAUST, Division of Physical Science and Engineering, Advanced Membrane and Porous Materials Center, 
Functional Materials Design, Discovery and Development (FMD3), Thuwal 23955-6900, Saudi Arabia. 

*alejandro.diaz-marquez@umontpellier.fr 
 
Keywords: Molecular simulations, Metal organic frameworks, Mixed matrix membranes, MOF/polymer 
interfaces, Gas separation.  

Mixed matrix membranes (MMMs) incorporating Metal-organic frameworks (MOFs) into polymeric matrices 
show promising properties for several industrial applications, such as gas separation, water desalination and 
pervaporation. MMMs have attracted a great attention due to their potential for merging the processability 
of polymers and the excellent selectivity of MOF materials. Therefore, understanding/prediction of the 
MOF/polymer interface and gas transport throughout the whole MMMs is of significant importance.[1] In this 
context, we have recently developed a fully automated computational procedure for generating a library of 
MMMs and analyzing their interfacial structuring based on graph theory. We initiated the process by 
selecting a series of representative channel-like MOFs (KAUST-8, KAUST-7-Mixed Linkers, CALF20, MIL-53-
NH2, and Zr-fcu-fum) as fillers and a series of polymers with distinct chemical, structural, and mechanical 
features and we automated our previously established quantum/force field computational method to 
generate the corresponding composites.  

As a representative MMM system, the in-silico created AlFFIVE-1-Ni (KAUST-8) MOF/Polymer of Intrinsic 
Microporosity-1 (PIM-1) composite was predicted to exhibit a vestibular-pore shape nano-structuring at the 
MOF/polymer interface. These simulations revealed that the interfacial pore geometry of AlFFIVE-1-Ni/PIM-
1 provides optimal guidance of gas molecules and minimizes the molecular entrance effects into the ultra-
small channels of the MOF, crucially leading to an acceleration of molecular transport all along the MMM. 
Subsequent Grand Canonical Monte Carlo and concentration gradient-driven molecular dynamics (CGD-MD) 
simulations were further performed to assess the thermodynamic and dynamic adsorption CO2 properties 
of these MMMs. This computational prediction directed the fabrication of the [001] oriented nanosheet 
AlFFIVE-1-Ni/PIM-1 MMM that was demonstrated to exhibit an excellent CO2 permeability while retaining 
very good CO2/CH4 selectivity.  

As a further step, our automated computational procedure identified a variety of distinct interfacial shapes 
in AlFIVE-1-Ni/polymer systems, along with different degrees of polymer penetration depending on the pore 
size/shape of the 1D-channel MOFs. The next step involves leveraging these advances by training a machine 
learning algorithm to enhance the effectiveness of our force field-based Molecular Dynamics analysis of the 
MOF/polymer interface. This approach will enable us to analyse large MOF/polymer interface datasets more 
efficiently and accurately, accelerating our progress towards developing optimal MMMs for gas separation.  
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Introduction. Post-combustion CO2 capture is a crucial aspect of climate change mitigation,1 and 
membrane technologies provide clean and cost-effective methods for reducing CO2 emissions.2 Mixed 
matrix membranes (MMMs), which combine inorganic and polymeric materials, offer a unique approach to 
effective CO2 separation. Our study focuses on successfully synthesizing, characterizing, and applying 
a novel Pebax1657 and UiO-66-NH2-based MMM. With its unique combination of certain copolymers like 
Pebax and metal-organic framework (MOF) nanoparticles, our MMM promises to enhance selectivity 
without compromising permeability. We demonstrate its efficiency in CO2 separation from CO2/N2 and 
CO2/CH4 gas pairs. 

Experimental/methodology. The Pebax1657 and UiO-66-NH2-based MMM were synthesized and 
characterized to evaluate their performance in CO2 separation. Incorporating 10 wt. % of MOF significantly 
increased CO2 permeability and selectivity compared to neat Pebax1657, exceeding the upper limit of the 
2008 Robeson CO2/N2 values. However, attempts to surpass this concentration were hindered by MOF 
nanoparticle aggregation. To overcome this, MnFe2O4 was introduced as a magnetic element, which not 
only mitigated aggregation but also improved membrane functionality at higher additive loadings. The 
controlled casting of membranes using an external magnetic field resulted in an ordered arrangement of 
magnetic nanoparticles (UiO-66-NH2@MnFe2O4), thereby enhancing gas separation efficiency by 
facilitating boosted sorption and permeability of gas molecules through the nanoparticle networks. 

Results and discussion. The developed MMMs with magnetic nanoparticles exhibited enhanced 
permeability and improved separation of paramagnetic O2 compared to diamagnetic N2, showcasing the 
effectiveness of magnetic-responsive MOF additives.3 This study underscores the potential of tailored 
MMMs with magnetic elements to achieve superior gas separation performance, paving the way for CO2 
capture and emission reduction technology advancements. 
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Introduction 
This work introduces a novel approach to creating highly efficient, groundbreaking gas separation 
membranes. By combining the molecular engineering (MLE) concept and an external magnetic field, we 
have significantly enhanced the separation performance of mixed matrix membranes (MMMs). The MLE 
concept, a pivotal element in this development, involves a meticulous design of the structure and 
morphology of the prepared MMMs materials, underscoring process control at the molecular level. 
Alongside the detailed design of the properties and structure of nanoadditives, the MLE concept also 
oversees the anchoring of nanoparticles through chemical bonding between surface chemical groups and 
the material of the carrier layer (polymeric or carbon-based).  
 
Experimental/methodology 
The MLE concept was employed to fabricate PMMA-based membranes[1] with monocrystalline MOF 
nanoparticles and magnetic nanoparticles (Fe3O4-UiO-66-NH2) or CTA-based membranes with 
Co0.5Ni0.5FeCrO4 magnetic nanoparticles[2]. Both materials were cast using a unique, self-invented patented 
instrument, facilitating the controlled deposition of magnetic nanoparticles via an orthogonal magnetic 
field[3]. Single gas permeation experiments were conducted using the fixed volume/pressure increase 
time-lag setup at 25°C and 1 bar transmembrane pressure. 
Results and discussion 
The MMMs materials we developed demonstrate a remarkable increase in gas permeability and ideal 
selectivity compared to the neat or MMMs with non-controlled additive deposition membranes. This 
significant improvement is attributed to the homogenous controlled distribution of nano additives inside 
the membrane matrix. The determined results of permeability and selectivity not only meet but exceed the 
(Robeson) upper limits from 2008 (H2/CO2, CO2/N2) or 2015 (O2/N2) for some pairs of gases, marking 
a significant breakthrough in the field.  
Seeing that, we continued applying the MLE concept to several polymeric materials used for gas separation. 
A synergic combination of an external magnetic field with chemically anchored tailored nanoadditives on 
polymer chains shows the potential to improve the overall gas separation performance of polymer 
materials and shift their performance close or even over the upper bounds. 
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Introduction. Membrane technology is a gas separation technology that owes its growing industrial scale to 
its simplicity, intrinsic modularity and absence of additives to complete the separation1. The current 
commercial membranes for gas separation are predominantly pure polymeric membranes which obey 
a limiting trade-off between permeability and selectivity. To surpass this trade-off, inorganic fillers can be 
incorporated in the polymeric matrix forming mixed matrix membranes (MMMs)1.  
These hybrid membranes provide polymeric processability as well as enhanced gas separation performance, 
attributed to the incorporation of the filler1. As a result, the primary focus often revolves around identifying 
the optimal type of filler while an established glassy polymer is frequently selected as a matrix. This process 
occurs without fully acknowledging the polymers contribution to the overall gas transport. In addition, non-
selective interfacial voids between the filler and glassy polymer matrix result in limited research on high 
zeolite loadings (�H�ñ�ì�Á�š�9�•��MMM1. Consequently, a comparative investigation of gas separation performances 
of various glassy polymer-based and defect-free MMM with ultra-high zeolite loading is highly due. 
 
Experimental/methodology. A systematic analysis of the contribution of a range of glassy polymer matrices 
to the overall gas transport of the MMM is conducted through 50wt% zeolite-loaded MMMs. The CHA-type 
zeolite loading is fixed while following glassy polymer matrices are systematically explored: matrimid, 
polysulfone (psf), cellulose acetate (CA), cellulose triacetate (CTA), polyvinylchloride (PVC), polycarbonate 
(PC), polyvinylalcohol (PVA), Polyvinylacetate (PVAc), polyacrylonitrile (PAN). To enable the comparison of 
these matrices, an optimalisation of the MMM synthesis procedure should occur. This optimalisation is 
divided into two major processes. The first process aims for pre-synthesis optimalisation of the MMM, which 
includes a screening of volatile solvents and meticulous control of viscosity and evaporation rate of the dope 
solution. The second process aims for post-synthesis optimalisation, which includes thermal annealing of the 
MMM. After optimalisation, the successful synthesized defect-free MMM are tested for CO2/N2 mixed 
separation performance in a custom-built high-throughput gas separation system. Finally, the intrinsic gas 
separation performance of the different glassy polymer-based MMM can be compared with each other as 
well as with their pure polymeric membrane counterpart. Even more, the impact of treating the MMM at 
different annealing temperatures within a type of glassy polymer matrix can be investigated in depth.  
 
Results and discussion. Two separate conclusions are made in this research: First, each glassy polymer that 
can be synthesized into a defect-free dense membrane by itself, can be synthesized into a defect-free ultra-
high loaded MMM without any chemical modification. The corresponding synthesis and solvent evaporation 
casting method rely on at least one of the following terms: The polymer in-situ is soluble in a volatile solvent; 
The viscosity and evaporation rate of the dope solution is controlled; Thermal annealing treatment on the 
resulting MMM is applied. Secondly, in spite of ultra-high filler loading (50wt%), the inherent separation 
performance of the polymer matrix will significantly influence both the separation factor and permeability of 
the final MMM. A well-informed decision concerning the polymer matrix should be chosen in respect of the 
final application. 
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Introduction 
Composite membranes (also known as hybrid and mixed-matrix membranes/MMMs) comprise of 
nanoparticles and polymer matrix, which offer advantages from the synergetic effects among their 
constituents. This type of membrane have been widely applied in gas separation, nanofiltration, 
desalination, etc. The characteristics of composite membranes at the nanoscale are detrimental. However, 
they have not been well investigated due to instrumentation limitations. Herewith, we introduced nano-
FTIR spectroscopy, a combined AFM-FTIR technique, to unveil the nanodomain properties of the composite 
membranes, including the encapsulation of the nanomaterials by the polymer matrix, their chemical 
footprint, and the variation in the local chemistry of the membranes. In this work, this unique 
characterization technique was applied to study composite carbon molecular sieve (CCMS) membrane 
containing fullerenols, and MMMs containing metal-organic frameworks (MOFs). The nano-FTIR 
spectroscopy was also used to study the interpenetrated polymer network (IPN) membranes. 
 
Experimental/methodology 
The membranes were fabricated via phase inversion followed by pyrolysis to prepare CCMS membrane, 
multizoning method to prepare MMMs, and solvent evaporation to prepare IPN membranes. The 
nanodomain properties of the membranes were characterized using nano-FTIR spectroscopy. 
 
Results and discussion 
In the fabrication of CCMS membrane, the pyrolysis process led to the formation of chemical 
inhomogeneity at nanodomain level, that was observed from the variability in the nano-FTIR peak 
positions. Furthermore, the fullerenol nanomaterials were found to be fully enveloped by the polymer 
matrix, as indicated by the absence of the nano-FTIR spectra characteristic of nanoparticle. 
In the MMMs, the MOF nanoparticles on the membrane surfaces were found to be uncovered by the 
polymer matrix, as identified from a characteristic nano-FTIR peak of the MOF. This information is essential 
to confirm the molecular transport mechanism through the MOF pores instead of the polymer matrix. The 
experimental nanofiltration results matched well with the theoretical prediction based on pore flow model.  
The IPN membranes were generally assumed to form a homogenous network at segmental level. By using 
nano-FTIR spectroscopy, for the first time, we visualized the polymer networks at nanoscale. Although 
macroscopically the IPN membrane seems to be homogenous, however we observed polymer domain at 
nanoscale. 
The novelty in the applications of nano-FTIR spectroscopy will open a broader way to unveil the properties 
of of various composite/hybrid materials that are previously unable to be characterized. 
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Introduction. Zeolitic imidazolate frameworks (ZIFs) are a subclass of the porous metal-organic frameworks 
(MOFs) family formed of interlinking metal ions (zinc or cobalt) with organic linker (imidazolate ligand). ZIFs 
flexible framework exhibits great potential owing to their exceptional chemical and thermal stability and the 
ability to synthesize at ambient conditions. ZIFs are widely studied for applications such as adsorption and 
detection of volatile organic compounds (VOCs) [1], gas separation [2], supercapacitors [3], catalysis, gas 
storage, carbon capture and pyrolysis [4]. Despite the advantages, their industrial application is challenged 
due to the fabrication process and being mainly produced in powder form [5]. Few methods have been 
reported to shape these materials as manipulable and, most importantly, to retain their original properties. 
Recently, 3D printing of MOF has been proposed and shows promising properties to obtain an object which 
can be designed upon request [6]. The pre-synthesized powdered MOFs and polymers are combined and 
then printed at high temperature [7]. In this approach, the adsorption capacity of the formed structure is 
lower than the pure MOF due to the lower amount of effective mass when using polymer. In this study, we 
report the in-situ ZIF-67 inkjet printing on 0.45µm Nylon membrane. Inkjet printing offers flexibility to 
fabricate pure ZIF-67 crystals on desired geometry without affecting its properties. 
Experimental/methodology. Water based 0.099M Cobalt nitrate hexahydrate (Co (NO3)2�„6H2O) solution and 
1.75M 2-methylimidazole (HMim) solution were mixed in the volume ratio of 1:4 along with the addition of 
glycerol (as a plasticizer) and Triton X-100 (surfactant) for 30 minutes. Inks were filtered with 5µ filters prior 
to the printing process and deposition on to commercial polymers such as 0.45 um Nylon membranes using 
a drop-on-demand piezoelectric inkjet printer, Dimatix Material Printer (DMP 2850). The Initial printed ZIF-
67 layer on Nylon substrate was characterized using scanning electron microscopy (SEM).  
Results and discussion. Fig. 1 shows SEM image of ZIF-67 crystals printed on Nylon membrane at room 
temperature. Cubic crystals of ZIF-67 with the size of 0.36±0.03µm can be observed in the pores of the 
membrane. The crystal size, morphology, and thickness of the ZIF layers will be controlled by modifying 
concentration and molar ratio of stock solutions and inkjet printing parameters. 
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Introduction 
Dyes have imperiled human health and the environment through continuous water contamination. Despite 
significant investment and effort in preparing hydrophilic ultrafiltration (UF) membranes with smaller pore 
sizes to remove dyes, the existing UF membranes are still a long way off from the highly efficient separation 
of dyes from water.  
Methodology 
We prepared hydrophilic membranes by incorporating different concentrations of superhydrophilic MOF 
(phytic acid functionalized NH2-UIO-66 (PNU)). The membranes with 0 wt% MOF and 0.5 wt% 
unfunctionalized MOF were marked as the PSF and PSF/NU-0.5, respectively, while the membranes with 
0.5, 1, and 2 wt% functionalized MOF were marked as the PSF/PNU-0.5, PSF/PNU-1, and PSF/PNU-2, 
respectively. The thorough characterizations of the two types (before and after functionalization) of MOF 
nanoparticles and membranes have been conducted in terms of XRD, FTIR, FESEM-EDS, XPS, wettability, 
and mechanical strength.  
Results and Discussion 
Fig. 1 (a-c) demonstrates successful MOF functionalization, while Fig. 1(d) indicates successful composite 
membrane preparation. Among the five (in Fig. 2), the PSF/PNU-1 membrane showed 78%, 39.2%, and 
23.3% higher water flux compared to the PSF, PSF/NU-0.5, and PSF/PNU-0.5 membranes, respectively. 
Meanwhile, the PSF/PNU-1 and PSF/PNU-2 membranes maintained rejection levels above 80% after 2 h 
running, showing prolonged rejection activity. As for the root cause of the high performance of the 
PSF/PNU-1, the presence of an additional massive number of phosphate (PO4), especially in alkaline 
conditions, created a hydration layer around PSF/PNU membranes, contributing to their higher water 
permeability and rejection of MB compared to the pristine membrane and PSF/NU. 

Fig. 1. (a) XRD spectra, (b) FTIR spectra, (c) XPS spectra of the MOF before (NU) and after (PNU) functionalization. 
(d) XRD of the membranes. 

Fig. 2. Water flux (a), MB rejection, and Permeate flux at pH4 (b), pH6 (c), pH8 (d), and pH10 (e). 
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Introduction. Membrane-based gas separation processes are a technology in continuous evolution and 
growth [1]. Various types of polymer membranes have been developed, many exhibiting highly CO2 
permeable and selective properties over competing gases such as N2 and CH4. But, in order to be 
competitive, membranes should be cheaper, more stable, more efficient, i.e. with a high purity and 
productivity and their production should be scalable [2]. One solution is to develop thin film composites 
with mixed matrix membranes (TFC-MMM). Mixed matrix membranes (MMMs), which are created 
embedding porous filler materials (such as ZIFs) into a polymer matrix, represent one promising route for 
improving the purity [3].  In order to enhance the productivity, membranes with higher permeance are 
needed. Theoretically, decreasing the membrane thickness induces higher permeance (permeance 
= permeability/thickness) but at the expense of its mechanical stability and integrity. A feasible solution is 
to produce a thin film composite (TFC) structure, consisting of a thin selective layer on a porous support 
[4]. The gas separation performance will be controlled by the thin selective layer, while the porous support 
will provide mechanical strength. Therefore, TFC-MMMs can provide separations with high flux and 
selectivity combined with high mechanical resistance and at a lower cost (the selective layer being the 
most expensive part).   
Experimental/methodology. Self-standing membranes of Matrimid�  and Matrimid mixed with 12%wt of 
ZIF-94 were prepared by casting process from 2% wt solutions in chloroform. TFC-MMMs were prepared 
by coating process using a roller coater.  The same solutions of Matrimid�  and Matrimid_ZIF-94 were used 
and coated on a porous PAN support. The morphology of the membranes has been characterized by SEM, 
and single gas permeation experiments have been performed with N2, CH4, He and CO2 at different 
pressures (from 1 to 10 bar). The TFC membranes performances have been compared to the self-standing 
membranes. 
Results and discussion. Defect-free self-standing Matrimid and Matrimid mixed with ZIF-94 membranes 
have been obtained with a thickness of 50 �Pm. TFC-MMMs and TFC-Matrimid with a 3 �Pm selective layer 
were also successfully prepared on the porous support. The separation performances for TFC and self-
standing membranes have been investigated in function of the feed pressure, from 1 to 10 bar at 25�£C. At 
1 bar, TFC-MMM presented an excellent separation performance in term of CO2/N2 separation, with CO2 
permeance of 4 GPU and CO2/N2 selectivity of 40, surpassing the self-standing MMM membrane (CO2 
permeance~0.3 GPU, CO2/N2~37) and neat TFC-Matrimid (CO2 permeance~0.2 GPU, CO2/N2~36).   

Even if the thickness of the selective layer is still in the micrometer scale, the TFC-MMMs appear to be 
attractive for an industrial point view. First of all, TFC MMM were fabricated using an easy and scalable 
process, without any gutter layer, and showed a significant improvement in productivity with the increase 
of gas throughput without sacrificing the selectivity. 
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Introduction. Metal-organic framework (MOF) is one of the fascinating material posessing the high specific 
surface area, organized pore structure, and easiness of synthesis process. As a membrane matrix, the 
functional copolymers with great CO2 solubility have been widely studied. Particularly, the poly(ethylene 
glycol) (PEG) act as a Lewis acid while the CO2 would act as a Lewis base to induce the Lewis acid-base 
interaction. The functional copolymer with a repeated PEG chain and the highly porous MOFs are the 
promising materials to make a highly CO2 permeable MMMs. Here, we report the fabrication of MMMs 
composed of multifunctional copolymers with MOFs to prevent the interfacial voids, achieiving a highly 
enhanced CO2 permeance and reasonable selectivity (> 2000 GPU, 20). 
Experimental/methodology. Functional copolymers were synthesized via the free-radical polymerization 
or atom-transfer radical polymerization. The poly(oxyethylene methacrylate) macromonomer was used as 
a base-monomer and further reacted at 70-100°C for 24 h. MOFs were synthesized using the metal 
presursor (Cu, Zn, Co, Zr, �Y�•�� ���v���� �}�Œ�P���v�]���� �o�]�P���v���•�� �~�î-methylimidazole, terephthalic acid, aminoterephthalic 
acid, �Y) by the solution process or hydro/solvothermal procedures. The MMMs were fabricated using both 
functional copolymer and metal-organic frameworks. 
Results and discussion. The composite membranes were constructed through the bar-coating process and 
the thickness of selective layer on the polysulfone porous substrate was less than 500 nm. One-step bar-
coating process was employed to construct the ultrathin layer and the CO2 permeable pathway was 
controlled to enhance the solubility of CO2. The ultrathin selective layer showed a highly enhanced CO2 
permeance while maintaining the reasonable CO2/N2 selectivity. Various composite membranes by using 
the PEG-based functional copolymers and MOFs (or GO) exhibited the great interfacial compatibility and 
the thickness of the membrane was optimized, less than 200 nm. 
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Introduction.  

Polymer nanocomposites are emerging as a promising membrane platform for advancing gas separation 
research. Typically, the interface compatibility between the fillers and the polymers plays a crucial role in 
gas separations [1]. Among various nanofillers, porous organic polymers (POPs) exhibit good compatibility 
with many organic polymers [2]. This study investigates the impact of hypercrosslinked polymers (HCPs), 
a specific subtype of POP, on gas transport properties of HCP/polymer nanocomposites. 

Experimental/methodology.  

In this study, lab-synthesized UV-crosslinkable PI (6FDA/BTDA-DAM) and HCPs were used to fabricate 
nanocomposites. First, HCPs were sonicated in chloroform for 30 min to ensure uniform dispersion. 
Subsquently, about 20 wt% of the prepared PI solution was added to the HCPs dispersion and subjected to 
an additional 30 min of sonication. Afterwards, the remaining PI solution was gradually added to the mixture 
and stirred vigorously overnight. The concentration of the final solution was maintained above 10 wt%. The 
resulting solution was then cast onto a glass plate, and the solvent was allowed to evaporate slowly for 24 
h. The resulting film was dried in a vacuum oven at 80 oC for 4 h to further remove residual solvent. To initiate 
crosslinking, the films were irradiated in air using a custom-built UV crosslinkinker designed to emit primarily 
at 365 nm. 

Results and discussion.  

Highly porous HCPs were successfully synthesized and incorporated into a PI matrix. As HCP content 
increased to 16 wt.%, H2 permeability increased noticeably to 1800 Barrer (six times higher than pure PI), 
maintaining H2/CH4 selectivity of 20. This improvement overcomes the traditional trade-off limitations in 
polymer membranes. The characterization of solubility and diffusivity suggests that the incorporation of HCP 
into the PI matrix may enhance favorable free volume and free volume distribution. Additionally, the 
nanocomposites underwent post-UV irradiation treatment, resulting in densification and substantial 
improvement in gas selectivity (e.g., a 3-fold increase in H2/CH4 selectivity from 20 to 60) at the expense of 
H2 permeability (e.g., 900 Barrer). Notably, in comparison to UV-crosslinked PI exposed to an equivalent UV 
irradiation dosage, the nanocomposites exhibited a higher gas selectivity. This observation suggests that UV 
crosslinking of the nanocomposites selectively densifies the matrix to a greater extent. Ultimately, the UV-
crosslinked HCP-containing nanocomposites exhibited outstanding gas separation performance, surpassing 
2008 upper bounds for H2/CH4 as well as CO2/CH4. The results highlight the synergistic effects of nanofiller 
additives and crosslinking, improving both the permeability and selectivity of pure PI, establishing its 
potential as a candidate for H2 separation and CO2 removal. In addition, CO2/CH4 mixed-gas permeation 
results at elevated pressures also indicate the nanocomposit���•�[���P�}�}�����Œ���•�]�•�š���v�������š�}���‰�o���•�š�]���]�Ì���š�]�}�v�X 
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Introduction. Chronic kidney disease (CKD) is an escalating condition that detrimentally impacts the kidneys' 
ability to function. Characterized by a significant mortality rate without an effective treatment, this disease, 
recognized as a critical health issue, affects approximately 10% of the global population and results in over 
a million fatalities annually. The treatment of patients with CKD varies based on its progression with the 
most advanced stage, known as End-Stage Renal Disease requiring either 1) transplantation or 2) renal 
replacement therapies (RRTs) for survival. The most common RRT is hemodialysis (HD) [1] which, despite 
being able to remove ~45% of all known toxins, is faced with the major challenge of removing Protein-Bound 
Uremic Toxins (PBUTs). These are difficult to filter due to their strong binding to proteins such as Human 
Serum Albumin (HSA). Among the strategies being proposed to tackle this issue is the development of mixed 
matrix membranes (MMMs) composed of a porous additive with toxins adsorption capacity dispersed 
throughout a polymer matrix. MMMs containing activated carbon have shown promising results in terms of 
toxin trapping capabilities and PBUT removal [2]. Metal-Organic Frameworks (MOFs), which are crystalline 
materials made from organic ligands and metal ions, show promise in MMMs for HD due to their high 
adsorption capacity and stability. Zirconium-based MOFs (Zr-MOFs), such as NU-1000 with metal Zr ions and 
pyrene-based linkers, exhibit high PBUTs adsorption efficiency in aqueous solutions, representing an 
advanced approach for improving PBUT removal in HD [3].  
Experimental/methodology. The adsorption capacity of the NU-1000 towards indoxyl sulfate (IS), a well-
known PBUT, was evaluated through direct contact studies in Phosphate-buffered saline (PBS) and in IS-
spiked plasma solutions. For the first time, NU-1000 was incorporated into cellulose acetate-based (CA-
based) casting solutions rendering novel integral asymmetric CA/NU-1000 MMMs by the phase inversion 
method. The CA/NU-1000 MMMs were characterized by SEM and the permeation performance was 
evaluated in terms of hydraulic permeability and molecular weight cut-off. The removal of IS from spiked 
plasma by the CA/NU-1000 MMMs was studied in an extracorporeal HD setup and results were compared 
to pure CA membranes. 
Results and discussion. NU-1000 MOFs were able to adsorb 60% of IS from a 20 ppm PBS solution in 3 hours. 
When placed in direct contact with IS-spiked plasma solution for 2 hours, the NU-1000 MOFs were able to 
disrupt the interaction between IS and HSA increasing the free fraction of IS. SEM micrographs of the CA/NU-
1000 active layer showed a dense and uniform morphology throughout which most of the NU-1000 were 
distributed. The presence of NU-1000 was not detected on the porous surface of the MMMs. SEM images 
of the cross-sections further substantiates the asymmetry of the CA/NU-1000 MMMs, shows a uniform total 
thickness of 89 ± 1 µm. The successful fabrication of CA/NU-1000 MMMs presents a new opportunity for the 
removal of PBUTs by adsorption which can be applied in future hemodialyzers. 
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Introduction: Superglassy membranes synthesised by polymers of intrinsic microporosity (PIMs) suffer 
from physical aging and show poor gas permeance over time, especially thin membranes (40�t90% loss in 
CO2 permeability in just a week), due to the fast rearrangement of nonequilibrium polymer chains[1.2]. 
Experimental/Methodology: We constructed a novel PIM-1 thin film nanocomposite membrane (TFN) 
using nanosized UiO-66-NH2 (~10 nm)/carboxylated PIM-1 (cPIM-1) as the composite network filler. 
Nanosizing of UiO-66-NH2 was achieved by regulating the nucleation kinetics using carbon quantum dots 
(CQD) during the synthesis. 
Results and discussion: Unlike conventional fillers, which interact with the polymer only via the surface, 
the UiO-66-NH2/cPIM-1 forms a stable three-dimensional (3D) network intertwining with the polymer 
chains, being very effective to impede chain relaxation, and thus physical aging. The nanosized filler led to 
increased surface area, and hence more functional groups to bond with cPIM-1 (via hydrogen bonding 
between �tNH2 and �tCOOH), which also improved interfacial compatibility between the 3D network and 
polymer chains avoiding defect formation. As a result, the novel TFN showed significantly improved 
performance in gas separation along with reduced aging (i.e. ~6% loss in CO2 permeability over 63 days 
(Figure 1); the aged membranes had a CO2 permeance of 2504 GPU and selectivity values of 37.2 and 23.8 
for the ideal CO2/N2 and CO2/CH4 systems, respectively[3]. 

 
Figure 1. PIM-1 TFN with nanosized UiO-66-NH2/cPIM-1 network fillers shows only 6% loss of CO2 permeance in 63 

days  
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Introduction. Membrane-based technology offers a more energy-efficient and environmentally friendly 
process for the separation of CO2 from large industrial emission sources, allowing for a further reduction in 
the levels of atmospheric CO2. However, polymeric and inorganic membranes used in gas separation 
processes have their pros and cons. Currently, membrane research has addressed common membrane 
limitations by fabricating new types of mixed matrix membranes (MMMs) by incorporating inorganic 
materials in the form of micro- or nanoparticles as fillers in polymeric matrices. The performance of MMMs 
depends on the textural properties of the filler materials, the molecular sieving effect and the membrane-
penetration site interactions.[1] The introduction of filler material into an organic membrane solution may 
induce the formation of the asymmetric structure leading to a membrane with a thin skin layer supported 
by a porous sub-layer. The asymmetric layer provides a better separation performance and high permeability 
and selectivity compared to the single polymeric phase membrane. The main challenge in MMM fabrication 
is the selection of fillers such as zeolites, carbon materials, silica-based fillers and metal-organic frameworks, 
which control the characteristics of the membrane.[2] This research is focused on developing new MMM 
membranes and studying their capability to permeate CO2 and separate CO2/CH4 and H2/CO2. 
Experimental/methodology. The development of the 
matrix membranes involved three first stages: (1) 
selection of the filling particles, (2) preparation of the 
polymer-sieve slurry mixture and (3) casting the 
polymer-sieve mixture to form a MMM film. Different 
�‰�}�o�Ç�u���Œ�•�� �~�W�������y�U���W�^�&�U���W���U�� �Y�•�� ���v���� ���]�À���Œ�•���� �u�]���Œ�}- and 
nanofillers have been studied. The resulted 
membranes have been characterized to know their 
surface area, morphology, porosimetry and thermal 
properties. Permeability of pure and binary mixtures 
(50% v/v) of CO2, CH4 and H2 were obtained and 
selectivity CO2/CH4 and H2/CO2 was estimated.  
Results and discussion. In Fig. 1 the Robeson plot for 
pure gases of three representative membranes is 
shown. As can be seen, the suitable sample 
composition and preparation methods can be useful to 
promote very different behaviours in terms of gas 
permeation and especially in selectivity.  
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Figure 1. Robeson plot (selectivity vs permeability) for 
different membranes. M1 (polysulfone/ZSM-5=3.42 wt/wt), 
M2 (polysulfone/ZSM-5=8.38) and M3 (PEBAX/ZSM-5=9.91)  
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Introduction Carbon capture and storage (CCS) is a set of technologies and processes designed to mitigate 
the release of carbon dioxide (CO2) into the atmosphere. In recent years, CCS has emerged as a pivotal 
strategy in addressing climate change, with a primary focus on reducing greenhouse gas emissions [1]. 
Polymer membrane-based separation technology has gained significant attention due to several 
advantages like low energy consumption and high selectivity, as compared with other traditionally used 
separation methods. PEBAX® represents one of the most extensively studied material in the membrane-
based separation technologie due to excellent gas separation properties, especially with respect to CO2/N2 
selectivity [2, 3]. PEBAX® is a diblock copolymer composed of soft polyethylene oxide (PEO) blocks, 
enhancing permeability, and hard of polyamide 6 (PA) blocks providing mechanical stability.  
Methodology To furtther improve gas transport properties of PEBAX®- based membranes, they are often 
blended with other components,  such as high molecular weight polymers or mixed with low-to-moderate 
molecular weight compounds forming thus mixed matrix membranes (MMMs).  In this study, we compare 
and examine the performance of mixed matrix membranes (MMMs) comprising PEBAX®1657 polymer 
mixed with two different organic fillers: a half generation poluamidoamine dendrimer (0.5-G PAMAM) and 
a poly(oligo(ethylene glycol) methyl ether methacrylate) (poly(MeOEGMA) derived from 0.5G-PAMAM 
dendrimer 
Results and Discussion To confirm the chemical composition of the synthesized 0.5G-PAMAM and 
(poly(MeOEGMA)-base star polymer we used dynamic ligh scattering (DLS) and proton nuclear magnetic 
resonance (H-NMR). Subsequent we emplyed fourier-transform infrared spectroscopy (FTIR), differential 
scanning calorimetry (DSC), and thermogravimetric analysis (TGA) to investigate the impact of the added 
compounds on the chemical composition of obtained MMMs, crystallinity changes, and thermal stability. 
An AFM analysis of the surface morphology indicated a signficant impact of the 0.5-G PAMAM dendrimer 
addition mainly on the PEO block entanglement. These findings were consistent with the gas permeability 
performance of the MMMs. CO2 sorption studies unvieled different gas transport mechanism within 
different filler, with PAMAM dendrimer indicating facilitated transport mechanism via CO2 sorption, 
therefore the CO2 permeability demostrated enhancment with PAMAM dendrimer at lower compositions 
whereas the main driven force is the solubility coefficient. 
Overall, we achieved a significant improvement in CO2 permeability and CO2/N2 sleectivity by the 
incorporation of poly(MeOEGMA)-based star polymer into  PEBAX®1657 matrix. The prepared MMMs 
exhbited a 49% increase (124 barrer) in CO2 permeability and 23% increase in selectivity, when loaded with 
5wt% and 10wt% respectively. 
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Introduction 
The high-salinity wastewater from the textile industry faces a significant challenge in effectively separating 
dyes and salts. Loose nanofiltration (LNF) membrane technologies have emerged as an economical, 
effective, and sustainable alternative for separating dye/salt mixtures while enabling salt recovery [1,2]. 
Traditional polyamide-based NF membranes struggle to achieve both precise selectivity and high water 
permeance due to inherent trade-offs. The lower reactivity of aldehyde and amine compared to acyl 
chloride and amine makes them favorable for creating loose NF membranes [3]. This study aims to 
invesitgate the fabrication of a novel nonpolyamide ZnFe LDH incorporated LNF membrane. The reaction 
of MPD and glutaraldeyde was conducted on a commercial substrate membrane (MP005, Microdyn Nadir, 
Germany) to fabricate a permeable-selective LNF membrane suitable for dye/salt separation. The effect of 
ZnFe LDH on membrane performance was investigated in terms of water flux performance, dye removal 
efficiency, the separation of dye/salt mixtures, and antibacterial analysis. 
 
Experimental/methodology 
The fabrication procedure involved placing the substrate membrane in the module and pouring 25 mL of 
the MPD solution into the module, followed by a waiting period of 10 minutes. After pouring out the 
excess solution, the membrane was detached from the module and allowed to undergo a drying process. 
Subsequently, 25 mL of gluteraldeyde solution containing different amount of ZnFe layered double 
hydroxide (LDH) (1 wt% in ethanol solution) was poured into the membrane after the dry membrane was 
placed in the module. The excess solution was discharged after 3 minutes, and the membrane put in an 
oven at 30 °C for 5 min as post-treatment. The fabricated membranes were characterized with Fourier 
transform infrared (FTIR), scanning electron microscopy (SEM) analyses with energy-dispersive X-ray 
spectroscopy (EDS) and contact angle analysis. 
 
Results and discussion 
The water flux of the optimized membrane (LDH content of 0.25 wt%) was 205 LMH/bar, which is 3.3 times 
higher than the flux of pristine nonpolyamide membrane of 62 LMH/bar. The rejection ratios for all 
fabricated membranes were higher than 97% for Congo red. The optimized membrane exhibited low salt 
(2g/L Na2SO4) rejection with a ratio of 8.5%.  The samples containing ZnFe LDH nanomaterials exhibited 
a higher bacterial inhibition capacity as compared with the blank samples. According to obtained results, 
nonpolyamide membranes exhibited higher flux, effective dye/salt separation,and antimicrobial 
performance. Consequently, this study proved that nonpolyamide ZnFe LDH incorporated LNF membrane is 
a simple, environmentally friendly, and low-cost promising solution to obtain an effective dye/salt 
separation. 
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Introduction. Iron-based adsorbents, such as h���u���š�]�š���� �~�r-Fe2O3), have been extensively investigated for 
arsenic (As), but they exhibit low adsorption capacity [1]. To increase the adsorption capacity, 
nanostructured h���u���š�]�š�����~�r-Fe2O3) could be employed but tends to aggregate in solution which decreases 
the adsorption. Hence a strategy to immobilize iron-based nanoparticles in porous support can create better 
contact and result in higher reactivity, better dispersion of the nanoparticles, and eventually higher 
adsorption with reduced release to water [2]. 
Experimental/methodology. In this work, a hematite-loaded composite membrane (HLCM) was prepared 
and tested for AsIII and AsV removal [3]. For this, synthesized hematite nanoparticles (~70 nm) were 
immobilized in polyvinylidene fluoride (PVDF) microfiltration (MF) membrane that was stacked on 
polyethersulfone (PES) ultrafiltration (UF) to retain hematite nanoparticles that may leach during filtration. 
A stainless steel stirred cell with controlled flux was used for both hematite loading into MF/UF stack and 
filtration experiments. The removal of AsIII and AsV was investigated with varied pH (2-12), and different ionic 
strengths (10 �t 340 mM NaCl) to assess the role of charge screening, different hematite loading (0.7-3.9 
mg/cm2), and different fluxes (40-260 L/m2.h). 
Results and discussion. HLCM exhibited 50% 
removal for AsIII, whereas only 15% of AsV was 
observed at pH 8 with a hematite loading of 2.6 
mg/cm2, corresponding to an uptake of 5.5±0.8 
µgAsIII/cm2 and 3.9±0.6 µgAsV/cm2, respectively. 
Varying the pH from 2 to 12 and, consequently, 
altering AsIII, V speciation significantly impacted the 
uptake, particularly for AsV. The increase in NaCl 
concentration from 10 mM to 340 mM impeded 
charge attraction, thereby affecting the uptake. 
The uptake of AsV exhibited an upward trend with 
increasing hematite loading from 0.7 to 3.9 
mg/cm2, while the influence of hydraulic residence 
time (flux) was evident.  
From a water treatment standpoint, the 
composite membrane holds promise for effective 
removal with lower specific energy consumption 
compared to nanofiltration, while future material 
modifications are required to increase hematite loading and enhance the affinity of hematite to AsIII, V. One 
approach is to amplify the surface area to facilitate the adsorption process. Additionally, upcoming research 
will explore alternative techniques like dip-coating or implementing nanofiber technology to bolster the 
immobilization of hematite within the composite. 
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The demand for more efficient gas purification technologies has been increasing not only for more effective 
and cheaper production of industrial gases but also for environmental concerns.  Gas separation processes 
based on membranes are one of the most potent candidates.  The membranes in these processes are 
desired to show high permeability, selectivity, and stability.  For this purpose, mixed matrix membranes 
with various types of zeolites, MOF, and other microporous materials were prepared, and their 
performance in gas permeation was investigated.  One potential application of membranes can be the 
removal of SF6, which is a severely harmful greenhouse gas that is used in the industry.  The SF6 recovery is 
carried out by liquefaction/pressure swing adsorption (PSA), cryogenic cooling, and N2 selective 
membranes, and all need to be improved.  
In this study, pure and mixed matrix membranes with stable gas permeation characteristics and potential in 
SF6/N2 separation were prepared.  The membranes were PEBAX-1657 filled with UIO-66 (200 nm on 
average) and HKUST-1 (300 nm on average). The MOFs were added to the membrane casting solution both 
as wet to increase dispersion and as dried.  The final membranes had a MOF content of 10% by weight. All 
membranes, mixed matrix and pure polymer, had a similar history of synthesis.  After casting, a single 
membrane was dried and annealed in an oven by the following sequence:  35oC for 24 h in air, 60oC for 24 h 
in air, 60oC for 24 h in vacuum.  As the temperatures higher than approximately 60oC caused folding on 
membranes, the annealing temperature was limited to 60oC. 
The membranes were then characterized by measuring single gas permeabilities of N2, CO2, and SF6 with 
a trans membrane pressure difference of 3 bar at 35°C.  For gas permeation, the membrane sealed in the 
module was degassed for at least 2 h by applying vacuum both to the feed and permeate sides.  The 
respective average CO2/N2 and N2/SF6 ideal selectivities of four pure membranes was 44 and 3.4 with an 
average CO2 permeability of 107 Barrer. The incorporation of 10% UIO-66 into the membrane formulation 
resulted in membranes with similar ideal selectivities but with enhanced CO2 permeability of 135 Barrer. 
Nevertheless, the permeabilities were not stable and decreased by time approximately 13% by time. The 
decrease was especially more drastic for SF6 through pure PEBAX-1657 membrane, which showed 20% 
decrease in 24 h of gas permeation.  To obtain more stable membranes, the degassing process was 
modified so that before starting the measuring of gas permeation, the membrane module was heated to 
60oC, and both sides were evacuated for 2 h.  Then N2 was fed to the membrane module at 3 bar while the 
permeate side was still connected to the vacuum pump, and N2 was allowed to permeate continuously 
through the membrane for 18 h. The membrane module was then cooled to 35oC under N2 permeation. 
When the module temperature was decreased to 35oC, the permeated side was disconnected from the 
vacuum pump and sealed for measuring gas permeability.  The same procedure was repeated when the gas 
was shifted to CO2 and SF6.  The single gas permeability measurements through both pure and mixed matrix 
membranes showed that the permeabilities were stable for 24 h of gas permeation. The change in the 
permeabilities was less than 1 %.  However, the N2 and SF6 permeabilities, which were 2.77 and 0.72 Barrer, 
were significantly lower than the initial permeabilities obtained by the first degassing method.  These 
results suggest that the annealing procedures applied in membrane synthesis may not be completely 
enough to dry and activate membranes and an extensive degassing procedure is necessary for complete 
drying and activation.  
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Introduction. Although membrane technology is widely used in different gas separation applications, 
membrane manufacturers must face the challenge of reducing the environmental impact during the 
manufacturing. Cellulose acetate (CA) has been long known as membrane material, but in CO2 separation 
processes CA membranes still face challenges as low flux and CO2 plasticization limiting technical viability 
and long term stability. Besides, cellulose acetate is dissolved conventionally in oil-based when not even 
toxic solvents [1]. The hybridizatio with small loadings of nanostructured particles as ZIF-8, surfactant -free 
titanosilicates AM-4 and ETS-10 and small-pore zeolite A has provided increased selectivities and 
robustness to chitosan-based membranes [2,3].  
Experimental/methodology. Herein we propose the preparation of cellulose acetate membranes dissolved 
in dimethyl carbonate (DMC) as green solvent. Flat sheet membranes were prepared by solution casting. 
The concentration of the casting solution has been optimized to obtain an adequate and homogeneous 
thickness for self-standing membranes. Mixed matrix membranes were prepared by adding to the optimal 
CA/DMC composition with small loadings of fillers made without organic surfactant or toxic solvents such 
as titanosilicates AM-4 and ETS-10, zeolite A, or ZIF-8, with proven CO2 affinity and separation properties 
stand-alone or as fillers in other biopolymers [2,3]. The pristine and MMM CA-based membranes were 
characterized by different analytical techniques and gas permeation of N2, CH4 and CO2 to correlate the 
structure-function relationship.  
Results and discussion. The optimal CA concentration in DMC was set at 5 wt%, and this was used to 
prepare the CA mixed matrix membranes at loadings 0, 0.5, 1.0 and 2.5 wt%. Differences were observed 
regarding the hydrophilicity and water uptake of the resultant membranes between zeolite A, ETS-10 and 
AM-4-filled membranes and ZIF-8 -filled membranes, and this is thought to have an impact in the first 
permeation results obtained. On one hand, the permeability of the ETS-10/CA mixed matrix membrane 
doubles that of the pristine CA membrane, while the selectivity is maintained. On the other hand, the 
permeance of the ZIF-8/CA membrane is practically the same as the pristine CA membrane, while the 
selectivity is more than doubled.  
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Introduction. Chronic kidney disease (CKD) is the gradual progression of kidney dysfunction and leads to the 
accumulation of uremic toxins (UTs) in the bloodstream. Haemodialysis (HD) constitutes a life-supporting, 
membrane-based blood-purifying treatment for most patients with CKD. The accumulation of UTs, 
particularly protein-bound uremic toxins (PBUTs) which exhibit a high affinity for plasma proteins, represents 
one of the main concerns associated with kidney dysfunction. The build-up of PBUTs in the blood is associated 
with a reduction in the effectiveness of conventional membrane-based HD therapies because the PBUTs 
bound fraction is difficult to remove solely by filtration mechanisms [1, 2]. In this work [3], a metal-organic 
framework (MOF) adsorbent, UiO-66(Zr), which has high affinity for p-cresyl sulfate and urea is introduced 
in cellulose acetate (CA)/silica (SiO2) membrane synthesis, thereby producing asymmetric CA/SiO2/UiO-66 
membranes, to enhance p-cresyl sulfate and urea clearance through filtration and selective adsorption 
mechanisms. 
Experimental/Methodology. Asymmetric CA22, CA22/UiO-66, CA22/SiO2, CA22/SiO2/UiO-66 and CA34, 
CA34/UiO-66, CA34/SiO2, CA34/SiO2/UiO-66 membranes were synthesised from casting solutions with 22 
wt.% and 34 wt.% formamide content, respectively, as described by Guerreiro et al. [3]. The membranes 
were characterised in terms of pure water hydraulic permeability (LP), molecular weight cut-off (MWCO) and 
apparent rejection coefficient (R) to urea and p-cresyl sulfate present in dialysis fluid solutions [3]. 
Results and Discussion. Figure 1 shows the hydraulic permeability, MWCO and apparent rejection 
coefficients to urea and p-cresyl sulfate of all the membranes synthesised. 

 
Fig. 1 �t a) LP, b) MWCO, c) R of urea, d) R of p-cresyl sulfate of all the membranes synthesised. 

MWCO of the CA22 membrane series ranges from 2.9 to 28.3 kDa and for the CA34 membrane series ranges 
from 8.9 to 35.7 kDa. The incorporation of UiO-66 yielded higher hydraulic permeabilities for the CA22/UiO-
66 and CA22/SiO2/UiO-66 membranes and lower values for the CA34/UiO-66 and CA34/SiO2/UiO-66 
membranes. All membranes exhibited low rejection coefficients to urea and p-cresyl sulfate, averagely below 
5% over the 0.5-4.0 bar transmembrane pressures. 
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Introduction. Super activated carbon nanopowder (CNP) is a lowcost material that can be obtained from 
biowaste such as coconut shell. Its large specific surface, which may exceed 1300 m2/g, makes it a great 
candidate for CO2 recovery [1]. At the same time, it is also well known that nanofillers in membranes may 
increase permeability while maintaining or improving selectivity due to their affinity to specific molecules. 
Carbon Nanotubes, clayminerals, zeolitic imidazole frameworks and other nanofillers have been 
successfully used on the development of mixed matrix membranes for CO2 removal. Hence, the purpose of 
this work was to develop polyurethane (PU) mixed matrix membranes containing CNP and evaluate its 
potential on the removal of CO2 from gaseous mixtures.  
Experimental/methodology. 5, 10, 20 or 30% wt. of CNP was dispersed into in tetrahydrofuran (Neon 
Comercial, Brazil) for 30 minutes by sonication (Econ-sonics, Brazil) prior to the addition of 10% w/v of PU 
(BASF/ Germany). After 24 hours under magnetic stirring,pure PU or PU-CNT membrane-forming solutions 
were verted into Teflon petri dishes and the membranes carefully casting-dried. The membranes are coded 
as PU-CNPn, where n is the CNP content (5, 10, 20 or 30% wt.). Permeability to CO2 (PCO2), N2 (PN2) and 
CH4 (PCH4) were obtained by the conventional technique.  Ideal selectivity was established as the ratio 
between PCO2 and PCH4 (�D) or PN2 (�E). Dynamic mechanical analysis (Perkin Elmer, USA) was performed 
from -100 to 100°C at 10°C/min. The Glass Transition Temperature (Tg) was determined as the temperature 
at which the tan �G reaches its peak. The peak value of the Tan �G was established as ratio between storage 
and loss modulus. 
Results and discussion. PU membranes showed permeability to CO2 (PCO2) of 40 Barrer. PU-CNP10 
presented PCO2 15% greater than pristine membranes, while PCO2 of PU-CNP5 and PU-CNP20 membranes 
did no differ from the blank samples. On the other hand, PUCNP15 and PU-CNP30, showed a PCO2 of 9% 
and 35% smaller than PU membranes, respectively. Content of 5%, 10% and 15% of CNPs in the membrane 
did not influence �D��significantly, with values of 16, 15 and 14, while the original PU membranes presented 
�D��of 14. However, discrimination between CO2 and N2 was bet performed by the PU-CNP membranes While 
the �E��of PU membranes was 19, PU-CNP5 showed �E��of 197 while �E��of PU-CNP10 membranes reached more 
than twice the selectivity of PU membranes, both effects clearly due to a sharp drop in the N2 
permeability.The thermal analysis bring information on the effect of the nanoparticles on the structure of 
the polymer matrix, and therefore might help explain the results obtained. Although the presence of CNPs 
only slightly affected the Tg of the membranes, it should be noted that membranes that showed a drop in Tg 
were the ones with increased selectivity.  No change or drop in Tg due to the presence of nanofillers is 
associated with a good dispersion as the mobility of the chains in the polymer-filler interfacial region is not 
affected [2]. The main difference between PU-CNP5 and PU-CNP10 was found in the peak value of tan �G, 
which corresponds to the interactions between the filler particles and the polymeric matrix. PU-CNP5 was 
the only membrane with lower peak value of Tan �G (from 0.249 to 0.203), suggesting strong interaction 
filler-polymer[3]. 
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Introduction. Magnetite nanoparticles (Fe3O4-NPS) are promising nanoparticles that exhibit properties 
such as superparamagnetic comportment and high coercivity. Membranes containing Fe3O4-NPS may have 
self-heating properties, which is very interesting for use in membrane distillation (MD), aiding in reducing 
the phenomenon of temperature polarization [1,2]. However, the hydrophilic nature of these nanoparticles 
may reduce the contact angle of the MD membranes, which is undesirable. This study aims to prepare flat-
sheet PVDF Janus membranes with asymmetric wettability properties (i.e., Janus membranes) containing 
magnetite nanoparticles with a highly hydrophobic surface, aiming for use in MD. PVDF membranes were 
prepared using nonsolvent-induced phase separation and adipic acid as a porous-forming agent, with 
different coagulation bath compositions. The resulting membrane demonstrated unique Janus properties, 
indicating its potential for use in the MD process. 
 
Experimental/methodology. Fe3O4 nanoparticles were prepared by the co-precipitation method by 
dissolving FeCl3.6H2O and FeSO4.7H2O in 250 mL distilled water in a molar proportion of 1:2, heating to 
80°C with stirring at 500 RPM in N2 atmosphere, and dropping NH4OH (25%) into the solution, which was 
then aged for 2h. The Fe3O4-NPS were removed with a magnet, washed several times with absolute 
ethanol and water, and dried at 60°C in a N2 atmosphere for 24h. 
The PVDF solutions were prepared by adding 15% PVDF, 5% adipic acid (AD), and 1% Fe3O4-NPS (w/w) in 
NMP at 50°C under a N2 atmosphere for 24h. Pristine PVDF membranes were prepared similarly without 
the addition of AD or NPS. The nonsolvent baths were pure ethanol or deionized water. The solutions were 
sonicated at room temperature for 1 h and cast using 250 or 700 �…�u knifes in a glass plate, which was 
immersed in the nonsolvent bath, left to coagulate for 24h, and then left to dry overnight. 
 
Results and discussion. Table 1 shows the compositions of the membranes and their contact angles, and 
Figure 1 shows the scanning electron miscrocopy (SEM) photos of membrane S6. The decorated PVDF-
Fe3O4 membranes prepared with the etanol coagulation bath exhibited a top-layer contact angle of 77° and 
a bottom-layer contact angle of 136°C, indicating a unique Janus morphology. The bottom surface was 
rougher, which contributed to the higher hydrophobicity. The adipic acid may have adhered to the 
nanoparticles, creating eggshell-like structures and making the bottom layer more hydrophobic. The use of 
AD and ethanol coagulation baths contributed to creating a porous membrane with a highly hydrophobic 
surface, despite the addition of the Fe3O4-NPS. 

Table 1: Characteristics of the membranes.  
Solution 

l * 

(µm) 
Additives 

Coagulation 
bath 

Contact 
���v�P�o�����~�æ�• 

S1 250 - Water 68,8 

S2 700 - Ethanol 117,9 

S3 250 5% AD Water 59,4 

S4 700 5% AD Ethanol 95,1 

5 250 5% AD, 1% NPS Water 77,6 

S6 700 5% AD, 1% NPS Ethanol 136,0 

*casting knife thickness                                                                           Figure 1: SEM of top (A) and bottom (B) layer of S6 at 500x. 
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Introduction. While membrane technology offers a simple and scalable solution for gas separation, 
conventional polymeric membranes suffer a trade-off between permeability and selectivity1. Hybrid 
membranes, combining polymer with a filler, have emerged as a promising approach to overcome this 
limitation1. These mixed matrix membranes (MMMs) combine the ease of processing polymers with the 
enhanced separation properties of inorganic fillers1. Still,  successful synthesis of MMMs remains a trial-and-
error procedure. Additionally, the presence of voids at the interface between the filler and the commonly 
used glassy polymers restricts in part exploration of MMMs with high filler content (�H�ñ�ì�Á�š�9)1. To gain more 
insight in the MMM synthesis, a comparative study is proposed to investigate the impact of the main chain 
length on the synthesis and gas separation performance of ultra-high loaded MMMs. Furthermore, an inquiry 
should be conducted into the correlation between the chain length and the influence of thermal annealing. 
For this purpose, polysulfone will be used which is an established polymer for MMM synthesis.  
 
Experimental/methodology. An analysis of the contribution of the main chain average molecular weight to 
the synthesis and overall gas transport of MMMs is conducted through 50wt% zeolite-loaded MMMs. The 
CHA-type zeolite loading is fixed while three types of BASF polysulfone are used: s2010, s3010 and s6010, 
each characterized by a different average chain length. In addition, a plausible discrepancy with the influence 
of thermal annealing between the three types of polysulfone is investigated by annealing both the MMM 
and polymeric membranes at 50°C-100°C-150°C-200°C. Subsequently, the CO2/N2 mixed separation 
performance is tested in a custom-built high-throughput gas separation system. In this manner, the thermal 
annealing trend of both the polymeric membranes and MMMs can be compared in function of the chain 
length.  
 
Results and discussion. Although the intrinsic performance of the polymeric membranes of the three types 
of polysulfone are highly comparable, the performance of the correspondent MMMs is significantly different. 
First, the shortest chain length provides the highest separation factor, which suggest a better attachment of 
the polymer matrix to the zeolite. Secondly, the shortest chain length shows a steeper increase in separation 
factor with higher thermal annealing temperatures compared to the longer chain length, which suggests that 
is it more susceptible for thermal rearrangement. This could be support by an enhanced mobility with shorter 
chain length while a longer chain length could result in a more rigid matrix. Furthermore, a decrease in 
permeability is expected with higher thermal annealing temperatures. However, an increase in permeability 
for each of the different types of polysulfone-based MMMs with an increase in thermal annealing 
temperature is observed. This counterintuitive observation is most discernible for the longest chain length. 
Additional data will be obtained to further support this data. In general, this evaluation will provide valuable 
insights for optimizing MMM design and unlocking their full potential in gas separation applications 
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Introduction.  
Hydrogen is one of the fuels of the future due to its high gravimetric energy density and no greenhouse gas 
emissions during combustion. A short-to-medium-term solution for introducing hydrogen into the gas grid 
is incorporating hydrogen into the current gas system to create gas blends comprised of natural gas and 
hydrogen at specific molar ratios.1  
For the specified molar ratios of hydrogen and natural gas to be achieved, a purification step is required 
after the production of hydrogen as hydrogen is typically produced via steam-methane reforming resulting 
in additional gases i.e. carbon dioxide and methane.2 Membrane technology is a promising purification 
process as it can potentially achieve a 50% cost reduction compared to the current commercial hydrogen 
purification processes such as pressure-swing adsorption and cryogenic distillation.3 

 

Experimental/methodology. 
Metal-organic frameworks (MOFs) can purify hydrogen as their small pore apertures can remove 
unwanted gases via molecular sieving. Incorporating MOFs into a polymer matrix will result in an 
economically feasible hydrogen purification membrane which, due to the presence of a polymer, has great 
mechanical and thermal stability in addition to purification capabilities. Moreover, the tuneable nature of 
MOFs and the various alterations to the membrane allow the permeate to meet the criteria of the desired 
natural gas-hydrogen blend. 
 
Results and discussion.  
This poster will discuss the preparation of mixed-matrix membranes (MMMs) made of ZIF-7 and 
polyetherimide (PEI). This MOF-polymer combination was chosen due to the small pore aperture in ZIF-7 4 

and the robust thermal and mechanical properties of PEI resulting in membranes with hydrogen 
purification capabilities across a large operating window.5 The compatibility between the ZIF-7 and PEI will 
be discussed as incompatibility will result in voids and agglomeration in the material, which are 
detrimental to purification. The purification capabilities of the membrane in terms of the permeability and 
selectivity of hydrogen when compared to methane and carbon dioxide are also discussed.  Preliminary 
results show that the membranes prepared can achieve a permeability of over 3000 Barrer. The success of 
this project will open the possibility of incorporating cost-efficient hydrogen purification membranes in 
future gas networks. 
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Introduction  
Membrane technologies offer an alternative to conventional separation methods for gas separation. CO2 
separation from gas mixtures is used in processes such as biogas purification or raw natural gas treatment. 
The incorporation of fillers into the polymer matrix improves the gas separation performance of polymeric 
materials, leading to an increase in overall process efficiency.  
The development of novel mixed matrix membranes based on 6FDA-BisP with fillers such as UiO-66 and ZIF-
8 and the development of a mathematical model of the membrane separation module are the main 
objectives of this contribution. Methods such as XRD, BET, FTIR, TGA, DSC, SEM and EDS were used to 
characterize the prepared MMMs and their nanoparticles. The effects of mass content and type of inorganic 
fillers on the separation characteristics and morphology of the prepared membranes were investigated. 
Permeation measurements were performed with a gas mixture containing CO2/CH4 at different ratios (1/1; 
3/1; 1/3) under different pressures (2, 4, 6 and 8) bar. 
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Introduction. Polyvinyl alcohol (PVA)-based membranes have the advantages of hydrophilicity, thermal 
and chemical resistance, and low cost, but, due to its excessive swelling during long-term operation, 
membrane results a deteriaration in their selectivity with increased of flux [1]. To overcome this trade-off 
hurdle, mixed matrix membranes (MMM) incorporating fillers into the PVA matrix have been widely 
studied [2]. Among various types of fillers, carbon nitride (CN) has excellent thermal and mechanical 
durability while also having unique pores of 0.456 nm in size, making it suitable for selective separation of 
water and alcohol [3]. Nevertheless, current research on incorporating CN into polymer MMMs for 
pervaporation is constrained. We synthesized CN nanosheets with low artificial defect and grafted with 
polyacrylic acid (PAA) to improve compatibility with PVA. The carboxyl group created by PAA grafting 
formed a covalent bond with the with hydroxyl group of PVA and additionally, impart a negative charge to 
the surface of the CN particles, preventing aggregation and improving dispersibility in PVA. In this study, 
we fabricated PVA, CN-PVA and PAA-g-CN-PVA hybrid membranes, and compared the membrane 
properties and separation performance on pervaporation of ethanol-water mixtures. 
Experimental/methodology. Synthesis of CN was achieved through a bottom-up approach, utilizing a self-
assembly of PEG and melamine, followed by calcination. Subsequently, CN was reacted with glycidyl 
methacrylate (GMA), causing the -NH2 groups of CN to react with the epoxide of GMA, resulting in 
conversion the -NH2 group into acrylate sites. Following this, the modified CN was reacted with acrylic acid 
and azobisisobutyronitrile (AIBN) in an inert atmosphere, resulting in the free radical reaction and PAA-g-
CN was synthesized. The successful synthesis of PAA-g-CN was confirmed through FT-IR, XPS, XRD and TGA 
analysis. For the fabrication of the hybrid membrane, PAA-g-CN at concentrations ranging from 2 to 20 
wt.% vs. PVA were dispersed with a 6 wt. % PVA solution. Then, 0.2 g of glutaraldehyde was added to the 
mixture as a cross-linking agent and the solution was casted on a polyether sulfone (PES) substrate. The 
selective layer of the fabricated membrane has a thickness of approximately 1.5 µm. And the pervaporation 
test was operated on the ethanol-water mixture with a water composition of 10 wt.% and a temperature of 

40 �� .  
Results and discussion. In the pervaporation results, PAA-g-CN-PVA membranes exhibited a slight decrease 
in total flux compared pristine PVA membranes, measuring 0.21 and 0.17 kg/m2h, while the separation 
factor improved from 49 to 176. This enhancement can be attributed to the interlayer spacing and the 
presence of tiny triangular nanopores in the s-triazine network of PAA-g-CN, facilitating the selective 
diffusion of water. Additionally, the swelling degree and diffusion coefficient for ethanol of  PAA-g-CN-PVA 
demonstrated smaller values compared to the pristine PVA membrane. This findings suggest that 
introducing PAA-g-CN sheets can significantly improve the water selectivity of PVA membranes. In addition, 
due to the excellent dispersibility of PAA-g-CN in the PVA matrix, up to 20 wt.% could be added to PVA 
matrix without aggregation, and the selectivity gradually improved as the loading amount increased. In 
a long-term pervaporation test lasting 240 h, the PAA-g-CN-PVA membrane maintained its structural 
stability without degradation separation performance. 
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Introduction. Biogas is a green sustainable gas energy vector that constitutes a potential alternative to 
significantly reduce the waste and greenhouse gases (GHG). The biogas upgrading will improve its calorific 
value increasing its potential as renewable energy source. Membrane technology is a competitive 
methodology used for biogas purification due to its low energy consumption, simple and compact 
modules, and small footprint.1 However, more effforts are required to attain a polymer material with low 
physical aging and high resistance to plasticization which exhibits high permselectivity for CO2/CH4 and 
H2S/CH4 separations. In this context, we introduced mixed matrix membranes (MMMs) composed of novel 
blends of porous organic polymers (POPs) networks and the archetypal PIM-1 as polymeric matrix, 
exploiting in synergy the advantages of polymers in mechanical stability, easy processability and low cost, 
with the strength of dispersed porous networks in terms of gas separation performance.2  
 
Experimental/methodology. Three different POP series have been synthetized via Friedel-Crafts reaction 
using 1,3,5-triphenylbenzene (TPB) or derivates as starting material and AlCl3 as catalyst. The BET surface 
areas values of the polymers obtained ranged from 900 to 2500 m2/g. A method for the fabrication of the 
MMMs has been developed and optimized where PIM-1 has been employed as matrix and the POP 
networks as fillers in diferent concentrations. 
 
Results and discussion. Due to the purely organic nature of the POP-based fillers, the filler �t polymer 
matrix interfacial compatibility is enhanced. In addition, the dispersed POPs particles act as scaffolds 
�^�(�Œ�����Ì�]�v�P�_�� �š�Z���� �‰�Z�Ç�•�]�����o�� ���P�]�v�P�� ���v���� ���Æ�š���v���]�v�P�� �š�Z���� ���µ�Œ�����]�o�]�š�Ç�� �}�(�� �u���u���Œ���v���•�X�� �Z���P���Œ���]�v�P�� �š�Z���� �P���•�� �š�Œ���v�•�‰�}�Œ�š��
properties, all the fabricated MMMs show improved CO2/CH4 permeselectivities comparing the neat PIM-1 
membrane, highlighting the MMMs with amidoxime groups in the POP networks, in which enhanced 
CO2/CH4 permselectivity is detected due to their better CO2-affinity.  
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Introduction 
In recent days, the accumulation of dye contaminants released in the water has become a global 
environmental issue. It is estimated that 7 × 105 tons of diverse colorings are manufactured from 100,000 
commercially accessible dyes each year [1]. Approximately 10 to 15% (around 70,000 to 105,000 tons) 
were emitted as untreated effluents into the environment and water resources [2]. Therefore, sustainable 
and clean technologies are urgently required to solve this global challenge. The purpose of this research is 
to study the effects of graphene oxide (GO) addition in poly(vinyl pyrrolidone)/poly(vinylidene fluoride) 
(PVDF-PVP) composite membranes for the removal of anionic naphthol blue-black (NBB) dye from aqueous 
solution. 
 
Methodology 
Four polymer composite membranes, PVDF-PVP (PP) and those with various GO contents (PPG at 1%, 4%, 
and 10%), were developed using phase inversion method. The microporus membranes were tested for 
morphology, microstructure, elemental composition, pore size distribution, hydrophilicity, and surface 
charge. Separation performance of single and mixture dyes was evaluated in terms of filtrate permeance 
and removal efficiency. Multi-cycle filtration was carried out to confirm the long-term operation stability. 
 
Results and discussion 
The NBB dye contains highly acidic sulfonate groups, exhibiting a highly negative zeta potential of -29.50 ± 
0.26 mV. Therefore, as the membrane surface became more negatively charged with the addition of GO 
contents, NBB dye rejection efficiency increased (Fig. a). Over the multi-cycle filtration, higher GO 
concentrations enhanced the NBB dye rejection efficiency (Fig. b). This is due to the high hydrophilicity and 
negative surface charge of GO, acted as a barrier layer on the membrane surface, preventing foulants from 
penetrating the membrane matrix. 
 

 
 
 

 
 
 
 
 
 
 

 
 
Figure (a). Filtrate permeance and rejection efficiency of naphthol blue black (NBB) dye 
Figure (b). NBB dye rejection efficiency in the 72 hours of multi-cycle filtration 
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Introduction. Reverse osmosis (RO) membranes are widely employed for desalination and water 
purification industry. However, their ability to remove boron, a problematic contaminant in drinking water, 
remains limited due to its small size and high water solubility 1. The introduction of nanofiller into thin film 
composite RO membranes has shown promise in terms of membrane performance improvement. Linde 
type A (LTA) zeolite  and metal-organic framework (MOF) nanofillers are nano porous, with unique 
structural properties, including high surface area and shape selectivity. They are ideal candidates for 
enhancing membrane performance due to their adsorption properties and molecular-sized pores 2. This 
research addresses this challenge by exploring the potential of LTA zeolite and MOF nanocomposites as 
advanced RO membranes for enhanced boron rejection.  
Experimental/methodology. The study compares the performance of pristine RO membranes, LTA zeolite 
nanocomposites, and MOF nanocomposites in terms of boron rejection, By aiming for a defect-free and 
successful integration of nano zeolite and MOF into TFC membranes. The morphology, surface properties, 
pore size distribution, and porosity of all membranes were characterized using X-ray photoelectron 
spectroscopy (XPS), scanning electron microscopy (SEM), atomic force microscopy (AFM) and surface 
charge measurements. Filtration experiments were conducted to evaluate boron rejection, water flux, and 
membrane selectivity. The impact of nanoparticle incorporation on these parameters was statistically 
analyzed, and the underlying mechanisms for enhanced boron rejection were explored. 
Results and discussion. By aiming for a defect-free and successful integration of nano zeolite into TFC 
membranes, the outcomes of this research can lead to enhanced boron removal and water treatment 
compared to similar membrane without zeolite and MOF nanofillers. Additionally, this research can 
contribute to a deeper understanding of the impact of nanofiller incorporation into polymeric matrix for 
enhancing separation technologies and provide insights into defect formation on the modified 
membranes. The ultimate goal is to provide clean and boron free water supplies to meet the required 
usage standards.  
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Introduction. With the growing concern about the impacts of climate change on human beings, there is also 
an urgent need to accelerate the transformation into a green economy. In Europe in particular, the European 
Green Deal, which was approved in 2020, has fixed various measurements to make the European Union 
climate neutral in 2050. In this respect, there is an ambitious plan to reduce greenhouse gas emissions as 
much as 55% by 2030. Therefore, to fulfill this objective, the utilization of hydrogen as one of the cleanest 
energy vectors becomes essential [1]. 
Besides hydrogen production, the separation of hydrogen from other gases is also crucial for hydrogen 
energy utilization. For example, such a separation process is essential for steam methane reforming as one 
of the main hydrogen production processes. In this case, hydrogen must be separated from other gases such 
as CO2 and CH4 before being used. Compared to other conventional separation processes, the membrane-
based process could be considered as the most promising option to achieve this objective considering its 
advantages in terms of separation performance and energy consumption. Therefore, various advanced 
materials, such as metal organic framewokrs (MOFs), covalent organic frameworks (COFs), and graphene 
oxide (GO), have been recently developed to significantly improve the current membrane performance. 
Despite the promising performance shown by these advanced materials, some challenges could hinder their 
deployment in real situations such as the difficulty to form them as a self-standing membrane. Therefore, 
forming them as a composite membrane when they are combined with polymeric materials -called mixed 
matrix membranes (MMMs)- could be considered one of the most promising approaches to accelerate the 
deployment of membranes for hydrogen separation. In this case, the advantages of ease of handling and 
processing offered by the polymer could be combined with the excellent separation performance offered by 
these advanced materials to obtain a high-performing membrane for hydrogen separation [2]. 
However, up to now, a comprehensive study to evaluate the MMMs' performance has not been yet 
conducted. Such a study is actually necessary to give researchers in this field an idea regarding the promising 
direction of the MMM research for hydrogen separation, which will then be the main objective of this study. 

Experimental/methodology. The results in this study 
were obtained by a comprehensive data collection from 
the available literature investigating the performance of 
various MMMs for hydrogen separation.  
Results and discussion. As shown in Figure 1, our study 
with the MOF MMMs for H2/CO2 separation has shown 
that their performance is quite varied. It can also be seen 
that not all of them are promising for this separation 
process since only an increase in membrane permeability 
can be observed. However, some of them which are 
loaded with amino-functionalized groups have 
demonstrated a good performance improvement since 
both the membrane permeability and selectivity can be 
enhanced. This study will then further elucidate the 
performance of other MMMs for hydrogen separation 
from other light gases. 
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Figure 1. Summary of the MOF MMMs 
performance for H2/CO2 separation 
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Introduction. Bioethanol produced via fermentation stands out as a prominent alternative to fossil fuels. 
However, its efficacy is greatly influenced by the choice of raw materials employed in the fermentation 
process and the technology utilised for separation [1, 2]. Hence, pervaporation emerges as the most 
promising and energy-efficient technology for bioethanol recovery [3] [4]. Over the past three decades, 
various polymer membranes have been used in industrial pervaporation processes [5]. The careful selection 
of an appropriate polymer is crucial, as it significantly influences the overall membrane performance [6]. In 
this work, composite membranes were fabricated by incorporating graphene nanoplatelets (1, 2, 3 and 
4 wt%.) into PTMSP polymer to enhance the ethanol flux and their separation factor via pervaporation. The 
physical and chemical characteristics of membranes were assessed through SEM, TGA-DSC, FTIR-ATR, XRD, 
XPS and swelling experiments. To study the ageing effects, pristine and composite membranes were 
subjected to 200 h filtration tests with a 10 wt% ethanol feed concentration at 70 °C.  
Experimental. We explored the development of composite membranes comprising Poly 1-trimethylsilyl-1-
propyne (PTMSP) and graphene nanoplatelets (GNP). These membranes exhibit remarkable efficacy in the 
selective recovery of ethanol from water using pervaporation. The composites were characterised by 
scanning electron microscope (SEM), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy with 
attenuated total reflection (FTIR-ATR), simultaneous thermogravimetry-differential scanning calorimetry 
(STA TG-DSC), and assessment of the degree of swelling (DS). Pervaporation studies were conducted with 
a 10 wt% ethanol/water feed at four distinct temperatures ranging from 25 to 55 °C. The scrutiny focused 
on elucidating the influence of graphene nanofillers on critical parameters, including flux, separation 
factor, pervaporation separation index (PSI), and the ageing characteristics of PTMSP membranes. 
Results and discussion. We produced a series of composite membranes by introducing graphene 
nanofillers into PTMSP polymer. The investigation encompassed the impact of graphene nanofiller load and 
its interaction with the PTMSP matrix. Due to graphene's extensive surface area, nanofillers ranging from 
1 to 4 wt% comprehensively covered the entire polymer network. Using EDX and SEM, we observed the 
proper dispersion of graphene throughout PTMSP. The addition of nanofillers decreased crystallinity, and 
the hydrophobic nature of graphene facilitated ethanol recovery from water/ethanol mixtures. 
Furthermore, PTMSP/graphene composite membranes exhibited remarkable swelling resistance towards 
ethanol. Pervaporation results demonstrated that incorporating 2 wt% graphene nanofillers significantly 
enhanced the separation factor while maintaining a total flux comparable to that of the pure PTMSP 
membrane. To address the physical ageing issue associated with PTMSP membranes during scaling up, we 
successfully fabricated a graphene/PTMSP composite with delayed ageing for its application as 
a membrane in water/ethanol separation through pervaporation. 
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Introduction. Efforts to mitigate global warming and climate instability by greenhouse gas (GHG) emissions 
focus on reducing energy consumption and capturing CO2 [1]. Enhancing the efficiency of separation 
processes could significantly decrease greenhouse gas emissions and energy costs. Membrane technology 
is pivotal for its energy-efficient purification and CO2 sequestration capabilities. Mixed matrix membranes 
(MMMs) have been recognized as next-generation membranes since they integrate polymer processability 
with improved separation from fillers [2,3]. 
MMM offers a further sustainable solution when moving towards bio-based materials to address disposal 
concerns. Nanocelluloses, inspired by nature, offer sustainable, mechanically robust, and economically 
viable options for creating next-generation green membranes [4, 5]. This paper discusses cellulose-based 
materials' transport properties and modeling for advanced, bio-based membranes aimed at CO2 capture 
from flue gas (CO2/N2) and Syngas (CO2/H2). 
 
Experimental/methodology. Molecular dynamics simulations are used to investigate the compatibility of 
Cellulose nanocrystals (CNCs) and polymeric membranes and the gas transport properties of CO2, N2 and 
H2. The Pebax-containing CNCs structures are built with specific connections between amorphous and 
crystalline moieties. Dense MMMs are prepared by loading 40 wt% of cellulose nanocrystals (CNCs) are 
with tuned physical and functional properties. Single-gas permeation tests on the MMMs are obtained by 
the time-lag method at 25°C and 1 bar. 
 
Results and discussion. The transport properties of the developed MMMs at 25°C confirm the 
compatibility between the specific CNCs and the Pebax polymer. The temperature dependence of P, D, and 
S is analyzed for a variety of membranes prepared from neat polymers or mixed matrix membranes.  
The molecular modeling approach gives an indication of the morphological modification induced by NCNs 
into the amorphous phase fraction. Simulated sorption and diffusion coefficients give deep insight into the 
effect of the semicrystalline microstructure on CO2 permeability. 
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Introduction. The separation of oil/water emulsions is of immense importance owing to water recovery 
from the emulsified oily wastewater streams such as produced water generated during oil drilling 
operations in the petroleum industry [1,2]. Membrane-based separations have shown a promising potential 
for treating such challenging oily wastewater streams. The membranes with special surface wettability 
such as superhydrophilic and underwater superoleophobic membranes are excellent choices for separating 
the oil/water-stabilized emulsions [3,4]. Hence, during the current study, a hydrophilic polyamide polymer 
was synthesized which was decorated in the matrix of polyvinylidene difluoride (PVDF) membrane at 
different concentrations resulting in three hydrophilic polymer decorated PVDF mixed matrix membranes. 
The membranes demonstrated excellent oil/water separation potential with promising flux enhancement 
and antifouling properties compared to the control PVDF membrane. 
Experimental/methodology. The hydrophilic polyamide polymer was synthesized by condensation 
polymerization. The polymer was cleaned thoroughly by washing with methanol and water and 
characterized using various characterization techniques including FTIR, 1H-NMR, SEM, EDX, FE-TEM, SAED 
patterns, XRD, and TGA. The synthesized polymer was decorated in the matrix of the PVDF membrane. For 
this purpose, the polyamide polymer was dissolved in the dope solution of PVDF and cast on the tempered 
glass surface. Then the membrane was obtained by non-solvent induced phase separation (NIPS) where 
the cast solution conating glass was dipped in the water bath. The obtained membranes were left dipped 
in the distilled water until used for separation studies. The membranes were extensively characterized and 
tested by installing these membranes in a cross-flow filtration mode where different experiments were 
conducted. 
Results and discussion. The 1H-NMR analysis revealed the presence of the hydrophilic polymer in the 
matrix of the PVDF membrane. The dynamic water contact angle (WCA) measurements revealed that the 
membranes possess a superhydrophilic surface as the WCAs were measured to be <0o in a mere 1 second 
of analysis. The membrane surface roughness was measured to be increased with increasing dosage of the 
polyamide polymer. The membrane with the highest dosage of polyamide polymer showed a 93% 
enhancement in permeate flux compared to the pristine PVDF membrane. The oil/water emulsion 
separation stayed at >99% giving clean water as a permeate. The total organic carbon (TOC) confirmed the 
separation potential of the membrane. The fouling studies also revealed that the hydrophilic polyamide 
decorated PVDF membrane showed an enhancement in its antifouling properties compared to the pristine 
PVDF membrane. 
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Introduction. Scanning electron microscopy (SEM) is state of the art for efficient and qualitative evaluation 
of the sub-nanometer pore structure of water desalination membranes. To mitigate charging artifacts and 
minimize radiation damage during imaging, the sample should be sputter coated with a metal, such as 
platinum [1]. However, no research to date has investigated the impact of coating thickness on post-image 
analysis [1-3]. Our objective is systematically analyzing the effect of coating thickness on pore size and 
porosity derived from SEM images.  
Experimental/methodology. A UF membrane and RO support layer were coated with platinum at 
thicknesses ranging from 1-5 nm, then imaged by SEM for quantitative surface pore structure 
characterization. To approximate true pore structures without coating, we employed Python programming 
to artificially erode the coating layer around pores in binary SEM images of coated samples. 
Results and discussion. Our findings revealed a significant reduction in apparent membrane porosity with 
increasing coating thickness, with reductions of up to 60% and 40% for a 5 nm coating on PW and AD 
supports, respectively (see Fig. 1a).  This is leading to a systematic bias in the membrane-science field. To 
accurately characterize true pore structures without coating, we employed Python programming to 
artificially erode the coating layer around pores in binary SEM images of coated samples at varying coating 
thicknesses (see Fig. 1b). For instance, on PW membranes with a 5 nm coating, the top porosity was 
determined as �í1.2 ± 0.8� � � �%. However, employing this method at zero coating thickness revealed 
significantly greater porosity 43.7 ± 1.7����% (see Fig. 1c). This process enabled the measurement of real and 
accurate porosity and pore size of the top surface of membrane supports.  Our pioneering study will make 
a substantial contribution to the broad research fields that rely on SEM for their analyses. 

 

 
 

Fig. 1. a, surface coating thickness of PW membrane and AD support at various coating thicknesses and angles. b.pore 
dilation of binaary SEM images to get pores structure at zero zoating thickness. c, surface porosity gained through pore 

dilation from coated samples.  
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Methanol (MeOH) is not only an important chemical basic organic raw material for chemical production 
synthesis, but also a solvent and gasoline additive with excellent performance. Methyl acetate (MeOAc) 
has volatility and low toxicity, which is a very important green solvent widely applied in adhesives, paints 
and fuels. The MeOH and MeOAc mixtures can occur in chemical production processes such as 
esterification, ester exchange, and polyvinyl alcohol (PVA) production. As the azeotrope mixtures of MeOH 
and organic compounds (e.g., MeOAc, DMC, MTBE), the ordinary distillation is hard to separate the 
azeotrope mixtures. However, pervaporation membranes play a vital role in separating organic-organic 
azeotropic mixtures due to breaking azeotropic equilibrium. The PVA-based polymeric membranes have no 
significant advantages in the separation of methanol-methyl acetate mixtures, especially in the separation 
factor. In this work, we introduced UiO-66-(NH2)2 nanofillers into PVA matrix to fabricate UiO-66-
(NH2)2/PVA mixed matrix membranes for the separation of MeOH/MeOAc azeotropic mixtures in Figure 1. 
On the one hand, UiO-66-(NH2)2 nanofillers can mix well with polymer PVA in the aqueous solution. On the 
other hand, the organic solvent vapor adsorption test confirmed that UiO-66-(NH2)2 has a good affinity for 
MeOH molecules, which facilitates the preferential transport of MeOH molecules. Therefore, the 
optimized 7.5 wt% UiO-66-(NH2)2/PVA MMM exhibited the total flux of 1554.6 g/m2h and the separation 
factor of 70.9 in 20 wt% MeOH/MeOAc azeotropic mixture at 30 oC, which is superior to the reported 
membranes. 
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One of the most important challenges for our society nowadays is the development of more energy-
efficient and carbon-neutral processes that reduce dependence on fossil fuels and help diminish 
greenhouse gas emissions [1]. Membranes have been demonstrated as one of the most promising 
separation technologies, with straightforward scale-up, low fabrication costs, reduced environmental 
impact, and a wide application field: gas separation, water treatment, nanofiltration, and pervaporation to 
fuel cells [2]. 
 
However, the existing membranes, mostly of pure polymer materials, are not optimal: improvement in 
permeation is always at the expense of selectivity, and vice versa [3]. The incorporation of advanced 
nanotechnological materials such as COF (covalent-organic framework), with high specific surface area, 
a high capacity for adjustable adsorption, molecular sieving, flexibility, and diverse functionalities, etc., in 
the polymer matrices would allow the fabrication of mixed matrix or hybrid membranes to overcome the 
challenges of environmental sustainability. Solvothermal techniques are the most popular for producing 
COFs because they offer considerable control over the reactive medium but have the drawbacks of lengthy 
reaction durations at a moderate temperature, using a variety of organic solvents, and harsh conditions [4]. 
 
This work proposes more environmentally friendly and sustainable methods for COF synthesis, based on 
the supplied energy control and the choice of green solvents, for their application in membrane separation 
processes. In addition to the fast and organic solvent-free microwave hydrothermal synthesis of TpPa-1 [5], 
conventional hydrothermal and mechanochemical (avoiding the direct use of solvents) are used for 
comparison, by analyzing different parameters, such as temperature, reaction times, catalyst, nature of the 
solvent, textural properties, and yields. Temperature control was deemed crucial for achieving good 
crystallinity and high surface areas. 
 
Despite the need for additional study of sustainable methods for other types of COF for membrane 
applications, a window into fascinating and promising non-toxic and energy-efficient syntheses in an 
aqueous medium has emerged. 
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Introduction. Enantiomers are molecules that share the same chemical formula but in space form mirror 
images of each other. Their reactions with other chiral molecules can be remarkably different, which is 
crucial mainly for pharmaceuticals and agrochemicals. However, industrial-scale synthetic production of 
enantiomerically pure compounds is not always available. Therefore, the need for pure enantiomeric 
compounds drives the development and research on various separation methods. Separation of racemic 
mixtures using membranes is promising thanks to the easy scalability and continuous operation of 
membrane processes. The mechanism of enantiomeric separation on an enantioselective membrane is, 
however, highly specific and still requires extensive research on the molecular level. In this work, we verify 
the enantioselectivity of a chiral ion-exchange membrane by applying the principles known from ion-
exchange membrane processes and chiral ion-exchange chromatography.  
Experimental/methodology. The mixed matrix chiral membrane was prepared by mixing a suitable polymer 
(Matrimid�  or ethylene-co-vinyl alcohol ���s���>�¡ EVOH) with silica particles coated with a chiral anion-
exchange type selector based on Cinchona alkaloids [1]. The membranes were prepared from N-methyl-2-
pyrrolidone or dimethyl sulfoxide by the solvent evaporation method. Prepared membranes were tested in 
diffusion cells to measure the permeability and selectivity of N-(3,5-dinitrobenzoyl)-leucine as a chiral acidic 
analyte. Various experimental conditions including changes in feed concentration, pH and acetate/formate 
(buffer) concentrations were tested to describe the separation process. 
Results and discussion. We observed high selectivity reaching over 90 % enantiomeric excess in permeate. 
In diffusion mode, however, the selectivity decreases over time, depending on the amount of acid and buffer 
present in the solvent. Comparison of the fluxes of individual enantiomers over time reveals that the flux of 
the less retained enantiomer remains almost constant during the experiment, while the flux of the 
enantiomer more attracted by the chiral selector increases, lowering effectively the enantiomeric excess 
measured in permeate. The decline of the enantiomeric excess is sharper in experiments with a higher 
amount of the buffer/acid, indicating oversaturation of the positively charged selector by the counterions 
provided by the buffer/acid.  At low buffer/acid counterion concentrations, the membrane is oversaturated 
by the molecules of the analyte. Finding a balance between the competitive counterions and analyte 
concentrations could prolong the working cycle of the membrane. Future perspectives of chiral ion-exchange 
membranes are discussed. 
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Introduction.  
Phenylcarbamate derivatives of cellulose and amylose have been extensively studied and found to be 
excellent chiral selectors for the resolution of racemic molecules.1 Non-steroidal anti-inflammatory drugs 
(NSAIDs) are widely used in human and animal health care to reduce persistent inflammation, pain, and 
fever because of their anti-inflammatory, analgesic, and antipyretic effects.2 These drugs often exhibit 
several side effects, such as renal failure, diarrhea, nausea, and vomiting. Some of them originate from 
their chiral structures. For example, the (S)-enantiomer of Naproxen which is a NSAID shows therapeutic 
activity while the (R)-enantiomer is a liver poison. Therefore, the target enantiomers need to be separated 
to ensure efficient therapeutic effect. To date, chiral separations are widely achieved by high-performance 
liquid chromatography (HPLC) technology that has several hurdles for scaling up, including high energy 
consumption, high operational cost, and discontinuous operation process.3 We are exploring membrane-
based chiral separation technique as a simple and cost-effective alternative platform to achieve an efficient 
enantioseparation. The membranes used for chiral resolution are obtained through electrospinning. Due to 
its simplicity, adaptability, and inherently high surface area-to-volume ratio of electrospun fibers, 
electrospinning has emerged as the most suitable method for nanofiber fabrication.4 
 
Experimental/methodology. 
Cellulose tris(3,5-dimethylphenyl carbamate)s (CDMPCs) dissolved in a mixed solvent system of acetone 
and DMF were electrospun at room temperature (ca. �î�ñ�£���•�����v�����Z�µ�u�]���]�š�Ç���~ca. 30%). A high voltage (15 kV) 
was provided between the metallic needle and the electrode plate, which was situated at a predetermined 
distance (15 cm) below the needle's tip, while the sample solutions were fed from the needle to the 
collector at a suitable feed rate (10-50 �PL/min). The obtained CDMPC membrane was properly positioned 
between a pair of "Side-By-Side" glass cells for a liquid-liquid permeation of (R,S)-1-(1-naphthyl)-ethanol as 
a model racemic molecule to be filtered. 
 
Results and discussion.  

In the present work, TECHNOCEL�  cellulose fiber samples derived from hardwood are functionalized to 
synthesize CDMPCs having different degrees of polymerization.5 The obtained CDMPCs are electrospun to 
form nanofibrous membranes and their morphologies are studied in relation to the electrospinning process 
parameters, the degrees of polymerization of the CDMPCs, and their solution concentrations. The liquid-
liquid permeation experiments of a racemic compound, (R,S)-1-(1-naphthyl)ethanol, through the CDMPC 
membranes demonstrate preferable permeation of the (S)-enantiomer. This was supported by theoretical 
simulations using a molecular docking model that indicates stronger hydrogen bonding and �‹-�‹ interactions 
with a higher binding energy between CDMPC and the (R)-enantiomer than the (S)-enantiomer. 
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Introduction. The presence of arsenate and ammonia in ground and surface waters is a pressing 
environmental and public health concern. The removal of arsenate and ammonia from water is 
traditionally achieved through filtration, adsorption, ion exchange, and membrane processes[1,2]. 
Membrane processes offer advantages such as high pollutant rejection rates[3,4]. However, typical 
membranes lack controllable pore size and selectivity[5].  
Adsorptive membranes offer rapid removal of contaminants due to convective flow, high retention of ions, 
and low energy consumption compared to conventional membranes. In this work, the advantages of 
molecular imprinting polymerization are enhanced with graphitic carbon nitride (g-C3N4) to fabricate 
adsorptive membranes for the removal of arsenate and ammonia from water. Molecularly imprinted 
polymers offer selectivity and relatively high tolerance to different temperatures and pH[6]. The unique 
properties of g-C3N4 �t such as high porosity, chemical versatility, strong mechanical stability, and a large 
surface area �t make the g-C3N4 act as both a cross-linker and an initiator during polymerization[6]. The 
resulting composite nature of the polymer material enhances the strength of the material and its 
adsorptive properties[7].   
Experimental/methodology. The imprinted and non-imprinted polymer membranes were synthesized via 
random copolymerization of acrylates using blue light. g-C3N4 was prepared by urea thermopolymerization. 
Membranes were prepared by gravity filtration or phase inversion. Membrane performance was tested in 
a flat sheet module. 
Results and discussion. Results of membrane performance revealed that imprinted membranes removed 
arsenate and ammonia to a greater degree than non-imprinted membranes (Table 1).  

Table 1. Adsorption efficiency for non-imprinted and imprinted membranes. 

Material Arsenate removal [mg/g] Ammonia removal [mg/g] 

Non-Imprinted membrane 0.047 0.00081 

Imprinted membrane 0.050 0.012 

 
Comparison of arsenate and ammonia with commercial membranes will be presented. 
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Introduction. Nanofiltration (NF) membranes applied for the recovery of apolar solvents, and/or valuable 
molecules contained therein, require not only high chemical, thermal, and mechanical stabilities to withstand 
the operating conditions but also require favourable interactions between solvent, and solute. The desired 
stability can be achieved by using ceramic NF membranes. However, due to the hydrophilic nature of ceramic 
membranes a decrease in apolar solvent flux is observed compared to water flux [1]. To tackle this issue, the 
surface modification of mesoporous ceramic membrane with alkyl-based phosphonic acid molecules is 
a promising solution to tune the hydrophilic surface into hydrophobic/oleophilic one. Simultaneously it 
reduces the pore size of the membrane from the ultrafiltration to the nanofiltration range [1,2]. 
 
Experimental/Methodology. In this work, the possibility to functionalize ultrafiltration ceramic membranes 
with different alkyl-based phosphonic acid molecules will be presented. To tune the pore diameter, the 
length of the alkyl chain was varied between 12 and 18 carbon atoms. To produce these membranes, three 
grafting methods were used: solution phase, solid-state and interfacial grafting. Relevant analysis methods 
have been used to show the successful grafting and resulting pore reduction to the NF range as well as the 
change in surface property of the ceramic membranes. 
 
Results and discussion. The results indicate that the grafting method determine the final grafting density but 
does not control the final pore diameter. Furthermore, it was found that the longer chains of 18 carbon atoms 
hindered other molecules from reaching the membrane surface thereby lowering the grafting density. The 
choice of the grafting method was found to be key in directing the solute-solvent-membrane interaction. This 
work offers the possibility to design membranes with a long lifetime, resistance to harsh conditions and tailor-
made performance for a wide range of applications. 
In this presentation, the physicochemical characteristics and functional properties of the derived 
hydrophobic ceramic membranes will be described and discussed.  
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Introduction  
The climate crisis along with the rising atmospheric CO2 concentration have intensified the scientific studies 
around carbon capture applications from anthropogenic emissions. Ceramic membranes, known for their 
durability, thermal and chemical stability, can be used for such gas separations, as an alternative option for 
harsh environments where polymeric membranes typically fail. Nevertheless, one of the main challenges in 
the production of nanoporous ceramic membranes is tailoring a narrow pore size distribution while obtain-
ing high-flux, defect-free sub-micrometer thin films. The present study focuses on the synthesis, characteri-
zation, and evaluation of selective silica-based membranes formed on top of nanofiltration TiO2 supports by 
chemical vapor deposition (CVD) methods supported by ozone pre- and post-treatment modifications.  
Experimental/methodology 
Commercial TiO2 nanofiltration membranes are used as supports to synthesize thin, silica-based membranes 
that could potentially recover CO2 from industrial gas streams. The low-temperature (250oC) CVD method is 
conducted using a customized multifunctional rig designed for single gas permeation, gas separation and 
CVD modification [1]. The CVD modification protocol is making use of a silane (e.g. TEOS, as the silica precur-
sor) and an oxidizing agent to gradually tune the pore size of the top silica and/or hybrid silica layer to 
a smaller size. Furthermore, ozone treatments are applied before and after CVD to enhance the density of 
silanol groups for post-modification and to fine-tune the final pore size [2], respectively. The fabricated mem-
branes are being characterized by single gas permeation (He, H2, CO2, N2, CH4, SF6) and gas separation ex-
periments of various gas mixtures of interest (H2/CO2, CO2/N2 and CO2/CH4).  
Results and discussion 

The successful deposition of the selective silica layers on the titania sub-
strates is confirmed by scanning electron microscopy (SEM) images in 
combination with energy-dispersive X-ray spectroscopy (EDS). Figure 1 
reveals a distinct structure of the selective top layer consisting of two 
phases: an inner layer rich in titanium, approximately 1 �…�u���š�Z�]���l�U�����v����
an outer layer rich in silicon, approximately 500 nm thick. The mem-
���Œ���v���[�•��He/SF6 ideal selectivity increased from 6 to 210 coupled with 
a high He permeance of 1.7 x 10-6 mol m -2 s-1 Pa-1 at 200oC after 14h of 
CVD modification and post-ozone treatment. To gain deeper insights 
into the gas transport phenomena through the synthesized membranes 
a model, assuming a bundle of pores with a certain pore size distribu-
tion, is developed to describe the contribution of the parallel transport 

mechanisms. The model is validated against experimental results of gas permeation measurements.  
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Figure 1: Cross section SEM image 

of the synthesized membrane  
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Introduction: Sodium hypochlorite (NaClO) is a common cleaning agent for ultrafiltration (UF) membranes. 
While its detrimental effects on polymeric membranes are well-documented, its impact on ceramic 
membranes remains less explored. This study investigates the chemical stability of silicon carbide (SiC) UF 
membranes prepared using low-pressure chemical vapor deposition (LP-CVD) during prolonged NaClO 
exposure. 
SiC UF membranes were fabricated via LP-CVD at two different temperature and pressure conditions. LP-
CVD offers the advantage of SiC membrane fabrication at significantly lower temperatures (700-�õ�ì�ì�£���•��
compared to conventional sol-gel methods (ca. 20�ì�ì�£��). The membranes were subjected to 200 hours of 
NaClO aging to assess their resilience. 
Experimental/methodology: SiC UF membranes were fabricated via LP-CVD at two different temperatures 
and pressures. SiC-7 was prepared at 750�£C and 600mTorr, and SiC-8 was prepared at 860�£C and 
100mTorr. For the membrane ageing procedure, dried membrane samples were soaked in a 5% NaClO 
solution in an air-tight container at ambient temperature (25�F3�£C) in the dark for 200h. The aged SiC-7 and 
SiC-8 membrane are referred to as SiC-7-2A and SiC-8-2A, respectively. After 200h, SiC-7-2A and SiC-8-2A 
were removed from the 5% NaClO solution, rinsed with ultrapure water, and soaked in ultrapure water 
overnight to remove residual NaClO species before characterization. 
Results and discussion: Before and after aging, we evaluated the pore size of the SiC UF membranes to 
identify optimal LP-CVD conditions. Pore size measurements revelaed that the pore size of the SiC-7-2A 
membrane increased after ageing, whereas pore size of SiC-8-2A membrane was unaffected by ageing (Fig. 
1), confirming the chemical robustness of the SiC-8 membrane in NaClO. 

 

�K�µ�Œ���(�]�v���]�v�P�•���•�Z�}�Á���š�Z���š���^�]�����h�&���u���u���Œ���v���•���‰�Œ�}���µ�����������š���ô�ò�ì�£�� and 100mTorr via LP-CVD exhibit exceptional 
resistance to NaClO agi�v�P�U�� �Á�Z���Œ�����•�� �š�Z�}�•���� �‰�Œ���‰���Œ������ ���š�� �ó�ñ�ì�£���� ���Æ�‰���Œ�]���v������significant deterioration. This 
highlights the crucial role of precise LP-CVD parameters in ensuring the robustness and long-term 
performance of SiC membranes in harsh chemical cleaning environments. 

Figure 1. Pore size measurements of Pristine; SiC-7; SiC-7-2A; SiC-8; SiC-8-2A. 
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Introduction. The research integrating engineering, chemistry, and nanoarchitecture of materials was 
conducted to generate a new class of smart separation materials dedicated mainly to enzyme 
immobilization [1, 2] and water purification, e.g. removal of hazardous VOCs [3]. The fundamental studies 
began with developing smooth and rough surfaces made of aluminium foil [4] and ceramic membranes 
(TiO2 or ZrO2) [3] as well as the synthesis of novel modifiers with desired terminal and reactive groups. 
Subsequently, the mechanism of attachment of synthesized molecules was systematically studied. The 
studies allowed to the development of an efficient platform for enzyme immobilization via chemical and 
physical pathways [5]. The established data were furthermore analyzed using chemometric methods, i.e., 
hierarchical cluster analysis (HCA) and principal component analysis (PCA), where the optimized conditions 
were presented [6]. 
Experimental/methodology. During the surface features adjustment, acid and base piranha activators at 
various concentrations (from 20wt% to pure piranha) and exposition time (1-120 min) were applied to tune 
the roughness and number of the reactive hydroxyl groups on the alumina or ceramic materials. The set of 
sythesized modifers possessing triethoxy, trimethoxy, and triclorine as a reactive groups were used. On the 
other hand, the terminal groups, i.e. amine, pivalamide, acetamide, benzamide, and adamantane were 
selected. For the enzyme immobilization the Candida Antarctica Lipase B was applied.  
Results and discussion. In the course of the research, a deep understanding of the impact of support 
physicochemical features and types of modifiers was achieved. The materials possessed the switchable 
hydrophilicity/hydrophobicity in the range 20° to 100° of water contact angle on the aluminium foil surface 
and from 5° to 148° for the ceramics. Materials used for enzyme immobilization were highly effective and 
stable even after many cycles of the process. Moreover, the ceramic membranes used for water 
purification in membrane distillation process, i.e. removal of methyl-tert-butyl ether - MTBE and ethyl 
acetate -EtAc from wate were also highly efficent. Owing to the implementation of pretreatment step with 
piranha solution and the formation of extra hydroxyl groups on the support, a significant improvement in 
separation (separat�]�}�v���(�����š�}�Œ���t���]�v���Œ�����•�������µ�‰���š�}���î�X�ñ���š�]�u���•�•�����v�����š�Œ���v�•�‰�}�Œ�š���~�‰�Œ�}�����•�•���•���‰���Œ���š�]�}�v���]�v�����Æ���W�^�/���Á���•��
improved up to 8 times ) was noticed. Such enhancement was mainly found for samples modified with 
nonfluorinated molecules and FC6Cl3. The best performance was found for FC6Cl3 and C6Cl3. Combined 
with good stability (long-lasting test of up to 4 years), the results have proven the technical feasibility of 
applying piranha pretreated membranes for highly effective VOCs removal by vacuum membrane 
distillation. 
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Introduction 
The development of flexible ceramic nanofibers has attracted much attention because they may be able to 
overcome the intrinsic brittleness and thus be applied towards air/water filtration media. Moreover, the 
pristine ceramic nanofibers can be coated with TiO2 using a sol-gel process. The TiO2 coating layer would 
improve the photocatalytic degradation ability. 
 
Experimental/methodology 
The ceramic nanofibers could be prepared through sol-gel, electrospinning, and calcination processes. The 
ceramic precursor solutions were mixed together and electrospun using an electrospinning device. The as-
spun nanofibers were dried and calcined in air. For TiO2 coating, the pristine ceramic fibers were 
submerged in the TiO2 sol and rinsed. The TiO2-coated ceramic nanofibers were dried and calcined in air. 
Finally, they were evaluated with respect to physicochemical properties, membrane performance, and 
photocatalytic degradation. 
 
Results and discussion 

For the development of flexible ceramic nanofibers, the concentrations of ceramic precursors were 
adjusted so as to control two major parameters (grain size and fiber diameter, respectively). It was 
consequently revealed that smaller grain size and larger fiber diameter could increase the flexibility. The 
TiO2-coated ceramic fibers showed excellent adsorption/degradation of humic acid (HA, 88.2%), methylene 
blue (MB, 92.4%), and tetracycline (TC, 99.5%). Six recycling tests were performed to evaluate the 
reusability of the TiO2-coated ceramic nanofibers. The adsorption/degradation efficiency for HA, MB, and 
TC decreased by 3.7%, 2.8%, and 2.2%, respectively. As the ceramic precursor were increased, the 
nanofiber diameters increased, the specific surface area decreased, and the grain size decreased, thereby 
enhancing the flexibility of ceramic nanofibers. The TiO2-coated ceramic nanofibers were considered for 
two aspects: (1) the ability to simultaneously perform separation and degradation and (2) improving the 
efficiency of photocatalytic degradation. 

 
Figure. The images of flexible ceramic nanofibers: photograph and FE-SEM micrograph (top) and 
adsorption/photocatalytic degradation of organic foulants (bottom) 
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Introduction. 
Elmarco is the global leader in industrial electrospinning equipment and solutions. Electrospun membranes 
are gaining popularity in their use for applications such as air filtration, liquid filtration, and performance 
apparel barriers due to their high level of porosity combined with small pore sizes.  It is well understood 
that these applications can benefit from the use of electrospun membranes vs. conventional membranes 
due to the ability to achieve higher flux (or flow rates) at the same rejection efficiencies. These higher flux 
and higher performance membranes will reduce energy consumption and process costs.  As we develop 
these materials we are aware of the need for green and sustainable solutions to protect our planet. 
Therefore, we are diligent in developing our membranes using PFAs-free membranes using non-REACH list 
solvents. 
Experimental/methodology.  Electrospun membranes of different ranges of basis weights were produced 
from PFAs free polymers (Pebax� , polyurethanes, and other high performance polymers) targeting 
applications in air filtration (0.5-1 g/m2), liquid filtration (4-6 g/m2) and performance apparel (10-14 g/m2). 
REACH list solvents such as Dimethylformamide (DMF), dimethyl acetamide (DMAc), and NMP were not 
used in the dissolution or electrospinning of these membranes.  Relevant results for filtration efficiency, 
hydrostatic head, pore size, and air permeability/pressure drop will be presented. 
Results and discussion. We are able to produce durable nanofiber membranes using benign solvents for 
applications in air, liquid and performance apparel.  Relevant results for downstream processing of these 
membranes for air filtration (lamination and pleating) and performance apparel (lamination and 
washing/drying) will be discussed. 
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Introduction. Most of MIEC membranes have fluorite or perovskite crystal structure. Perovskite materials 
are mostly based on alkaline earth containing compounds, which are capable of very high O2 flux, but many 
of these materials show long-term stability problems due to the reaction with gas species like CO2, which 
causes both permeation flux decrease [1] and surface morphology changes [2]. It is difficult to find a single-
component material, which exhibits both large ionic and electronic conductivities, therefore, the solution 
can be provided by composites, where one phase expresses good ionic conductivity and the other is a good 
electronic conductor (dual phase membrane). This work aims to evaluate the stability of a dual phase 
membrane composed of BSCF and CGO, analyzing its permeability behavior in presence of CO2. 
Experimental/methodology. Long-term permeation measurement was carried out with a BSCF/CGO 
membrane manufactured by phase inversion technique. The study of the permeation behavior was carried 
out feeding synthetic air, and a mixture of synthetic air and CO2 (80%-20%). Test was �����Œ�Œ�]�������}�µ�š�����š���ô�ñ�ì���£���U��
using He as sweep gas and different gas feeding rates. O2, N2 and CO2 concentration in the permeate were 
measured using a microGC. With the obtained data, O2 purity percentage, and O2 selectivity over N2 and 
CO2 were measured. Finally, membrane microstructure and chemical composition were characterized. 
Results and discussion. With the developed oxygen membrane O2 permeation fluxes of up to almost 0.1 
ml/min.cm2, O2 purities of >96%, and an O2/N2 selectivity of up 93 were achieved with CO2-free gas. In 
presence of CO2, the O2 permeation dropped by 10%, but was almost completely recovered, when CO2 was 
no longer fed. After 500 hours of testing, the membrane showed still stable behaviour.  

 
Figure 1. O2 permeation flux and O2/N2 and O2/CO2 selectivity in long-term permeation test feeding SA 80% + CO2 20% 
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Introduction. Zeolite nanocrystals preparation is an important tool for new applications in various fields 
such as catalysis, drug delivery, membrane preparation etc (1-2). The subject of this study has been the 
synthesis of hydrophobic MEL-type zeolite called Silicalite-2 and MFI-type called Silicalite-1. 
The novel method of silicalite 1 and silicalite 2 synthesis   was performed by using hard and soft template 
precursors like sucrose and Graphite. The crystal morphology was controlled by SEM analysis, and the acid-
base characteristics were controlled by PZC determinations. It can be observe that the particle sizes of 
crystal samples obtained by SEM observation are quite different. This is due to the different amount of 
sucrose inserted in the synthesis, with minor amount of sucrose the size of the crystal increases, while with 
greater quantity decreases. The nano-sized primary particles appear intergrowth to form variously sized 
balls, it has been noted that by introducing the graphite, the reaction time decreases (crystallization time = 
two days). The crystal habitus occurs more delineated. As regards the size, it depends on the percentage of 
the substance used: as we have seen for the sucrose, also for the graphite, if we use a higher percentage 
will have smaller crystals; if instead we use a smaller proportion, the crystals will be bigger. Moreover, the 
study has regarded the effect of grounded graphite. It has been noted that using the graphite grounded the 
synthesized crystals are smaller. On the contrary, using as-made graphite, the zeolite crystals are bigger and 
much more delineated. In this work we studied the role perfomed by the sucrose and by graphite in the 
synthesis of Silicalite-1 and of Silicalite-2.It can be evidenced that this reactant can increase the rate of the 
reaction studied. In fact the same reaction mixture in presence of sucrose can be performed to obtain 
mesoporous crystals in a very small time. It can be stressed that this preparation can be an useful approach 
to various applications such as adsorption, membrane preparation, etc. This synthesis method permits to 
use natural eco-friendly inexpensive templates, obtain a dramatic decrease of the reaction time, increase of 
the production of mesoporous crystalline zeolite for various applications, avoid the use of expensive 
synthesized template and avoid the use of pollutant reagents. 
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Introduction. Covalent attachment (grafting) of small oligomers into the mesopores of ceramic 
membranes (e.g. �v-alumina) represents an attractive strategy for applying durable, chemical resistant and 
robust hybrid nanofiltration (NF) membranes for the treatment of wastewater containing organic solvents 
and various solutes. These hybrid, ceramic-based membranes combine the chemical and mechanical 
stability of porous ceramic oxides with the functionality of polymers. The wide range of polymers enables 
the fabrication of tailor-made membranes that meet the requirements of the intended applications. In  this 
contribution fabrication, microstructural features and NF performance of Poly Ethylene Glycol (PEG)-
grafted ceramic membranes are discussed. 
 
Experimental/methodology. �v-alumina with pore size of 5 nm (applied on porous �r-alumina) was grafted 
with small (n = 10) PEG-oligomers. These oligomers have an organo-phosphonic acid linking group that can 
react with the -OH groups of  �v-alumina. Two different end groups were used: (a) an hydroxyl terminated 
(PEGPA), or (b) a methoxy-terminated PEG-phosphonic acid (MPEGPA).  
The hybrid ceramic nanofiltration membranes were fabricated in two ways: (1) solution phase, and (2) 
impregnation followed by solid-state grafting [1,2]. Grafting reactions were analysed using methods such 
as FTIR, NMR and TGA. Membrane permeability of water and water/solvent mixtures, as well as dye 
retention tests, were performed using a dead-end filtration setup. 
 
Results and discussion. FTIR and 31P solid-state NMR analysis confirmed the formation of covalent bonds 
between the PEG-�‰�Z�}�•�‰�Z�}�v�]���������]�����}�o�]�P�}�u���Œ�•�����v�����š�Z�����v-alumina surface. The hydroxyl end group in the PEG-
�‰�Z�}�•�‰�Z�}�v�]���� �����]���� �~�W���'�W���•�� �}�o�]�P�}�u���Œ�� �Œ���•�µ�o�š�•�� �]�v�� �•�]�P�v�]�(�]�����v�š�o�Ç�� �Z�]�P�Z���Œ�� �P�Œ���(�š�]�v�P�� �����v�•�]�š�]���•�����}�u�‰���Œ������ �š�}�� �š�Z���� �v-
alumina functionalized with methoxy-terminated PEG-phosphonic acid (MPEGPA), as caused by 
a secondary self-condensation reaction between the PEGPA oligomers.  
When comparing solution-phase with impregnation/solid-state grafting, it was clearly observed that only 
the latter method gives an almost complete reaction of the phosphonic acid linking groups with the -OH 
groups of alumina at the membrane surface and membrane pore entrance. Here, the impregnation step is 
decisive for the formation of weak bonds between the oligomers and the ceramic membrane, ensuring the 
fabrication of a robust PEG-based membrane by a solid-sate grafting rection at 150 oC.  
The influence of the solvent polarity (water vs. cyclohexane) on the conformation of the grafted PEG brush 
�]�v�•�]������ �š�Z���� �v-alumina mesopores was observed as a key parameter in the analysis of the pore size and 
permeability results. In addition to this, solvent - PEG brush interaction was studied by molecular dynamic 
simulations [2]. The as-prepared PEG-brush/ceramic membranes were found very efficient in the retention 
of small organic dyes, e.g. up to 85% for Rhodamine B (479 g mol-1) in water. 
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Introduction. Hydrophobic organo-functionalized ceramic membranes represent a remarkable advancement 
in membrane technology, offering a versatile solution for a wide range of separation and purification 
processes. While their applications are diverse, one intriguing utilization of hydrophobic ceramic membranes 
is membrane crystallization (MCr). The hydrophobic characteristic of these membranes is the key to 
facilitating the controlled formation of crystals from solutes in solution, providing a highly efficient and 
selective method to produce high-purity crystalline materials. Typical hydrophobizing agents used to prepare 
organo-functionalized ceramic membranes are perfluoroalkylsilanes (PFAS). However, organosilanes are not 
suitable grafting agents to use for water filtration applications due to the water-sensitive bond formed with 
the ceramic membrane [1]. In fact, little is known about the nature of the bonds formed due to the complexity 
of characterizing the rough surface of organofunctionalized macroporous ceramic membranes. Or, upon 
release, the PFAS will pose a threat to the environment. Thus, it is important to develop hydrophobic, 
environmentally friendly, and long-term stable membranes. 
 
Methods. Hydrophobic macroporous ceramic membranes with pore diameters greater than 80 nm were 
functionalized using different grafting approaches and different alkyl-based phosphonic acid molecules. 
Relevant analysis methods were used to demonstrate the covalent attachment. Stability tests under 
�����•���o�]�v���š�]�}�v�����‰�‰�o�]�����š�]�}�v�•�[�����}�v���]�š�]�}�v�• were conducted. 
 
Results and discussion. Highly hydrophobic organo-ceramic membranes �~�Á���š���Œ�����}�v�š�����š�����v�P�o���•���E���í�ï�ì�£�• were 
successfully prepared as confirmed by a set of direct and indirect spectroscopic analysis. With the water-
stable nature of the phosphonic acid grafts, we will present the possibilities of these alkyl-based ceramic 
membranes for membrane crystallization and membrane distillation. 
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In metal-based flow battery, membranes significantly impact energy conversion efficiency and security. 
Unfortunately, damages to the membrane occur due to gradual accumulation of metal dendrites, 
causing short circuits and shortening cycle life. Herein, we developed a rigid hierarchical porous 
ceramic flow battery composite membrane with a sub-10-nm-thick polyelectrolyte coating to achieve 
high ion selectivity and conductivity, to restrain dendrite, and to realize long cycle life and high areal 
capacity. An aqueous zinc-iron flow battery prepared using this membrane achieved an outstanding 
energy efficiency of >80%, exhibiting excellent long-term stability (over 1000 h) and extremely high 
areal capacity (260 mAh cm�>2). Low-field nuclear magnetic resonance (NMR) spectroscopy, small-angle 
X-ray scattering, in situ infrared spectroscopy, solid-state NMR analysis, and nano-computed 
tomography revealed that the rigid hierarchical pore structures and numerous hydrogen bonding 
networks in the membrane contributed to the stable operation and superior battery performance. This 
study contributes to the development of next-generation metal-based flow battery membranes for 
energy and power generation. 

Figure 1. A hierarchical porous ceramic composite membrane for inhibiting zinc dendrite formation. 
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Introduction. The development of effective, commercially available microplastic filters has become more 
important due to the steady increase in microplastic emissions from laundry washing cycles and the 
stringent regulations enforced in many countries[1]. However, microplastic filters have proven to be 
ineffective in capturing microplastic fibers released from synthetic clothing during washing cycles[2]. In this 
study, polymeric and ceramic microfiltration membranes have been investigated as potential microplastic 
filters with advanced organic pollutant retention capabilities.  
Experimental/methodology. Real laundry wastewater (Real LW) was simulated in the laboratory using 
a front-loading washing machine with polyethylene terephthaloate (PET) fleece jackets and commercial 
laundry detergent and softener as additives. Polymeric (PES) and ceramic membranes (Z-T)with 
comparable pore sizes were assessed based on their retentive and filtration performance against real LW. 
The retentive performance of membranes were evaluated based on their total and dissolved organic 
carbon removal as well as microplastic fibers which were quantified using both �…-FTIR and FlowCam, a 3-
dimensional flow cytometry instrument. Meanwhile, the filtration performance was examined by 
normalized flux and resistance, computed from a resistance-in-series model. For in-depth evaluations, pure 
permeability and membrane anlaysis including mercury porosimetry, ATR-FTIR and contact angle 
measurement was conducted. Additionally, HP-SEC and LC-OCD provides a detailed quantitative and 
qualitative examination of the organic pollutant retained by both membranes.  
Results and discussion. As a result, it was found that the microplastics released during a laundry cycle were 
inadequately captured by commercially available microplastic filters, which were also ineffective in 
retaining organic contaminants from detergents and softeners. This is because the mesh size of these filters 
was significantly larger than the size of the organic contaminants with the highest MW. This indicated that 
membranes with smaller pores would be more effective alternatives for use with household washing 
machines. PES and Z-T membranes were subsequently tested for this purpose and almost completely 
removed all microplastic fibers. The Z-T membrane also exhibited high organic removal and excellent anti-
fouling capabilities due to its more hydrophobic surface. This allowed the Z-T membrane to repel 
hydrophobic compounds within real LW. Conversely, the PES membrane was more likely to adsorb 
hydrophilic components such as the non-ionic surfactants used in laundering. Our findings indicate that the 
use of ceramic membranes could significantly improve the capture of fibrous microplastics and 
hydrophobic substances, thus representing a high-performing alternative to traditional microplastic filters 
for household washing machines.  
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Membrane Catalytic Reactors (MCRs) are the next frontier in separation science by enabling both 
speciation by sieving and reactivity to support active cleaning or degradation mechanisms. Photo-
electrocatalytic ultrafiltration membranes remain challenging to process due to the trade-off between 
electrical conductivity and porosity at the meso/nanoscale, and new routes to assemble coherently 
nanomaterials are dearly required. First, a review on the potential of catalytic membrane reactors, applied 
to water treatment and sanitation as well as to enable multiple level functionalities, including sensing and 
self-cleaning will be presented. Then, the potential of a new class of dry-spun carbon nanotube membranes 
and nanoporous graphene membranes, surface modified with photocatalytic moieties for simultaneous 
filtration and photo-electro remediation will be demonstrated for model contaminants and virus 
deactivation. In this presentation, the control of the pore size and porosity distributions as well 
relationships between thickness and electrical conductivity will be discussed to showcase the potential of 
self-assembly of such nanomaterials to enable enhanced recyclability and performance. Demonstration of 
cost-effective and scalable materials produced by 3D printing, self-assembly and dry-spinning of carbon 
nanomaterials, including graphene, carbon nanotubes and carbon nanofibers, to generate highly nano-
porous structures will be demonstrated. Their performance to operate in complex water matrix to support 
simultaneous filtration and disinfection or organic compounds degradation will be discussed. Perspectives 
related to the scalability of the materials and for market-ready applications will be discussed. 
 

 
Figure 1 Representative carbon nanotube membranes developed by a dry-spinning process with different layers (from 
0 to 60) [1, 2, 3] 
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Introduction. Laser-induced graphene (LIG) is a graphitic material that can be easily formed by CO2-laser 
irradiation on various carbon-based substrates, including porous polymeric membranes. LIG-membrane 
formation involves lasing the top surface of a polymeric membrane, and converts essential polymer 
separation structures to porous LIG foam. However, in previous studies, separation properties could be 
partly recovered by forming LIG polymer composite layers[1,2] or by coating the polymeric membrane 
substrate with trimethylaluminum (TMA)[3] or graphene oxide (GO)[4] to avoid melting or damaging the 
subsurface polymeric structures during the lasing process.  
Experimental procedure. Herein, by optimizing the laser settings and fabrication conditions, we made LIG 
directly on uncoated porous polyethersulfone (PES) membranes while preserving the subsurface polymer.[5] 
The effects of lasing on membrane properties were studied by comparing porous polymeric PES 
membranes fabricated using the non-solvent induced phase separation (NIPS) method with membranes 
obtained using the vapor-induced phase separation (VIPS) method (Figure 1).  
Results and discussion. Membrane fabrication conditions, such as the polymer concentration of the casting 
solution and the exposure time to the non-solvent, were varied, and the NIPS method resulted in 
membranes with a finger-like polymer substructure morphology, while the VIPS method resulted in 
membranes with an asymmetric cellular morphology. LIG-membranes prepared on NIPS membranes 
resulted in large permeability changes, while LIG on VIPS membranes gave only very minor changes. The 
antimicrobial activity of these LIG-membranes as porous electrodes was dependent on applied voltage and 
solution contact time, and 4-6 log removal of bacteria at 10 V was achieved. Understanding LIG formation 
on porous polymeric membranes will minimize processing steps and might lead to electrically conductive 
membranes with controlled separation properties. 

 
Figure 1. Schematic representation of membrane fabrication methods and resultant membrane functionality. 
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Introduction. High-pressure-driven membranes such as nanofiltration (NF) and reverse osmosis (RO) 
demonstrate considerable efficacy in removing micropollutants by >60�t99%1. Nonetheless, NF and RO 
entail higher energy consumption, costs, lower recovery rates, and susceptibility to fouling. Conversely, 
low-pressure-driven microfiltration (MF) and ultrafiltration (UF) prove ineffective in eliminating emerging 
micropollutants. Fouling of membranes presents another challenge, leading to decreased flux, permeate 
quality, membrane lifespan, and increased operational costs. Membrane cleaning reduces the need for 
membrane replacement but adds to operational time and costs. Optimizing cleaning frequency via fouling 
monitoring, typically using parameters like flux or transmembrane pressure, remains essential. However, 
these methods may provide delayed responses and insufficient information on fouling onset and 
progression within membranes. Therefore, real-time, in-situ fouling detection techniques are necessary to 
identify fouling onset and continuously monitor fouling to prevent irreversible damage. Additionally, in-situ 
electro-cleaning of fouled membranes offers a cost-effective and environmentally friendly cleaning 
approach. Here we utilized simple and scalable laser-induced graphene technology to develop 
electroconductive and catalytic membranes to address challenges related to emerging micropollutant 
removal, fouling monitoring using electrical signals, and electrochemical cleaning of fouled membranes. 
Experimental/methodology. The conductive and catalytic UF membranes based on laser-induced 
graphene (LIG) were fabriacted utilizing the PVA coating method2. To assess micropollutant removal 
efficacy, experiments were conducted in cross-flow mode using both aqueous solutions and 
pharmaceutical wastewater matrices, spanning high concentrations as well as environmentally relevant 
low concentrations. Fouling monitoring capabilities were evaluated in dead-end filtration mode, while the 
electrocleaning process was carried out in cross-flow mode. This involved the utilization of oxidative and 
catalytic oxidative techniques to clean the membranes. 
Results and discussion. The ultrafiltration electroconductive membranes (UF ECMs) demonstrated >80% 
micropollutant removal, attributed to various action mechanisms including electrochemical interaction, 
direct oxidation and indirect oxidation. This removal efficacy was further augmented to over 90-95% with 
the incorporation of advanced oxidation processes, significantly enhancing conventional UF's capability for 
micropollutant elimination. Fouling monitoring, conducted both ex-situ and in-situ using three-electrode 
and two-electrode systems, revealed substantial alterations in electrical signals over fouling duration. 
Continuous monitoring detected fouling onset and abrupt changes in foulant load well in advance of 
conventional flux signals, indicating the advanced utility of LIG-based ECMs not only in filtration but also in 
fouling monitoring. Electro-cleaning of the membranes resulted in a flux recovery exceeding 60-70% within 
5 minutes using oxidative cleaning, while catalytic electro-cleaning techniques achieved nearly 100% flux 
recovery within just 1 minute. Hence, LIG-based UF ECMs offer a comprehensive solution to challenges 
encountered by conventional membranes, encompassing micropollutant removal and fouling mitigation. 
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Introduction. 
Recently, because of global scarcity of fresh water, demands for desalination technology are increasing. 
However, conventional desalination methods such as distillation requires huge amount of energy. One of 
the alternatives that consumes less energy is solar energy driven water evaporation method. In this 
method, photothermal materials are used to heat water to produce steam, and the steam is condensed 
into fresh water.[1] 
In this study, we fabricated photothermal evaporation device through carbonization using the MFI zeolite 
nanosheets as  an insulating backbone and polyimide as a carbon source. We focused on forming rough 
surface and porous internal structure with high graphitic carbon ratio to maximize the photothermal 
efficiency of the device. 
Experimental/methodology. 
The MFI zeolite nanosheets were synthesized by secondary growth, using dC5 (bis-1,5(tripropyl 
ammonium) pentamethylene diiodide) as the structure directing agent. The synthesized nanosheets were 
washed with deionized water and redispersed in 1-methyl-2-pyrrolidone (NMP). Subsequently, polyimide 
�~�D���š�Œ�]�u�]��� ���ñ�î�í�ô�•���Á���•���������������š�}���š�Z�����•�}�o�µ�š�]�}�v���]�v�����]�(�(���Œ���v�š���Œ���š�]�}���š�}�����}�v�š�Œ�}�o���‰�}�Œ�}�•�]�š�Ç���}�(���š�Z�����Œ���•�µ�o�š���v�š���•�š�Œ�µ���š�µ�Œ���X��
The solution was coated on a lab-made �r-alumina substrate (disc) and dried in 180 �£�����}�À���v���(�}�Œ���î�ð���Z�}�µ�Œ�•�X��
The coated �•�µ���•�š�Œ���š�����µ�v�����Œ�Á���v�š���‰�Ç�Œ�}�o�Ç�•�]�•���]�v�������š�µ�������(�µ�Œ�v�����������š���ó�ì�ì���£�����(�}�Œ���í���Z���]�v�������v�]�š�Œ�}�P���v�����š�u�}�•�‰�Z���Œ���X 
Results and discussion.  
The carbonized structure showed different porosity and surface roughness with different nanosheet and 
polyimide ratio. For the sample with the weight ratio of 1:5 (ZNC_N1P5) showed porous internal structure 
and rough surface, while the sample with the weight ratio of 1:9 (ZNC_N1P9) showed relatively plane 
surface and dense internal carbon layer. 

 

 

ZNC_N1P5 showed higher evaporation rate in compare with ZNC_N1P9. This result may have been derived 
from the porous and rough structure, by enhancing insulation, water/steam transport and light-trapping 
effect.[2] 
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Inspired by biological models, artificial water channels can be used to overcome the permeability/ selectivity 
trade-off of traditional desalination membranes. We demonstrate that rational incorporation of I�tquartet 
artificial water channels in composite polyamide membranes synthesized via interfacial polymerization, 
provide defect free biomimetic membranes with intrinsic water-to-salt permeability on the operational 
SWRO-BWRO/TWRO desalination pressure and high/medium/low salinity conditions. The best biomimetic 
composite membranes, which can be easily scaled for industrial standards (> m2), provide remarkable 99.5% 
rejection of NaCl and 91.2%  boron rejection  with water flux of 75 L m�>�î��h�>�í at 65 bar applied pressure with 
a 35000 ppm NaCl feed solution at pH 8, representative of seawater desalination. This flux is more than 75% 
higher than that observed with current state-of-the-art membranes with equivalent solute rejection, 
translating into an equivalent reduction of the membrane effective area for the same water output and 
a ~12% reduction of the required energy for desalination. 
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Introduction. In this work, a membrane bioreactor was developed for the production of hydroxytyrosol from 
oleuropein extracted from olive leaves. This system was constructed by creating an intensified membrane 
bioreactor (MBR) in which a sequential dual hydrolysis was carried out by integrating in the same system 
two biocatalytic membranes, each containing a different enzyme. The novelty of the work lies in the 
enzymatic intensification process, through the creation of an enzyme artificial compartmentalization based 
on the simulation of nature.  This has allowed the production of a phytotherapic compounds by a continuous 
sustainable technology, using biomass (olive leaves) as a substrate, which meets very well the requirements 
of green criteria [1]. 
Experimental/methodology. In the first hydrolysis, oleuropein was converted to oleuropein aglycone by the 
action of beta-glucosidase. The oleuropein aglycone produced then passes through a biocatalytic membrane 
containing a covalently immobilized thermophilic acyltransferase/hydrolase (Pyrobaculum calidifontis VA1 
(PestE) [2]) which converts it into hydroxytyrosol.  In order to select the best configuration of the MBR that 
guarantees the highest production of oleuropein aglycone and hydroxytyrosol, the two enzymatic systems 
were first optimized separately, studying the amount of enzyme to be used, whether immobilized or not, 
the conversion as a function of residence time and temperature. A green analysis was also carried out to 
highlight the advantages of the proposed system over the traditional one.  
Results and discussion. The results showed that the best configuration for the production of oleuropein 
aglycone is to immobilise the enzyme by physical entrapment in a polymeric membrane, which allows a very 
high and continuous conversion (90%) with a residence time of about 2 minutes. The best configuration for 
the production of hydroxytyrosol was a biocatalytic membrane reactor with the enzyme covalently bound to 
a polymeric membrane, which again allows continuous production of hydroxytyrosol and a conversion of 
50% of oleuropein aglycone to hydroxytyrosol at each passage of the substrate through the membrane. 
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Introduction. Dimethyl ether (DME) is a promising future e-fuel owing to its clean, efficient combustion and 
reduced emissions, primarily produced via methanol dehydration using solid acid catalysts like zeolites. 
Zeolite catalysts, especially ZSM-5 and BEA, used as alternative to Al2O3 ones which suffer of deactivation 
induced by water, show better water stability but can promote unwanted reactions at temperatures above 
�î�ñ�ì�£���U���]�v���o�µ���]�v�P�����}�l�����(�}�Œ�u���š�]�}�v�X���d�Z���Œ���(�}�Œ���U�����v�Z���v���]�v�P�����}�v�À���Œ�•�]�}�v�����v�����•���o�����š�]�À�]�š�Ç���Á�Z�]�o�����u�]�v�]�u�]�Ì�]�v�P�������šalyst 
deactivation remains a challenge. In this work, we used a zeolite membrane reactor (MR) operated as 
a contactor for DME production by MeOH dehydration, by using innovative home-made BEA and ZSM-5 
membranes. The MR was used in steady-state continuous operation �]�v���^�š�Z�Œ�}�µ�P�Z���(�o�}�Á�_�����}�v�(�]�P�µ�Œ���š�]�}�v�U���š�Z�µ�•��
letting pass the whole feed through the membrane. This choice was done considering that the passage of 
a continuous flow through the catalytic membrane could promote the removal of water from catalytic sites, 
reducing the catalyst deactivation that is usually observed in traditional catalytic beds [1]. The results were 
evaluated in terms of MeOH conversion and yield, DME selectivity and stability in time. 
Methodology. The tubular ZSM-5 and BEA supported membranes were first started by synthesizing ZSM5 
and BEA zeolite crystals through hydrothermal synthesis in a self-pressured autoclave reactor. Then, the 
�]�v�]�š�]���o���•�š���‰���]�v�À�}�o�À�������•�������]�v�P���š�Z���u���}�v�š�}�������‰���Œ�u�������o�����r-alumina tubular substrate. Subsequently, a mixture 
was prepared for the secondary growth of membranes, maintaining a Si/Al Ratio of 50 for BEA and different 
values for ZSM5 membranes. These solutions underwent hydrothermal treatment to facilitate secondary 
growth on their previously seeded BEA and MFI tubular support. The synthesis time and temperature were 
precisely controlled to produce a continuous and defect-free membrane of the desired thickness. The 
performance of each membrane reactor was analysed as a function of temperature (200-300�£�����•�U���t�,�^�s���~2.6-
21.1 gMeOH gCatalyst

-1 h-1) and feed composition (80-100%mol MeOH).  
Results and discussion. At all the investigated conditions, both BEA and ZSM-5 membrane reactors exhibited 
full DME selectivity. Overall, BEA membranes showed better performance with respect to ZSM-5 ones, 
reaching conversion equal to 88% very close to the equilibrium one at 200-�î�î�ì�£���� ���v���� �ï�X�ñ�� �Z-1. A further 
increase in the operating temperature showed a slight drop in conversion down to 80�9�����š���î�ò�ì���£���U���u�}�•�š���o�]�l���o�Ç��
ascribable to the thermodynamic effect. The ZSM-5 membrane reactors showed always lower performance. 
This can be ascribed to the fact that ZSM-5 membranes possess small pores and a lower number of acid sites 
but exhibit a low degree of defects. In contrast, the BEA membrane features larger pores, numerous acid 
sites, and more non-zeolitic defects owing to the low Si/Al ratio. The stability test on BEA membrane (150 h 
at 3.5 h-1, �î�ò�ì�£��) showed a decrease of MeOH conversion. The membrane was fully restored after a thermal 
�š�Œ�����š�u���v�š�����š���ñ�ñ�ì�£�����(�}�Œ��8 hours ���•�����}�v�(�]�Œ�u���������Ç���š�Z�������}�v�À���Œ�•�]�}�v�����š���î�ì�ì�£�������‹�µ���o���š�}���š�Z���š���]�v�]�š�]���o�o�Ç���u�����•�µ�Œ����.  
 
Acknowledgments 
This research was funded by the European Union �t NextGeneration EU from the Italian Ministry of Environment and 
Energy Security POR H2 AdP MMES/ENEA with involvement of CNR and RSE, PNRR - Mission 2, Component 2, Investment 
�ï�X�ñ���^�Z�]�����Œ�����������•�À�]�o�µ�‰�‰�}���•�µ�o�o�[�]���Œ�}�P���v�}�_�U�����h�W�W�����õ�ï���î�î�ì�ì�ì�ò�ï�ì�ì�ì�ò 

      

References  
[1] Brunetti, A.; Migliori, M.; Cozza, D.; Catizzone, E.; Giordano, G.; Barbieri, G. ACS Sustain. Chem. Eng. 2020, 8, 28. 

mailto:a.brunetti@itm.cnr.it


Ampholytic hydrogel with polydopamine stabilizing UiO-67 layer on 
Polyacrylonitrile membrane for efficient dye/salt separation 

 
Pradeep K. Prajapati, Roni Kasher* 

 
 Zuckerberg Institute for Water Research, The Jacob Blaustein Institutes for Desert Research, Ben-Gurion 

University of the Negev, Sde Boqer Campus, 8499000, Israel 
*kasher@bgu.ac.il  

 
Keywords:  Grafting, UiO-67, Polyacrylonitrile, Metal-Organic Framework, MOF, polydopamine, Dye/Salt 
separation  
 
Introduction. NF membranes with considerable permeate flux and excellent dye rejection are desired for 
the fractionation of dyes and salts from effluents of the textile industry [1]. The Metal-Organic Framework 
(MOF), UiO-67 has received high attention in recent years. However, the poor compatibility of crystalline 
MOFs with glassy polymer matrix leads to undesirable polymer-particle interstitial voids resulting in low 
selectivity for the mixed matrix membranes. In this study, UiO-67 nanoparticles layer was deposited on 
polydopamine (PDA)- coated porous support and stabilized with grafted polymethacrylate to achieve 
a highly stable membrane for efficient dye-salt separation. 
Experimental/methodology. The UiO-67 MOF nanoparticles were vacuum-deposited over PDA and 3-
(trimethoxysilyl)propyl methacrylate (TMPS) modified polyacrylonitrile membrane, named PDA-Si,  Redox-
initiated grafting of oppositely charged methacrylate monomers (SPM and MOETMA) and a crosslinker [2] 
coated the MOF layer. The surface acrylate functionalities formed a stable and antifouling UiO-67-
methacrylate layer over the PDA-Si membrane (PDA-Si-U67-Gf). 
Results and discussion. PDA-Si-U67-Gf membranes displayed the uniform distribution of UiO-67 and most 
�•�µ�Œ�(�����������}�À���Œ���P�������š���š�Z�����}�‰�š�]�u�µ�u�������v�•�]�š�Ç���}�(���ð�ì�ì���R�P�l���u2. The FTIR analysis confirmed the presence of UiO-
67 particles and the successful graft copolymerization of SPM and MOETMA. PDA-Si-U67-Gf exhibited 
higher permeate flux and dye rejection (207�F5 l�|m-2�|h-1�|bar-1, 99.3%)  than pristine PAN membrane (158�F6 
l�|m-2�|h-1�|bar-1, 94.7 %) for Reactive Red-120 (RR-120) dye solution (100ppm). The pure water permeance of 
280�F10 and 273�F7 l�|m-2�|h-1�| bar-1  remained almost unchanged for the Pristine PAN and PDA-Si-U67-Gf 
membranes, respectively. For filtration of the binary solution of RR-120(100ppm)/NaCl(5mM), PDA-Si-U67-
Gf displayed an excellent permeate flux of 211�F10 l�|m-2�|h-1�|bar-1 and exceptional dye rejection of 99.2%, 
which showed dramatically better performance than the pristine PAN membrane (water permeance of 
�í�ò�ì�F�ð�� �o�|�u-2�|�Z-1�|�����Œ-1 and 53.4 % RR-120 rejection). In conclusion, the newly designed PDA-Si-U67-Gf 
membrane holds great promise for dye-salt separation and treatment of wastewater from the dye and 
textile industries.  
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Figure 1. (A) SEM image of the PDA-Si-U67-Gf membrane, (B) water contact angle , and (C) RR-120 rejection, and 
(D) RR-120/NaCl(5mM) rejection and permeate flux of pristine, PDA, PDA-Si-Gf and PDA-Si-U67-Gf membranes. 
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Introduction. The discovery of natural channel protein, e.g. Aquaporin family, has gradually attract much 
attention to unravel the mystery of water translocation in living organisms. To mimic the functions of 
aquaporins, a variety of synthetic molecules have been reported. For instance, in our group, a class of 
imidazole-quartet water and proton channels have been synthesized [1], showing water assisted I-quartet 
configuration via hydrogen bonding, followed by the further development in water purification and 
desalination.[2] In this work, we report two new series of artificial water channels (AWCs) which have more 
hydrophobic, linear[3] or cyclic, carbonyl-substituted ureido imidazole compounds, aiming to explore more 
possibilities for the development of AWCs-embeded membrane for environment applications.  
Experimental/methodology. The urea formation of the linear DCx and cyclic carbonyl-substituted CxUH 
were achieved via addition reaction using isocyanate and amines or via carbonylation reaction using 
triphosgene. Monodisperse unilamellar vesicles were prepared using solvent evaporation method. Then 
the transport performances were evaluated by using current approaches including stopped-flow 
experiments, HPTS fluorescence assay and patch-clamp technique. 
Results and discussion. Overall, the linear bis-alkylureido DCx channels outperformed the I-quartets by 
exhibiting around 3 times higher net and single channel permeabilities (107 H2O/s/channel) and a 2~3 times 
lower proton conductance. We showed that close positioning of a supplementary alkylurea arm proximal to 
imidazole water binding sites resulted in channels that are highly selective for water, and conduct 
selectively protons with a H+/Cl- selectivity. Differently, the hydrophobic cyclic carbonyl component of CxUH 
compounds did not bring obvious improvement in the water net permeability. An associated dimer crystal 
structure displayed the possible self-assemblying of CxUH in bilayer membrane. More studies on the 
transport performance and mechanism are still in progress.  

 
Chemical structures of DCx and CxUH, and representative water selectivity over proton and permeability. 
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Introduction. Gold nanoparticles (AuNPs) are stable and biocompatible metallic entities with unique 
optoelectronic and surface chemical properties [1]. These properties allow their self-assembly into more 
complex and structured nanomaterials. Novel dynamic polymers in which monomeric units and connection 
centers are associated through reversible covalent bonds known as dynamic constitutional frameworks 
(DCFs) [2] can act as tools to initiate the assembly of AuNps. These nanomaterials are now in trend for 
adaptive hybrid membranes, enzyme immobilization, and biosensing applications. 
Experimental/methodology. In this, work, an organophosphate degrading enzyme notably 
phosphotriesterase (PTE) was immobilized within these AuNps-DCFs conjugates. Various approaches were 
developed to immobilize PTE without compromising its activity. AuNps-DCFs conjugates were structured in 
presence of PTE, in which PTE was first interacted with citrate and PEGylated AuNps or with imine-based 
DCFs. In both cases the assembly was stable and homogeneously distributed in presence of PTE. The catalytic 
activity of immobilized PTE was evaluated under static condition by following the p-nitrophenol produced 
by the hydrolysis of the model substrate paraoxon (a pesticide). Two parameters were determined, the 
reaction rate (M/min) and the relative velocity compared to free PTE (%). 
Results and discussion. The activity of PTE was maintained after immobilization and was highly dependent 
on the strategy of binding. The lowest reaction rate was observed when PTE was associated with citrate-
stabilized AuNps then with DCF-SH (3.71*10-6 M/min), while the highest was in presence of PEG-AuNps 
assembled with DCF-PEG (13.7*10-6 M/min). Furthermore, the relative velocity was maintained at 65% for 
PEG-AuNps-DCFs conjugates at 1/25 AuNps:DCFs molar ratio. This is 3.6 times higher than for AuNps-DCF-
SH conjugates. The PEG layer around AuNps induced their assembly with DCF-PEG through aldehyde/amino 
exchange reactions in the best configuration to ensure PTE encapsulation. Suitable interactions occur 
between PTE and PEG chains that significantly maintain enzyme activity. This finding was more emphasized 
when we observed in the PTE secondary structure an increased percentage of �t-sheet and a significant 
�������Œ�����•���� �}�(�� �r-helix content after immobilization, which is even more pronounced when increasing the 
amount of DCF-PEG. This demonstrated an increased bond of the enzyme promoted in presence of DCF-PEG 
that played an important role in PTE activity. In conclusion, AuNps-DCFs conjugates represent a promising 
system to sustain PTE activity and develop biocatalytic membranes for the degradation of pesticides. 
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Introduction.  
���]���o�Ç�•�]�•���š�Œ�����š�u���v�š�•���(�}�Œ���‰���š�]���v�š�•���Á�]�š�Z���l�]���v���Ç���(���]�o�µ�Œ�����•���À���Œ���o�Ç�����]�•�Œ�µ�‰�š���š�Z�����‰���š�]���v�š�[�•���‹�µ���o�]�š�Ç���}�(���o�]�(�������µ�����š�}���š�Z���]�Œ��
high frequency and long treatment sessions. To date, commercial dialyzers typically remove urea from the 
dialysate via urease conversion, direct urea adsorption, or oxidation mechanism. However, these 
methodologies could not achieve complete urea removal, hence is unsuitable for portability purposes. 
 
Experimental/methodology.  
In this work, a filtration membrane is developed with a support and an active layer. The active layer that is 
responsible for urea rejection is incorporated with aquaporin proteins. The proteins were stabilized using an 
encapsulation method developed previously [1]. The aquaporins within the filtration membrane act as 
a passive and highly selective water transport channel, allowing enhanced flux permeation while maintaining 
high urea rejection. 
 
Results and discussion.  
The membrane performance was then benchmarked against commercial dialyzers in terms of flux 
permeability and urea rejection using synthetic peritoneal dialysate. Structural analysis of the stabilized 
aquaporins and the aquaporin-incorporated membranes were conducted using TEM and FESEM, 
respectively. The findings of this work provided insight into the application of filtration membranes to dialysis 
applications. 
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Introduction. The widespread use of monomers derived from crude oil, such as MPD or PIP, in membrane 
manufacturing presents environmental challenges due to their non-biodegradability and the potential for 
contaminating ecosystems. As a result, there has been considerable interest in utilizing eco-friendly and 
renewable materials for the synthesis of NF membranes. Crosslinking  green monomers with acid chloride 
monomers makes it possible to create polyester chains with distinctive properties, including high 
hydrophilicity and a negative surface charge [1]. However, due to the low reactivity of acyl chloride and 
hydroxyl groups, this process may form loosely structured polyester (PE) NF membranes, resulting in 
suboptimal salt rejection. To address this issue, it is essential to delve into the underlying mechanisms and 
explore innovative approaches that can enhance the reactivity of these groups like adjusting the reaction 
temperature or pH [2]. 
Experimental/methodology. This study delves into the impact of monomer selection and reaction pH on 
the morphology and performance of thin-film composite (TFC) membranes. We first investigated the effect 
of the monomer ratio (glucose/PIP) on the performance of polyesteramide TFC membranes in terms of 
water permeability, salt and dye rejection, and antifouling properties. Upon identifying the optimal 
monomer ratio, we broaden our investigation to examine the role of alkalinity in membrane fabrication. 
The research provides an understanding of how polyamide (PA), polyester amide (PEA), and polyester (PE) 
membranes can be tailored for specific applications, employing piperazine (PIP) and glucose as monomers 
in aqueous solution alongside trimesoyl chloride (TMC) as a monomer in an organic solution. 
Results and discussion. PEA-based membranes containing glucose demonstrated several notable 
improvements, including a reduced contact angle of 60 degrees, a smoother surface, and a more negative 
zeta potential. These enhancements underscore their increased hydrophilicity, decreased susceptibility to 
fouling, and heightened surface charge. Controlling pH during fabrication significantly changed the 
membrane surface charge, hydrophilicity, water flux, and rejection rate. At pH 11, the PA membrane 
excelled in rejection performance (99.5% Na2SO4, 32% NaCl, and 97.8% methyl orange) with a trade-off in 
lower water flux (56 LMH). Conversely, the PE membrane achieved the highest water flux (173 LMH) but 
lower rejection (58% Na2SO4, 10% NaCl, and 97% methyl orange). The PEA membrane offered notable 
water flux (82.5 LMH) and high rejection for methyl orange (99.3%) and Na2SO4 (99.2%). Increasing the pH 
reduced permeation rates but enhanced rejection, especially for NaCl. The PE and PEA membranes 
exhibited remarkable antifouling properties, boasting a flux recovery ratio compared to the PA membrane. 
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Introduction. Cellfion is a company developing PFAS-free membranes based on chemically functionalized 
nanocellulose. The membranes are highly tuneable and exhibit favourable properties such as high selectivity, 
�o�}�Á���Œ���•�]�•�š���v���������v�����o�}�Á���•�Á���o�o�]�v�P�X�������o�o�(�]�}�v�[�•���u���u���Œ���v���•���Z���À����shown potential for use in different applications 
such as electrodialysis, fuel cells, electrolyzers, humidification systems and flow batteries. �����o�o�(�]�}�v�[�•��
membranes are a sustainable, completely PFAS-free alternative to traditional selective membranes. 
 
Experimental/methodology. �����o�o�(�]�}�v�[�•�� �u���u���Œ���v���•�� ���Œ���� �����•������ �}�v�� �v���v�}�����o�o�µ�o�}�•���� ���Æ�š�Œ�����š������ �(�Œ�}�u�� ���o�������Z������
softwood fibres, and are produced in a process similar to papermaking, which we have developed in our labs 
in Stockholm. The chemical modifications are done on the cellulose fibres, which are thereafter processed 
via high-pressure homogenization to liberate the cellulose nanofibrils. The nanofibrils contain functional 
groups on their surface, the type and amount of functionalization is controlled by the initial chemical process 
step. The nanofibril dispersion is converted into membrane form. The membrane properties can also be 
enhanced via additives and/or post-modifications. Membranes are characterized by electrochemical 
impedance spectroscopy to determine their resistivity, and their selectivity is determined via membrane 
potential measurements. Membranes have been tested for electrodialysis for desalination of water, for both 
organic and inorganic flow batteries as well as for fuel cells and electrolyzers. 
 
Results and discussion. �����o�o�(�]�}�v�[�•�� �u���u���Œ���v���•�� �Z���À���� �������v�� ���Z���Œ�����š���Œ�]�Ì������ ���Ç�� �•���À���Œ���o�� �u���š�Z�}���•�� �]�v���o�µ���]�v�P��
electrochemical measurements to determine resistivity and selectivity. Membranes show low resistivity and 
high selectivity towards sodium, potassium, ammonium and lithium ions as well as protons. Crosslinked 
membranes exhibit low swelling in the Z-direction. Afterwards, membranes have been evaluated for use in 
different electrochemical applications. Tuning the membrane properties to make them suitable for a variety 
of applications can be done via the type and degree of chemical modification of the starting material or by 
post-modifications of the membranes. Using these strategies Cellfion has developed membranes that show 
promise for use in systems such as electrodialysis, proton exchange membrane fuel cells, redox flow 
batteries, and electrolyzers. Specifically, membranes tested for desalination of salt water have shown similar 
rates of desalination to standard commercial membranes. Work is ongoing to further develop and optimize 
the membranes into products for the applications listed above. 
 
Acknowledgments 
We thank our collaborators, financial partners and investors: Lund University, EIC Accelerator, Swedish Energy Agency, 
Vinnova, Almi Greentech Invest, Voima Ventures, Klimatet Invest,  and KTH Innovation, LiU Invest. 
 

mailto:*kelly.materna@cellfion.se


 

 

Nanostructured and 
multifunctional 

membranes 

T1 

Lectures 



Separation-sensing microfluidic device for in-situ detection and analysis 
 

G. Kontaxi1*, G. Wensink2 , P. M. Sberna1, M�X���Z�º���l��r2, M. J. Serpe3, H. Bazyar1
 

 
1Delft University of Technology, Delft, the Netherlands  

2Eindhoven University of Technology, Eindhoven, the Netherlands  
3University of Alberta, Edmonton, Canada 

*g.kontaxi@tudelft.nl 
 

Keywords: etalon-membrane, microfluidic sensor, stimuli responsive polymers 
Introduction. This research introduces novel separation-sensing microfluidic platform �~�…�^���^�•, i.e., 
microgel-based etalon membranes, with tuneable responses to environmental changes and analytes, 
presenting a platform with significant application for in-situ separation and detection of analytes (e.g., 
dissolved CO2 (dCO2) in water, glucose in blood). Real time detection of dCO2 and key analytes is of utmost 
importance for monitoring oceans, bioprocesses, rapid and accurate disease-diagnosis. The current 
methods are time consuming and favour the collection of solely single data of key analytes [1,2]. 
Experimental/methodology. The �…�^���^ consists of silicon nitride wafer membrane coated with gold layers 
and stimuli-responsive microgels (poly(N-isopropylacrylamide)). A microgel-based etalon [3] structure is 
���Œ�����š���������Ç���^�•���v���Á�]���Z�]�v�P�_���š�Z�����u�]���Œ�}�P���o�•���Á�]�š�Z�]�v���š�Á�}���P�}�o�������}���š�������o���Ç���Œ�•���~�&�]�P�X���í���~��)). The microgels swell/de-
swell in the presence of a stimuli (e.g., temperature, pH, target analytes) and exhibit multiple peaks in their 
reflectance spectra which are detected by a table-top optical reflectance spectroscopy. 
Results and discussion. The thickness of the microgel layer within the pore was found to impact etalon 
membrane permeance, with a decrease of 2.4% (de-swollen state) to 7.0% (swollen state) from pristine 
�u���u���Œ���v���[�•�U�� �Œ���À�����o�]�v�P�� �]�š�•���•�]�P�v�]�(�]�����v������ �]�v�� �P�}�À���Œ�v�]�v�P�� �š�Z���� �}�À���Œ���o�o�� �‰���Œ�(�}�Œ�u���v���� (Fig. 1 (B)). In-depth in-liquid 
AFM analysis provided insights into the membranes' structural dynamics (Fig. 1 (C)). Our work 
demonstrated the ability of microgel-based etalon membranes to respond sensitively to temperature, pH, 
and glucose concentrations (Fig. 1 (D)), paving the way for potential applications in separation-sensing 
�u�]���Œ�}�(�o�µ�]���]���������À�]�����•�U���o�����À�]�v�P���•�‰���������(�}�Œ���(�}�o�o�}�Á���µ�‰���•�š�µ���]���•���}�(���…�^���^���Á�]�š�Z���Œ�����o�����o�}�}�����•���u�‰�o���•�����v�����]�š�•���Œ���•�‰�}�v�•�����š�}��
additional target metabolites (e.g., lactate) and dCO2. 
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Figure 1. (A) Schematic of microgel-based etalon membrane. (B) The logarithmic plot of permeance as a function of 
pressure for the pristine and etalon membranes in different pH conditions. (C) Thickness of the microgel layer 
deposited on the membrane when immersed in 1mM NaCl (pH 6.5). (D) Wavelength peak shift versus glucose 
concentration during permeability experiments (P = 0.9 bar) at 22 and 37oC and pH 6.5. 
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Introduction.  
Nanofibrous membranes fabricated via electrospinning exhibit superior connected porous architectures, 
ratios of surface area to volume, and high porosity [1]. However, electrospun nanofibrous membranes face 
several technical hurdles hindering their readiness for widespread commercialization, such as low 
production efficiency, potential risks to health and the environment, and etc. [2]. To overcome these 
disadvantages, a new method called atomization-assisted nonsovlent induced phase separation (AA-NIPS), 
was proposed in this work for fabricating nanofiber-like polyacrylonitrile(PAN) membranes. This method is 
an improvement on the traditional vapor induced phase separation (VIPS) method. Micron-scale water 
mist, instead of a high humidity environment, was used to control the initial phase separation of polymer 
solution, and a nanofiber-like PAN microfiltration membrane with high porosity and bicontinuous network 
pore structure can be fabricated with high efficiency. 
Experimental/methodology.  
1.Preparation of Nanofiber-like Membranes via AA-NIPS Method: PAN (6 g) and PVP (10 g) powders were 
added to DMF (84 g) , ���v�����š�Z�����u�]�Æ�š�µ�Œ�����Á���•���•�š�]�Œ�Œ���������š���ñ�ì�£�����(�}�Œ���ï���Z���š�}���(�}�Œ�u�������š�Œ���v�•�‰���Œ���v�š�������•�š�]�v�P���•�}�o�µ�š�]�}�v�X 
The casting solution was then hand-cast onto a non-woven fabric using a casting knife with a blade height 
�}�(�� �í�ñ�ì�� �…�u�X�� �d�Z���� �v���•�����v�š�� �����•�š�� �(�]�o�u�� �Á���•�� �]�u�u�����]��tely exposed to water mist generated by an ultrasonic 
atomizing humidifier for a certain time with the cast film side facing the water mist. Then the atomization-
pretreated cast film supported on non-woven fabric was immersed in a water coagulation bath to finish 
the NIPS method.  
2.Emulsion Separation Experiment: The emulsion separation experiment was carried out in the cross-flow 
mode using a membrane cell at a transmembrane pressure of 10 kPa. The surfactant-free oil-in-water 
emulsions were prepared by ultrasonic treatment of an oil/water mixture with a volume ratio of 1:9. 
Surfactant-stabilized oil-in-water emulsions were prepared by mixing oil with a 0.1 gL-1 SDS aqueous 
solution, with a volume ratio of 1:99. 
Results and discussion.  
By using the AA-NIPS method, a nanofiber-like bicontinuous porous microfiltration membrane with robust 
micro-nano composite structure was obtained via commercially available polymers of polyacrylonitrile and 
polyvinylpyrrolidone. The formation mechanism of the micro-nano composite structure was proposed. The 
microphase separation of PAN and PVPcomponents during the atomization pretreatment process and the 
hydrogen bonding between PAN and PVP molecules should have led to the formation of nano-protrusions 
on the membrane skeleton. The membrane exhibits superhydrophilicity in air and superoleophobicity 
underwater. The membrane can separate both surfactant-free and surfactant-stabilized oil-in-water 
emulsions with high separation efficiency and permeation flux. With excellent antifouling properties and 
robust microstructure, the membrane can easily be recycled for long-term separation.  
A continuous AA-NIPS process was realized by adapting the roll-to-roll production equipment in the 
laboratory. The non-woven fabric support, the scraper machine speed, the feeler gauge thickness, and the 
scraping process were optimized to prepare the efficient oil-water separation membranes. The separation 
flux of the membrane fabricated by the continuous process for the emulsifier-stabilized diesel/water 
���u�µ�o�•�]�}�v�����}�µ�o�����Œ�������Z���í�ï�í�î���>�|�u-2�|�Z-1, with a corresponding separation efficiency of 98.9%.  
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Fouling is ubiquitous in membrane processes. It occurs due to the deposition of retained solutes, which 
leads to a significant decrease in membrane performance over time. Efforts to mitigate fouling include 
enhancing membrane hydrophilicity to reduce the adsorption of hydrophobic molecules like proteins, 
lipids, and organic matter. For this, the non-covalent adsorption of microgels (MG) has been explored [1]. 
However, while MGs have been shown to increase the hydrophilicity of surfaces, the functionalization may 
be temporary as the MG can be washed away over time, primarily if cross-flow configurations are used [2]. 
 
This study presents a simple and scalable method for covalently attaching amine-functionalized MGs to 
hollow fiber membranes. Poly(N-isopropylacrylamide) (pNIPAM)-based microgels are synthesized with the 
co-monomer 2-aminoethylmethacrylate hydrochloride (AEMA) to introduce amine functionality [3]. For 
the fabrication of the hollow fiber support, a blend of polyethersulfone (PES) and styrene maleic anhydride 
(SMA) is used. After membrane fabrication, the membranes are immersed in a solution containing the 
MGs. In weak alkaline environments, the anhydride groups in the SMA react with the amine groups in the 
MGs to form an imide bond [4]. We compare the performance of uncoated membranes with those coated 
with amine-functionalized MGs (pNIPAM/AEMA), assessing fouling behavior using bovine serum albumin 
(BSA) as a model foulant. 
 
Initial results show significantly lower BSA adsorption in static and dynamic measurements. The latter were 
conducted under cyclic filtration and backwashing cycles with a constant flux in a cross-flow configuration. 
Our current efforts concentrate on improving the microgel coating procedure to reduce permeability loss 
after coating. Additionally, the digestive enzyme trypsin is covalently attached to the MGs by cross-linking 
with glutaraldehyde. Trypsin can break down proteins during filtration, thus enhancing the anti-fouling 
properties of the membrane. Preliminary results demonstrate enzymatic activity after cross-linking, with 
further research aimed at validating the self-cleaning effect during filtration. The results of this ongoing 
research will be available for presentation at the conference.  
 
Overall, our study presents a promising approach for fabricating low-fouling and enzymatically active 
hollow fiber membranes, with ongoing efforts to optimize coating parameters for both enzymes and 
microgels. Ultimately, we aim to establish a platform for producing low-fouling and enzymatically active 
hollow fiber membranes for various applications. 
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Abstract. The artifacts that constitute our cultural heritage are subject to constant and continuous aging 
and decay, both from internal and external deterioration factors. As well as dust and dirt accumulate over 
time, coatings that were originally intended to protect or contribute aesthetically to an artwork are 
normally removed and substituted when with the passing of the years they tend to yellowish and 
brownish. Since the mid-19th century, organic solvents have been the main method used for cleaning 
painted surfaces. The cleaning method should minimize swelling of or leaching from the original paint 
films, which could damage and compromise the physical integrity of all layers of paint, and pay attention to 
the the long-term health risks for operators. To this extent, the use of gels allows to control the solvent 
release thus better safeguarding both the integrity of the work of art and the operators exposure to toxic 
solvents. Unfortunately, it is not always easy to remove gels and their residues from a paint surface [1]. 
The varnish removal problem can be addressed through an emerging and innovative approach, developing 
sustainable nanofibers membranes. Leveraging the high surface area and 3D morphology of the 
nanofibers, it is possible to effectively minimize the amount of cleaning solvent which is stored and 
released by the nanofibers based-membrane enhancing the cleaning efficiency while also reducing health 
risks for the restorers [2]. Biodegradability and recyclability are also key features of electrospun polymers, 
alongside the solvents used during the electrospinning process in the creation of polymer materials due to 
the environmental and pollution problems associated with their use [3,4].  
In response to these challenges, the EU funded H2020 GOGREEN project is developing nanofibers based 
membranes to ensure artifacts cleaning efficiency, taking into account environmental and human risks. The 
newly developed materials represent a breakthrough in cultural heritage and conservation science and 
focus on the use of sustainable raw materials, such as chemical recycled polyamide 6, the processing of 
green materials, i.e. polylactic acid, and explore the future of eco-friendly solvents for polymers 
formulation within the field of electrospinning. 
Nanofibers are potentially a very innovative approach to augment and enhance the options range available 
for conserving cultural heritage, and their outstanding chemical-physical properties open a rich area for 
future scientific investigation. 
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Introduction.  
Covalent organic frameworks (COFs) are attractive nanomaterials to be used in membranes for removing 
organic pollutants from water due to their unique properties like large internal volume, high porosity, 
controllable structure, high crystallinity, chemical and thermal stability [1]. This study reports a layer-by-
layer approach for in-situ modifying commercial ultrafilteration (UF) membranes by COF-300 nanoparticles 
as porous materials for efficient organic pollutant removal. The layer-by-layer enables the control of the 
COF layer density and the resulting filtration performance. 
Experimental/methodology. 
Layer-by-layer in-situ synthesis of COF-300 nanoparticles was done using tetrakis(4-aminophenyl) methane 
(TAPM) and terephthaldehyde (TPA) monomers. After the in-situ synthesis, the membranes were graft 
polymerized to stabilize the COFs on the membrane surface as was shown recently for MOF nanoparticles 
[2]. Membranes were characterized using scanning electron microscopy (SEM), FTIR, XPS, and water drop 
contact angle.  
Results and discussion. 
The microscopic analysis, SEM (Fig. 1A) shows that the density of COF nanoparticles on the membrane 
surface increases with increasing number of COF synthesis cycles. The increase in layers of COFs on the 
membrane's surface affected the water permeances of the membranes: with 1, 3, and 5 cycles the 
membranes showed water permeances �}�(���í�ó�ò�X�ó�F�ô�X�í�U�� �ó�ð�X�î�F�ð�X�ì�U��and �ò�X�ï�F�ì�X�î  �>�|�u-2�|�Z-1�|�����Œ�t1, respectively. 
Increase in the number of cycles enhanced reactive blue 19 dye rejection from 88.7�F1.3% for PAN 
membrane to 98.7�F0.3% for COF membrane synthesized with 5 cycles whereas congo red rejection 
remained constant (99.9%) for all the membranes (Fig. 1B ). In conclusion, the layer-by-layer synthesis of 
COF-modified membranes enabled the control of the COF density on the surface and by that to tune the 
separation properties of the resulting membranes.  

Fig. 1 A) SEM images of PAN membranes modified with COF nanoparticles with 1, 3, and 5 cycles of COF synthesis. 
B) Dye rejection of PAN and COF-modified membranes 
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Introduction. Polymeric nanofiltration (NF) and brakish-water reverse osmosis (BWRO) membranes are used 
for micropollutant removal; however the effectiveness of these membranes is limited by the adsorption and 
subsequent movement of micropollutants through the non-uniform active layer [1]. The understanding of 
micropollutant adsorption and transport in nanopores is crucial for designing highly-selective membranes, 
but this requires a more uniform and homogeneous pore structure. Vertically-aligned carbon nanotube 
(VaCNT) membranes with precisely defined pore geometry [2] present an excellent opportunity for exploring 
interactions inside nanopores. 

 
 
Experimental methodology. Steroid hormone micropollutant adsorption was experimentally measured and 
explained by the interplay of forces acting on the hormone molecule: i) hydrodynamic drag force in the flow 
���]�Œ�����š�]�}�v�U���]�]�•�� �Z�}�Œ�u�}�v���>�Á���o�o���(�Œ�]���š�]�}�v���(�}�Œ������ �Œ���•�]�•�š�]�v�P���š�Z����hormone movement, iii) adhesive force driving the 
hormone toward the wall, and iv) electronic repulsive force between the wall and hormone [3]. 
Results and discussion. In VaCNT membranes, water conducted rapidly in hydrophobic and atomically 
smooth cylindrical pores; however, this rapid flow limited interactions between surface and contaminants. 
With a high flow velocity inside the pores �~�ð�X�ó���|���í�ì�>�ð m/s, NF range), there was negligible adsorption of �í�ó�t-
estradiol (E2) because the �•�š�Œ�}�v�P�����Œ���P���(�}�Œ�������~�ï�X�ï���|���í�ì�>�ï pN) propelled the E2 to move and exit the pores. As 
the drag force reduced �(�Œ�}�u���î�X�î���|���í�ì�>�ï �š�}���š�}���ð�X�ï���|���í�ì�>�ð pN, the friction force became significant, resulting in an 
increase in E2 adsorbed mass from 0 to 0.4 ng/cm2. Under a constant low ���Œ���P�� �(�}�Œ������ �~�í�X�ò�� �|�� �í�ì�>�ï pN), the 
adsorbed mass of four hormones correlated with the adhesive force. This adhesive force drove the hormone 
toward the wall until it balanced the repulsive force and influenced the friction force that resisted hormone 
movement with the flow. In summary, the interplay of forces can elucidate micropollutant adsorption in 
nanopores (VaCNT and NF) and this framework can be exploited for selectivity. 
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Introduction. Since the 1950s, plastic production has not ceased to grow, consequently generating 
thousands of tons of plastic waste, which often ends its lifetime in natural waters [1]. Through several 
degradation processes [2], these macro-debris end up releasing micro- [3] and nano-sized [4] plastic 
particles. Although they are suspected to be able to cross physiological barriers [5], all studies on 
nanoplastics toxicity conducted to date focused on model spherical polystyrene particles [6], which are far 
less complex than real nanoplastics. The present work aims to demonstrate the presence of nanoplastics in 
significant concentrations in the Rhône river, and to elaborate a novel filtration system based on cascading 
membranes to separate nanoplastics in size ranges [0;50], [50;500], [500;5000] nm, and extract 
concentrated suspensions to conduct ecotoxicity assays. 
Experimental/methodology. To determine nanoplastics concentrations on the Rhône river, we pre-filtered 
the sampled water on a 5 µm-inox grid and trapped all particles < 5 µm on a GF/F. We then grinded the 
dried filter and used Py-GC-MS/MS to determine the concentration of the most commonly found polymers 
of sizes 0,4 - 5 µm. However, this method did not allow us to separate them by size or to recover a liquid 
fraction. In order to do so, we conducted a screening of several filtration membrane types, using 
fluorescent polystyrene spheres of sizes 500, 200 and 50 nm. We then conducted the same filtrations with 
growingly complex suspensions : polystyrene nanoparticles that went through grinding and erosion 
processes, and finally, natural water from the Rhône. Once we selected the membranes, we investigated 
several fouling remediation techniques : tangential flow and vibrations, which allowed us to obtain better 
selectivity and recovery rates. We crossed several characterization techniques to understand the 
behaviour of these nanoplastics and evaluate the filtration performances (DLS, NTA, Py-GC-MS/MS, SAXS, 
spectrofluorimetry, TEM, SEM). We validated the membrane cascade using an innovative millifluidic 
fractionation system coupled with in-line DLS. At the end of the project, we aim to develop a portable inox 
filtration cell to conduct in situ separation and concentration of nanoplastics. 
Results and discussion. After analyzing all Rhône samples, we found nanoplastic concentrations up to 
15 µg/L, which are as high as microplastics concentrations usually found in rivers [7]. With this method, we 
demonstrated the necessity to further investigate nanoplastics behaviour using our novel filtration system. 
With the membrane screening during the filtration of fluorescent polystyrene spheres suspensions, we 
concluded that a combination of 5 µm inox grid, PVDF 0,45 µm and PES 500 kDa membranes allowed us to 
concentrate each size fraction 10 times with recovery rates between 70 and 90 %. The filtration of 
fragmented polydisperse models allowed us to confirm the choice of membranes. Finally, when filtering 
real waters, we observed rapid membrane fouling and flux drop, but tangential flow and vibrations allowed 
us to make the process more efficient and to take a step further towards field sampling. 
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Introduction: Membrane filtration is an important separation technique, applied in many industrial fields 
like water purification, wastwater treatment, food and beverage industies, as well as chemical industries. 
The isothermal condition of membrane filtration is one of the most important advantages of this 
technology compared to other separation techniques. Especially polymer based membranes have many 
fields of application. However, the required material �t often based on fossil ressources �t to produce these 
membranes is a point of concern. Reuse and recycling of membranes at the end of their life-time as well as 
membranes based on recycled polymers are emerging fields of reasearch. In this study, polymer 
membranes were prepared based on recycled poly (ethylene terephthalate) (PET) and polycarbonate (PC).  
 
Experimental/methodology: Recycled polymers are purified by first solving the polymer flakes in N-methyl 
pyrrolidone (NMP), followed by precipitation in water or ethanol under rigorous stirring. The precipitated 
polymer is kept stirring and is subsequently dried over night. Membranes are prepare from recycled 
polymers using poly (ethylene glycol) or poly (vinylpyrrolidone) as pore forming agents and NMP as solvent 
in the non-solvent induced phase separation (NIPS) process (at increased temperature in case of PET). The 
concentrations of the components and preparation parameters are varried according to individual design 
of experiment approaches. After preparation, all membranes are washed and dried. Characterization is 
carried out using scanning electron microscopy (SEM), permeance measurements, water contact angle 
measurements, and tensile testing. Further investigations are carried out using Hg porosimetry, X-ray 
photoelectron spectroscopy, and zeta potential measurements for selected samples.  
 

Results and discussion: PET membranes could be 
prepared with a permeance in the range of 800 �t
 10.000 L m-² h-1 bar -1, while the tensile strength 
varies in the range of 0.6 �t 1.8 N mm-2 (membranes 
without support and a thickness of ~120 µm). The 
water contact angle results to be 57 to 92°, 
depending on the preparation parameters. Different 
types of recycling based PET are investigated to 
prepare PET membranes. It is possible to prepare 
membranes from all types of investigated PET 
sources (including e.g. PET from beverage bottles, or 
PET from collected garbage) and the economical and 
ecological aspects are investigated accordingly.  

In addition, PC is another material with suitable characteristics for membrane preparation. Membranes are 
prepared either from PC, wich was applied in substitute glass sheets, or PC, which was utilized in car parts. 
While the former has low amounts of impurities, the latter was blended with another polymer. 
Nevertheless, membrane preparation is possible in both cases resulting highly permeable filters (Fig. 1). 

Acknowledgments: Financial support by the Federal State of Germany and the Free State of Saxony is gratefully 
acknowledged. Parts of this work are related to a project funded by financial support from the European Union (SAB 
Validierungsförderung, 100544877). 

 
Fig. 1: SEM image of the top side of a PC membrane. 
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Introduction 
Pore size characterisation plays a crucial role in investigating membrane performance and efficiency of 
separation processes. Knowing the size and distribution of pores helps in tailoring membranes for desired 
selectivity and permeation rates, leading to improved performance in various separation processes. 
Capillary flow porometry is the most commonly used technique to determine pore sizes and pore size 
distribution in filtration media, such as polymeric, membranes, hollow fibers, ceramics, etc. Porometry 
offers invaluable insights into membrane performance, as it is the only technique that can specifically 
characterize the through-pores that directly impact the membrane's ability to separate different 
substances. However, the pore size characterisation is associated with many challenges, ranging from 
sample preparation, through the selection of appropriate wetting liquid, measurement conditions, and 
intricacies to the interpretation of the measurement curves. 
 
Experimental & methodology 
A selection of different polymeric flat sheets and hollow fiber membranes have been analyzed using gas-
liquid and liquid-liquid porometry. Special attention was paid to sample preparation, wetting procedures, 
and test parameters, such as bubble point determination criteria, flow direction, or measurement runtime. 
Selected membranes were characterized using different types of gas-liquid porometers: POROLUXTMRevo - 
pressure step stability porometer with MP2 technology and POROLUXTMCito - pressure scan system. 
Additionally, the hollow fiber membranes were analyzed on a liquid-liquid porometer POROLIQTMML with 
different liquid combinations.  
 
Results & discussion  
This work delves into the challenges encountered in pore size characterisation and focuses on sample 
preparation, determination of the largest pore, and interpretation of porometry curves. It also aims to 
open discussion on unifying pore size analysis methodology. 
Different wetting procedures and sample potting methods will be presented and discussed. In capillary 
flow porometry, the sample under analysis must be fully wetted with a wetting liquid before 
measurement. However, many nano- and ultrafiltration membranes are stored in water or impregnated 
with glycerol to prevent pore collapse. The methods for removing impregnating agents and the liquid 
exchange procedures were explored concerning the pore size distribution.  
Determining the largest pore (bubble point) is crucial when assessing membrane performance. This 
involves precisely defining the gas flow rates associated with the pore opening when using a porometer, an 
automated device. A new method for bubble point determination, independent of the test area, will be 
introduced and discussed.  
Since pore size results in capillary flow porometry significantly depend on measurement curves, different 
curve shapes, their origins, and methods to enhance measurement quality will be reviewed.  
The presented studies can serve as a practical guide on how to prepare and accurately measure thin films 
and hollow fiber membranes with capillary flow porometry. 
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Introduction. Membrane filtration is widely applied for separation and concentration of micro- and 
nanocolloids. For example, cross-flow microfiltration of milk is used to separate casein micelles (retentate) 
from serum proteins (filtrate) and to concentrate the micelles in the retentate up to the volume 
concentration factor VCF = 1�Y3.5. The process is efficient, when the permeate flux Jp, the solute (serum 
proteins) transmission TR, and the final VCF are high. However, generally Jp and TR decrease with 
increasing VCF. To overcome this problem, concentration-separation is carried out in a continuously 
operating system having N successive stages: filtration modules used at the stage i (i �A���í�YN) operate at a 
fixed VFCi and the retentate produced at the stage i �t 1 is used as a feed for filtration modules of the stage 
i, so that VCF1 < �Y < VCFi�t1 < VCFi �D�� �Y�� �D��VCFN. Each stage i can operate at different transmembrane 
pressures TMP and retentate cross-flow rates v (that is rarely considered in the industrial process 
optimization). The goal of our work is to design the multi-stage separation-concentration system in: 1) 
minimizing the membrane surface for a system operating at desired number of stages N and final retentate 
(casein micelles) concentration VCFN; 2) maximizing the solute (serum proteins) concentration and 
recovery yield in the permeate. The approaches developed so far to design membrane filtration system, 
rarely account for complex relation between the process efficiency and the operating parameters. 

Experimental/methodology. A general theoretical approach was developed to describe the solute 
recovery yield in the permeates obtained and the membrane surface required at different stages of 
continuously operating multi-stage filtration system. The development is based on the mass balance 
(theoretical), which is combined with empirical data of Jp and TR at various operating conditions (VCF, TMP, 
and v). The approach allows determining optimal values of VCFi, TMPi and vi , i.e. determining for every 
stage the set of operating conditions required to obtain the highest total yield of serum proteins in the 
filtrate with the use of the minimal total membrane surface. The approach was illustrated with the case of 
milk proteins separation by microfiltration of milk. Pilot scale experiments were carried out in a batch 
mode at 50°C using the UTP (uniform transmembrane pressure) system equipped with 0.1 µm ceramic 
membrane under different operating parameters: v = 6.0, 6.5, and 7.0 (m/s), TMP = 0.4, 0.7 and 1.0 (bar). 
In every experiment VCF was varied in a step-wise mode from 1.0 to 3.5 and dependencies Jp(VCF) and 
TR(VCF) were obtained and used for the theoretical multi-stage membrane system design. 

Results and discussion. A design method based on theoretical mass balance approach and experimental 
relationships between Jp and TR as a function of operating parameters was proposed. Besides of the 
theoretical approach development and application, particular attention was paid to the fact that for 0 < TR 
< 1 concentrations of transmittable solute (e.g. serum proteins) in retentate with given VCF differ between 
filtration systems operating in batch (usually lab and pilot) and continuous multi-stage (usually industrial) 
modes. As soon as in a general case Jp and TR can depend on concentration of any component of the 
retentate, this calls into question the applicability of the experimental data typically obtained in a batch 
system for description of continuously operating multi-stage systems. However, specially designed 
experiments on filtration of milk enriched with serum proteins demonstrated that this effect can be 
neglected during the design of milk filtration under the studied operating parameters for VCF < 3.0. The 
approach can then be used to design milk microfiltration system. 

Acknowledgment. This work was funded by Carnot Qualiment®, supported by the ANR (agreement #20 CARN 0026 
01), as part of its call for scientific resourcing projects 2021. 
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Introduction: Membrane processes confront a significant challenge, namely fouling, resulting in flux 
decline, shortened lifespan, and increased cleaning costs [1]. Although mechanical vibrations disrupt 
fouling layers, they bring challenges like high costs and potential damage [2]. Piezoelectric polymeric 
membranes offer promise for separation processes [3], utilizing internal vibrational deformations for 
agitation [4]. However, the vibration behaviors and characteristics for embedded actuation in membranes 
remain unexplored. 
Experimental/methodology: In this study, piezoelectric actuators are constructed on the microfiltration 
membranes, allowing controlled motion and vibrations of the membrane pore structure. The fabrication 
techniques involve the spray-printing of electro-active polymer actuators onto the commercial PTFE 
microfiltration membranes. In the unimorph-type actuator design (Figure 1A), the conductive electrodes 
(bottom and top electrode layers) are deposited from carbon black nanoparticle ink, and the electro-active 
polymer layer is printed with poly(vinylidenefluoride-trifluoroethylene-chlorotrifluoroethylene) [P(VDF-
TrFE-CTFE)]. The actuation properties of the fabricated membrane are characterized by Laser Doppler 
Vibrometer and in-situ pore deformation observations. Solid particles are used as model foulants to study 
the actuation mechanisms for fouling removal, followed by an assessment of the membrane-actuator's 
separation performance. 
Results and discussion: We investigate the application of an electric field to mitigate fouling, which arises 
from out-of-plane vibrations created within the membranes. Preliminary results (Figure 1B) suggest that 
mechanical vibrations vary within the frequency range studied (0-5 kHz) under the applied voltage (from 
50V to 200V). The highest vibration velocity peaks are observed at 844 Hz and 1060 Hz, resulting in 
vibration velocities per voltage of 6e-5 (ms�>�íV�>�í) and 6.25e-5 (ms�>�íV�>�í), respectively. Particle dislodgment is 
analyzed under the highest vibration velocities to mimic potential fouling mitigation scenarios. This 
concept will be further explored by analyzing foulant dynamics with various model solutions to evaluate its 
effectiveness in the separation field. 
A)                                                                                      B) 

          

Figure 1: A) Representation of the unimorph membrane-actuator design, B) Vibration velocity response of the 
membrane-actuators in 0-5 kHz under applied voltages at 50, 100, 150 and 200 Volts.  
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Introduction.  
During operation of electrically conducting membranes (ECM) the adsorption of charged dissolved 
molecules is induced via an application of external electric potential on the membrane surface. Besides the 
electrostatic forces initiated by an electrical field between the conductive active membranes surface and 
the conductive support layer (duplex-metal-coating), several other action mechanisms are relevant in the 
electrosorption process: Intrinsic adsorption on or in the inherent membrane material (i), possible 
direct (ii) and indirect oxidation (iii) at the conductive membrane surface and possible induced local pH-
changes (iv) in the vicinity of the membrane surface [1].  
In order to get a better understanding of the involved processes, the influence on electrosorption is 
investigated by modelling adsorption loadings of an ECM for negatively charged dissolved organic dyes. For 
validation of the model, experimental data is gathered in laboratory experiments by determining 
adsorption breakthrough curves in dead-end filtration mode.  
 
Experimental/methodology.  
In a laboratory setup a platinum coated nylon microfiltration membrane (0.2 µm) is used for filtration 
experiments in dead end mode. By applying a positive electrical potential to the membranes active surface 
and a negative potential on the opposite support layer, the negatively charged dye is adsorbed onto the 
active side of the membrane. In a parametric study the applied electric potential (U), the pH-value and the 
ionic strength of the solution are being varied. 
 
A 3D-model of the experimental setup is implemented in COMSOL Multiphisics®. The transport of diluted 
dye as a laminar flow, the electrosorption at the membrane surface and a darcy flow through the porous 
membrane are coupled to model the breakthrough curve of the membrane.  
 
Results and discussion.  

 

Figure 1: (left) Scheme of the platinum coated nylon microfiltration membrane (flow up). (right) Laboratory setup of 
membrane filtration in dead end mode including feed and permeate tank. 

 
Experiments show excellent electrosorption removal rates at pH = 7 and U = 2 V. At U = 0 V (no electrical 
potential applied) the dye adsorption onto the membrane is negligible, as the isoelectric point (IEP) of the 
coated membrane is at pH = 4.8. Apart from the applied electrical potential, the ionic strength of the 
solution, governed by the salt concentration (cNaCl), controls the impact of electrostatic force. This effect on 
adsorption breakthrough curve is currently under investigation and will be presented in the paper. 
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Introduction: In water purification, enhancing PES (Polyethersulfone) membrane adsorption for Endocrine 
Disrupting Compounds (EDCs) is crucial. EDCs pose a significant threat to environmental and human health 
by disrupting the endocrine system even at low concentrations. Traditional water treatment methods 
struggle to efficiently remove EDCs, necessitating the need of innovative approaches. One promising 
avenue involves modifying PES membranes through functionalization with specific groups or incorporating 
adsorber particles to form composite membranes. Such modifications aim to increase the membrane's 
affinity towards EDCs, thereby improving the overall effectiveness of water treatment processes. 
Experimental/Methodology: 
To investigate the enhancement of the PES membrane�[�• adsorption capacity for EDC removal, several 
experimental methodologies are employed. Initially, PES membranes are subjected to functionalization 
through grafting of selected functional groups (urethane or amide) onto their surfaces using electron beam 
irradiation [1, 2]. Hydrophilic or reactive moieties are introduced to foster increased interactions with EDC 
molecules. Additionally, composite membranes are fabricated by blending PES with adsorber particles 
(polymer particles with or without molecular impriting, see Figure 1) [3, 4]. This approach aims to create 
a composite structure. Dynamic adsorption experiments are then conducted using standardized EDC 
solutions to assess the efficacy of the modified membranes. Parameters such as adsorption capacity and 
selectivity are evaluated to discern the impact of the modifications on membrane performance. 
Results and Discussion: 
The results of the experiments indicate significant 
improvements in the adsorption capacity of the modified 
PES membranes for EDC removal. Functionalization with 
specific groups leads to enhanced affinity towards target 
compounds, resulting in increased adsorption. Moreover, 
the composite membranes exhibite enhanced adsorption 
properties, with the incorporated adsorber particles 
providing additional active sites for EDC binding. These 
findings underscore the efficacy of both functionalization 
and composite membrane approaches in augmenting PES 
membrane performance for water purification purposes. The 
observed enhancements hold promise for addressing the 
pressing environmental concerns associated with EDC 
contamination, paving the way for the development of more 
efficient and sustainable water treatment technologies. 
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Figure 1. Molecularly Imprinted Particles 
(MIPs) incorporated in Polyethersulfone 
(PES) membranes for the efficient removal of 
17ß-estradiol (E2) from water. 
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Introduction.  
The rapid expansion of palm oil production, driven by its versatile applications, has led to a significant 
increase in palm oil mill effluent (POME) production [1]. Recovering oil and water from POME presents an 
opportunity to address environmental pollution and promote sustainable industrial practices. Membrane 
technology, known for its high removal efficiency compared to conventional methods, is particularly 
promising for oil recovery [2]. Among membrane technologies, ultrafiltration (UF) membranes are 
commonly employed for treating oily wastewater due to their effectiveness and lower operational costs 
despite challenges such as membrane fouling. While some research has explored the use of ceramic UF 
membranes for oily wastewater treatment, there is a notable lack of quantitative data on oil and water 
recovery and operational performance compared to polymeric membranes [2]. Therefore, this study aims 
�š�}�� �~�]�•�� ���•�•���•�•�� �š�Z���� �‰���Œ�(�}�Œ�u���v������ �}�(�� �W�s���&�� ���v���� �r-Al2O3 membranes in terms of permeate flux, focusing on 
identifying optimal conditions for both membranes regarding transmembrane pressure (TMP) stability and 
�(�}�µ�o�]�v�P�� �����Z���À�]�}�Œ�V�� �~�]�]�•�� �]�v�À���•�š�]�P���š���� �š�Z���� �(�]�o�š�Œ���š�]�}�v�� �u�����Z���v�]�•�u�•�� �}�(�� �W�s���&�� ���v���� �r-Al2O3 membranes; and (iii) 
evaluate the quality of recovered oil and permeate water for potential reuse applications, in accordance 
with relevant standards. 
 
Experimental/methodology.  
POME emulsion was synthesized considering key characteristics such as particle size distribution of oil 
droplets and oil content. Unrefined palm oil was initially blended with demineralized water at 
a concentration of 6 g/L. The oil content was assessed using COD kits, while oil PSD was determined using 
a particle size analyzer. Two types of tubular UF membranes were employed: polymeric PVDF and ceramic 
�r-Al2O3, with respective molecular weight cut-offs of 300 and 500 kDa. Constant permeate flux 
experiments were conducted at a cross-�(�o�}�Á���À���o�}���]�š�Ç���}�(���ì�X�ô���u�l�•���(�}�Œ�����}�š�Z���W�s���&�����v�����r-Al2O3 UF membranes, 
with fluxes ranging from 20 to 50 LMH and 20 to 70 LMH, respectively. Both membranes were operated in 
the inside-out configuration. Physical and chemical membrane cleaning procedures were implemented 
after each UF experiment. 
 
Results and discussion.  
Both types of membranes demonstrated remarkable COD rejection rates of 99.8%, leading to substantial oil 
���}�v�����v�š�Œ���š�]�}�v���(�����š�}�Œ�•���}�(�� �í�ô�ò�X�ô�9���(�}�Œ���W�s���&�����v�����î�ñ�ï�X�ì�9���(�}�Œ���r-Al2O3 membranes, alongside water recoveries 
of 46.6% and 60.5%, respectively. The permeate water produced by both UF membranes met high-quality 
standards, exceeding global discharge requirements for POME. Analysis of operational performance 
indicated that the highest permeate fluxes with stable TMP were achieved at 40 LMH for PVDF and 60 LMH 
�(�}�Œ���r-Al2O3 �u���u���Œ���v���•�U���Œ���•�‰�����š�]�À���o�Ç�X���K�À���Œ���o�o�U���š�Z�����r-Al2O3 membrane demonstrated greater potential for oil 
and water recovery, displaying consistent quality and superior operational performance compared to the 
PVDF membrane under the test conditions. 
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Introduction 
In addition to the actual production of biopharmaceuticals, downstream processing plays an equally 
important role. A major problem in the purification of biopharmaceutical products, that are mainly functional 
proteins, is the occurrence of fouling during filtration, resulting in efficiency losses and additional costs. 
Membrane surface modification with tailor-made hydrogel layers is an effective approach to reduce fouling 
in protein filtration and thus increase membrane performance in biopharmaceutical processes. The efficacy 
of the hydrogel layer on membrane improvement is highly dependent on the hydrogel's properties, including 
its physical and chemical characteristics, which are influenced by the selection of monomers and crosslinkers 
as well as polymerization conditions. The aim of this study is to investigate the effects of various parameters 
on the hydrogel coating and to understand and utilize their impact onto fouling and permeability of the 
modified membranes. 
 
Experimental/methodology 
Commercially available polyethersulfone (PES) microfiltration (0.2 µm) and ultrafiltration (300 kDa) 
membranes were modified through UV radiation-initiated cross-linking radical polymerization using a type I 
photoinitiator. Two different UV wavelength ranges were used to irradiate the membranes to evaluate the 
influence the hydrogel-modified membranes. Furthermore, the effects of irradiation time, membrane 
orientation to the UV source, photoinitiator concentration and composition of the monomer/crosslinker 
system were investigated. Degree of hydrogel grafting, nonspecific protein adsorption, adsorption of 
nonionic surfactants, membrane permeability and protein filtration were investigated.  
 
Results and discussion 
It was shown that the choice of monomer/crosslinker system and the ratio of the components, the 
orientation of the membrane to the UV source and UV irradiation parameters play a crucial role for obtaining 
an optimal membrane, considering the trade-off between increasing fouling resistance and decreasing 
permeability. Under optimal conditions, protein adsorption was reduced by 96% compared to the virgin 
membrane at a loss of 59% of the permeance. It was also shown that the modification significantly reduced 
fouling during protein filtration. These results provide valuable insights into the relationships between 
modification parameters, hydrogel structures and protein adsorption, which may be useful for accelerating 
the design and identification of low-fouling membranes. In ongoing experiments, it is investigated whether 
the very promising results can be transferred to electron beam as an alternative irradiation method for the 
initiation of cross-linking radical polymerization toward antifouling hydrogel coating on ultra- and 
microfiltration membranes and whether hollow fiber membranes can also be modified in a similar way. 
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Introduction. In the presented study, magnetic active membrane was fabricated by immobilization 
magnetite nanoparticles (Fe3O4) on the PVDF membranes surface and also by incorporating nanoparticles 
into the PVDF membranes matrix. Magnetic nanoparticles (MNPs) with the size 50 nm were immobilized in 
boundary layer of the membrane using the flexible - polyethylenimine spacer (PEI). In the rotating magnetic 
field, the magnetically responsive nanobrushes are moving in boundary layer of membranes reducing 
concentration polarization effect [1-2].  
Results and discussion. The surface characteristics of developed membranes were studied using SEM, IR, 
AFM, WCA, and zeta potential measurements. The surface modification with PEI as polycation and 
hydrophilic agent led to hydrophilization of membrane surface (water contact angle decreased from 
106.1 ± 3 to 74.8 ± 2), while great changes in isoelectric point of PVDF membrane (from 3.5 ± 0.2 to 
7.7 ± 0.2).  
In addition, membranes were tested using an ultrafiltration process and discussed in terms of iron removal 
from water using a polyelectrolyte-enhanced UF process with polyacrylic acid. The potential use of PVDF 
membranes decorated with Fe3O4 NPS for the removal of iron owing to high rejection values (97.1 �t 99.4 
%), and persistent amounts of iron in permeate (0.08 and 0.11 mg·L-1) after PAA-enhancement of UF. An 
optimal amount of PAA and pH of solution also have been determined (0.5 wt % of PAA and pH = 8). 
 

  
 
Fig. 10. Fe2+ concentration in permeate and rejection after enhanced ultrafiltration with 0.3 wt % of polyacrylic acid at 
different pH values: (B) pH = 6; (C) pH = 4. 
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Introduction.  
Microfiltration is largely applied in the food sector for the separation and concentration of proteins. For 
example, the skimmed milk microfiltration is implemented in the industry to separate casein micelles 
(retentate) from serum proteins (filtrate) and to obtain high purity serum   protein fractions before further 
processing (ultrafiltration and spray-drying). The efficiency of the process, and especially the serum 
protein transmission, depends on the accumulation of casein micelles at the membrane surface. To 
overcome this problem, milk microfiltration is operated with specific ceramic tubular membrane 
concepts: the Uniform Transmembrane Pressure (UTP) concept that makes it possible to get a low uniform 
transmembrane pressure (TMP) along the membrane with an additional pump on the permeate side; the 
Graded Permeability (GP) membrane concept that creates uniform permeate flux along the membrane 
with a membrane with higher hydraulic resistance at the entrance, when TMP is higher. Unfortunately, the 
performances of these ceramic membrane concepts have never been compared in a wide range of 
operating conditions. 
 
Experimental/methodology.  
This study proposes a comparison of the performances (fouling, selectivity) of the UTP and GP concepts in 
the case of milk microfiltration operating in feed and bleed mode, at 50°C in a large range of VRR, volume 
reduction ratio (1-3.5) and TMP (0.2 �t 2 bar). Two protocols have been implemented with ceramic 
membrane Pall 0.1µm7P1940, UTP and GP configurations: 
- parametric study, which consists in step by step variation of TMP.  
- study as a function of time (4-5 hours) at constant VRR (recirculation of both retentate and permeate). 

 
Results and discussion.  
Despite the fact that both concepts used membranes with similar filtering layers, the performances of the 
two ceramic membrane concepts show large discrepancies, especially at high VRR (3.0-3.5) where fouling 
is more severe. The results are discussed considering the difference in membrane concepts features. 
The optimal performances are not always obtained under the industrially recommended conditions, which 
leaves room for significant improvements of existing filtration plants. Moreover, these results allow the 
definition of optimal operating conditions for each volume reduction factor  , and thus each stage of an 
industrial skimmed milk plant using ceramic membranes 
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Introduction. Since its development in the late 1960s, ultrafiltration (UF) has seen widespread adoption 
across various industries including cell harvesting, juice and dairy processing, and water treatment1. 
However, membrane fouling remains a significant challenge, caused by the adsorption of foulants like 
bacteria and proteins onto the membrane surface. Biofouling, the most prevalent type, accounts for over 
45% of all fouling and is particularly complex due to the presence of living organisms.2 This fouling 
diminishes UF performance by pore blockage, cake layer formation, or biofilm development 1. Over time, 
significant efforts have been made to develop innovative techniques to modify membranes and mitigate 
biofouling. One recent approach gaining attention involves grafting zwitterion-based polymer brushes onto 
membrane surfaces, as these materials have shown potential as anti-biofouling agents 3. 
Experimental/methodology. The study introduces developing a high-performance ultrafiltration (UF) 
membrane resistant to biofouling. This method involves grafting fouling-resistant poly[2-(methacryloyloxy) 
ethyl dimethyl-(3-sulfopropyl) ammonium hydroxide] (pMEDSAH) zwitterionic polymer brushes onto 
a graphene oxide (GO) blended UF membrane (PES-GO-PB). Surface-initiated atom transfer radical 
polymerization (SI-ATRP)method is used to graft the brushes onto the surface. 
Results and discussion. The modification of the membrane with pMEDSAH zwitterionic polymer brushes 
resulted in increased hydrophilicity and enhanced anti-biofouling potential. The pMEDSAH grafted GO-PES 
membrane (PES-GO-PB) exhibited higher water flux ~ 368 L m�>�� �î h�>�� �í and rejection ~92% of bovine serum 
albumin (BSA). The water flux recovery has also improved for the PES-GO-PB membrane. In dynamic 
biofouling conditions, the pMEDSAH-modified membrane demonstrated a significant reduction of ~90 % in 
live cells biovolume, indicating its effectiveness in mitigating biofouling. In conclusion, the study suggests 
that the modifying UF membranes with pMEDSAH zwitterionic polymer brushes may offer a good solution 
towards biofouling mitigation along with improving the effectiveness and longevity of membrane-based 
water treatment technologies. Further research in this area could lead to practical implementation and 
widespread adoption of these advanced membranes in real-world water purification processes. 
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Introduction. In recent years, the widespread presence of microplastics (MPs) and nanoplastics (NPs) in 
marine and freshwater environments, including water treatment plant effluents, has become a global 
concern (1, 2). Introducing MPs into water treatment systems poses significant challenges to the efficacy of 
current water treatment methods (3). The buoyancy and diverse size distribution of NP/MPs facilitate their 
migration toward filtration membranes. However, these particles can severely hinder membrane 
performance through surface fouling (4). Membrane surface modification is a viable approach to control 
this inevitable phenomenon (5).  
Methodology. In this study, carboxylic acid functional groups were introduced onto a commercial 
membrane surface using plasma-induced graft polymerisation under various reaction conditions, aimed at 
mitigating surface fouling by polyethylene (PE) NP/MPs commonly found in aquatic systems. This study has 
comprehensively examined the effects of modified membrane surface properties, including chemistry, 
hydrophilicity, and charge on the mechanisms underlying NP/MPs fouling.  
Result and discussion. The successful grafting of mono-2-(methacryloyloxy) ethyl succinate (MMES) onto 
the membrane�•�[ surface was confirmed through FTIR, water contact angle analysis, and streaming 
potential tests. This modification significantly increased the hydrophilicity of the membranes and rendered 
the surfaces more negatively charged over a pH range of 3 to 10. Moreover, using the Taguchi method, we 
optimised grafting parameters, including the pretreatment time (min), grafting time (hr), and monomer 
concentration (M) to determine the optimal pure water flux (PWF) and relative water flux (Jr). The Jr value 
of the optimised membrane nearly doubled compared to the control membrane with no modification, 
indicating significantly enhanced fouling resistance in the modified membranes, while the PWF only slightly 
declined by 2.9%. This work provides valuable insights into the controlled functionalisation of innovative 
monomers onto commercial membranes, enhancing the potential of UF technology for treating organically 
fouled waters.  
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Counter plot of (a) PWF and (b) relative flux as function of the monomer concentration, pretreatment time, 
and grafting time. 
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Introduction 
The growing presence of micro- and nanoplastics in water bodies presents a formidable challenge to 
membrane filtration technologies, notably in ultrafiltration processes, due to severe fouling. These tiny 
pollutants, which escape traditional filtration techniques, pose risks to both aquatic ecosystems and the 
efficacy of water treatment processes. Developing innovative strategies to eliminate these pollutants is 
critical for the durability of water treatment infrastructure and the preservation of water quality, 
highlighting the need for novel approaches to counteract their impact on membrane technologies. 
 
Experimental/methodology  
This investigation utilized a sulfonated polyether sulfone (SPES) polymer combined with niobium-based 
MXene (Nb2CTx) in various concentrations for membrane fabrication. The analysis encompassed a range of 
techniques including SEM, XRD, Raman Spectroscopy, FTIR, and TEM. The assessment of membrane 
performance covered evaluations of hydrophilicity, porosity, electrical characteristics, and surface charge, 
in addition to conducting permeability and antifouling tests against PMMA nanoplastic suspensions. 
 
Results and discussion.  
Detailed morphological and chemical analyses verified the structural integrity of Nb2CTx within the 
SPES/Nb2CTx membranes. These analyses revealed the layered configuration of Nb2CTx and its transition to 
an exfoliated state, indicating effective incorporation. Physicochemical assessments showed that Nb2CTx 

addition led to better membrane performance. Notably, water permeability and antifouling properties saw 
improvements due to increased hydrophilicity and porosity from Nb2CTx inclusion. The membrane 
designated MS3, with a 5 wt% Nb2CTx concentration, showed the best performance in terms of water flux 
and nanoplastic separation efficiency.  
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Introduction. Microalgae are photosynthetic microorganisms that are the first link in the aquatic food 
chain, growing from CO2 and light energy. There is significant interest in developing methods for cultivating 
microalgae to harness their cellular content and bioactive compounds, providing solutions to current 
challenges in areas such as the environment, food production and energy transition [1, 2]. Membrane 
processes are commonly used in the treatment of freshwater, seawater, and wastewater systems. 
Research has demonstrated that membrane processes are highly effective in eradicating bacteria and 
viruses [3]. The objective of this study is to evaluate the effectiveness of ultrafiltration in purifying the 
natural seawater throughout a year of cultivation at different scales (from 250 mL to 400m3) and for three 
different species of microalgae: Odontella aurita, Phaeodactylum tricornutum and Dunaliella salina. 
Experimental/methodology. The filtration unit used for the tests is equipped with PES membranes, with 
in-out configuration and a membrane surface of 260 m² that can filter up to 350 m3.d-1. The filtration 
conditions were defined based on previous studies and in accordance with industrial practices [4]. The 
process was supplied with seawater from Bourgneuf Bay (France) mixed with borehole water prefiltered 
(30 µm). The purpose of ultrafiltration in this study is to investigate the effect of ultrafiltered seawater on 
microalgae culture throughout the production process compared to common processes and, to bio secure 
microalgae production by protecting cultures against contamination from biological threats (pathogenic 
microorganisms, predators, and other microalgae species). This includes laboratory cultures (0.250, 2, 10, 
300 L) and outdoor raceways (3, 25, 100, 400 m3) with a focus on cell density, culture and harvested 
biomass qualities, bacterial contamination, operating times and cost efficiency compared to extant 
treatments employed (filtration using diatomaceous earth combined with a proofer or disinfection with 
chlorine, followed by neutralization with sodium thiosulfate).  
Results and discussion. In terms of process, ultrafiltration appears to be a resilient process suitable for 
treating seawater of variable quality and organic load, with stable performance during some months of 
trials, resulting in an average 2-log reduction in bacterial load. Membrane cleanings, frequency and 
reagents, were optimized to take into account fouling generated by this water mix. Regarding cell densities 
results obtained, whatever the volume of culture and the microalgae produced (O. aurita, P. tricornutum or 
D. salina), ultrafiltered seawater consistently produces similar or higher microalgae concentrations 
compared to those commonly obtained. This results in an average increase of 40 % in the growth rates of 
3 m3 raceway cultures of the microalgae O. aurita. As conclusion using ultrafiltered seawater for microalgae 
cultivation has advantages in terms of both quantity and quality, as well as significant gains in production 
time and ease and increase in production capacity for Innovalg society compared to other water 
treatments. Additionally, ultrafiltration promotes higher aquaculture sustainability by being a more 
ecofriendly process and greatly reducing the number and amount of chemical products used compared to 
some other disinfection protocols. Industrial UF plants are currently being installed. 
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Introduction.  
Membrane-based water treatment processes such as microfiltration (MF), ultrafiltration (UF), 
nanofiltration (NF), reverse osmosis (RO), and membrane distillation (MD) have played a significant role in 
water purification technology for many years. Although polyethersulfone(PES)/solvent/non-solvent 
systems have been intensively investigated, there is no previous studies focusing on the effects of water 
addition on the morphology, water flux, filtration performance, and antifouling properties of membranes 

�‰�Œ���‰���Œ�������Á�]�š�Z���v-butyrolactone (GBL) as the solvent. 
 
Experimental/methodology.  
A series of asymmetric PES membranes were fabricated using non-solvent induced phase separation (NIPS) 
process from the system of water/GBL/PVP/PES at 40 oC. Water, acting as the nonsolvent, was added in 
different amounts to the dope solution to modify the porous structure and enhance the permeability of 
the membranes.  
 
Results and discussion.  
The SEM images indicated that the pore size and porosity of the top surface increased with increasing 
water content in the dope, and when 1.5 phr of water was incorporated, the macrovoids in the cross 
section disappeared and the pores interconnected to form numerous continuous channels within the PES 
matrix. This membrane exhibited a pure �Á���š���Œ���(�o�µ�Æ���}�(���ò�ð�î���>�{�u-2h-1bar-1 and a tensile strength as high as 5.6 
N/mm2. The dead-end filtration experiments indicated a very high BSA rejection of ~98% for membranes 
prepared from dopes containing �G 1.0 phr of water, and a moderately high (85%) rejection for that with 
a higher dope water content. 
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Figure. Effects of water content in the dope on water flux and membrane structure. 
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Introduction. Membrane structure, properties, and performance are influenced by several factors 
during the membrane preparation process. Among these, relative humidity (RH) is an important and 
often academically overlooked attributing parameter. RH can be used as a commanding tool to 
prepare membranes of interest with the proper and extensive understanding in terms of specific 
polymer and solvent combinations.   
 
Experimental/methodology. This work presents one of the most commonly used polymers for 
making membranes, polyimides, Matrimid® 5218, to prepare membranes using different ratios of N-
methyl-2-pyrrolidone (NMP) or dimethyl sulfoxide (DMSO) as a primary solvent and tetrahydrofuran 
(THF) as a volatile co-solvent. The effects of RH and exposure time after casting were studied for 
membranes, using vapor-induced phase separation (VIPS) followed by the non-solvent induced phase 
separation (NIPS) resulting in ultrafiltration (UF) and nanofiltration (NF) membranes. The morphology 
of the resulting membranes was characterized by Scanning Electron Microscope (SEM), while their 
performance was tested using dead-end filtration. The determination of pure water permeance was 
followed by filtration with an aqueous dye solution to examine the performance of the membrane. 
Here, the retention of two different sizes of dyes, rose bengal (RB, 1017 g.mol-1) and sulforhodamine 
B sodium salt (Acid Red 52, 580.65 g.mol-1), were investigated.  
 
Results and discussion. The influence of the varying RH on membrane performance can depend on 
the dope solution composition with regards to the type of solvent, the presence of volatile co-solvent, 
and their ratio. Higher relative humidity and longer exposure times result in pure water permeance 
enhancement and a decrease in RB retention. At the middle-range humidity, a shift in the 
susceptibility to the range of RH was observed for different membrane compositions. At the lower 
humidity, the exposure time was more significant compared to the effect of changing RH. SEM images 
did not show a pronounced change in the morphology of the prepared membranes across the RH 
range and exposure time.  
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Introduction. Textile industry is a great water consumer. Moreover, tons of wastewater, containing dyes, 
salts, and contaminant compounds are generated every year as a result of textile manufacturing [1]. In this 
context, jeans stand out among the most produced and commercialized clothes. Their production entails 
several stages, including a dyeing step and, afterwards, the finishing stage. The finishing stage of jeans 
includes their desizing, enzimatic polishing, and softening. In these three treatments, high volumes of 
water are required. As a result, fine jeans are produced, but also enormous volumes of wastewater 
containing the finishing chemicals and a variable proportion of dyes that are extracted from the textile 
during the process. The aim of this work was to contribute to the circular economy in the textile industry 
by treating the textile finishing wastewater and employing it again during the dyeing or finishing process. 
To that end, an ultrafiltration process was considered. 
Experimental/methodology. A real textile effluent from the jeans finishing process was provided by 
Jeanologia S.L. (Valencia, Spain). The ultrafiltration experiments were carried out in a laboratory plant 
equipped with a Rayflow membrane module (Orelis Environnement, France), with an active area of 
0.129 m2. Two commercial, polyethersulfone membranes from Microdyn Nadir (Wiesbaden, Alemania) 
were evaluated: the UP005 membrane (with a molecular weight cut-off (MWCO) of 5 kDa) and the NP010 
membrane (with a MWCO of 1 kDa). To select the most suitable operating conditions for each membrane, 
the concentration in the feed solution was kept constant, the applied cross-flow velocity was 1.5 m/s, and 
the transmembrane pressure (TMP) varied in the range 0.5 �t 2.5 bar. Several feed and permeate samples 
were collected at 30 and 90 minutes, to be characterized in terms of chemical oxygen demand (COD), total 
solids, and color coefficient. Furthermore, a methodology based on liquid chromatography coupled to 
mass spectrometry (LC-MS) was developed to simultaneously determine indigo blue and isatin (an indigo 
blue degradation product), working in negative and positive polarity during the same analysis. Once the 
best operating conditions were determined, a long-lasting ultrafiltration process was performed, in order 
to recover clean water to be employed in a subsequent cycle of jeans dyeing or finishing. The cleaning and 
reusability of the ultrafiltration membranes was also assessed. 
Results and discussion. The jeans finishing wastewater displayed a COD of 1755 mg/L and a color 
coefficient of 1.6. The conductivity and pH were 2370 µS/cm and 5.7, respectively. Both tested membranes 
displayed satisfactory values of permeate flux, in the range 4-20 L/h·m2. In all cases, the rejection of the 
color surpassed 97%. The rejection of the COD increased progressively with the volume reduction factor, 
reaching 83%. Moreover, the cleaning of the membranes was achieved by applying a gentle treatment with 
water (25-45oC). The detergent P3 Ultrasil 115, at 1% and 25 oC was only needed in one case, after the 
UP005 membrane was tested at 2.5 bar. Therefore, the treatment of jeans finishing wastewater by 
ultrafiltration allowed the recovery of clean water to be used in a finishing process in the textile industry.  
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Water scarcity affects nearly one-third of the world's population due to uneven distribution of water 
resources and increasing water consumption. With 80% of the global population facing water security 
threats, addressing this crisis requires effective measures such as water purification, desalination, and 
sustainable management practices to mitigate the impact of population growth, industrialization, 
contamination, and climate change on freshwater resources[1,2]. The removal of salty water is crucial for 
ensuring access to clean and potable water resources, safeguarding public health, and sustaining 
ecosystems in regions affected by water scarcity. One of the biggest challenge related to the removal of 
salt from water is addressing the selective permeability of membranes to ions, particularly the small size of 
sodium and chloride ions, which can make them difficult to effectively separate from water molecules 
during desalination processes. Herein, we focused on developing and testing a polyamide thin film 
nanocomposite (TFN) membrane integrated with PA nanofibers for removing mono- and divalent salt ions 
(sodium chloride (NaCl) and magnesium sulphate (MgSO4). The top polyamide thin film layer was 
optimised by using various amounts of ethylenediamine (EDA) monomer in water and trimesoyl chloride 
(TMC) monomer in an organic phase, as well as varying polymerization times. The nanofiber membrane 
acts as a supporting layer for the thin film, which increases the membrane's surface area and enhances the 
porosity of the composite, resulting in a high coated surface area and high permeability. After careful 
adjustments, the final set of samples demonstrated notable NaCl and MgSO4 rejection efficiencies of 
84.95% and 83.53%, respectively. The application of pretreatment techniques on nanofiber membrane 
involving ethanol and sodium dodecyl sulfate (SDS) has yielded promising results, resulting in observable 
increases in rejection efficiency. In addition, the study investigated the effect of pH, revealing a significant 
changes in rejection capabilities at lower pH values. When the optimized samples were subjected to 
a solution with a pH level of 1.7, these samples exhibited very low rejection rates of 67% for NaCl and 77% 
for MgSO4. This study highlights the need of enhancing membranes by taking into account the pH impact of 
the feed solution and utilising post-treatment methods during production. These features provide a simple 
and easy-to-use method for creating specialised TFN membranes to achieve effective ion separation. 
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Introduction. In both nanofiltration and reverse osmosis membranes, an ultrathin selective layer, 
determining water flux and salt rejection, is prepared through interfacial polymerization (IP) of diamines 
and acyl chlorides. While great advancement has been made in development of TFC membranes by 
altering the polymerization conditions or methods, the primary keys that dictate the performance of the 
membrane are the used monomers and their inherent structure and chemistry. In this research study, we 
investigated the effect of the length of diamine side chain on the structural and desalination properties 
(salt rejection and permeate flux) of the membrane. The current study was carried out using four different 
diamines such as piperazine (PIP), 1-(2-aminoethyl)piperazine (EAP), 1,4-bis(3-aminoprpyl)piperazine 
(DAPP) and m-xylylenediamine (XLN) and TMC as a crosslinker. 
 
Experimental/methodology. The polyamide membranes were fabricated by the interfacial polymerization 
technique. Typically, the previously prepared polysulfone support was soaked in the diamine aqueous 
solution (2 wt.%) for 10 min. and then dipped in n-hexane solution of trimesoyl chloride for 30 seconds, 
then heating the membrane at 75 �ÙC for 5 min. The membranes were tested in a crossflow experimental 
setup to evaluate the salt rejection and permeate flux. 
 
Results and discussion. Fig. 1a shows that the PIP membrane has the highest water flux of 126 LMH 
(Na2SO4), which can be attributed to the increased hydrophilicity of the PIP membrane as revealed by the 
low contac�š�����v�P�o�����}�(���î�ô�£�X���/�v���š���Œ�u�•���}�(���•���o�š���Œ���i�����š�]�}�v�U���š�Z�����W�/�W���u���u���Œ���v�����•�Z�}�Á���������P���]�v���š�Z���������•�š���‰���Œ�(�}�Œ�u���v������
among all membranes where the magnesium sulfate rejection was 91.2% while the NaCl rejection was 
about 32%. The high divalent-ion rejection of PIP membrane can be attributed to the formation of 
a relatively tighter polyamide active layer since the PIP is the smallest diamine used in this study. The EAP 
and XLN membranes showed poor permeation flux for all salt solutions (about 21 LMH) while the average 
permeate flux using DAPP membrane was almost double (about 40 LMH). EAP and DAPP membranes 
showed comparable salt rejection with significant monovalent ion rejection of more than 60% (Fig. 1b). 

                 

Fig. 1. The permeate flux (a) and salt rejection (b) of polyamide TFC membranes prepared by using PIP, EAP, DAPP and 
�y�>�E�����š���î�ì�������Œ�U���î�ï���F���í���£���U�����v���������•���o�š�����}�v�����v�š�Œ���š�]�}�v���}�(���í�ì�ì�ì���‰�‰�u�X  

mailto:*aljundi@kfupm.edu.sa


Elucidating the thin-film polymerization characteristics of epoxide-based 
TFC membranes 

 
Irian Baert1, Rhea Verbeke1, Samuel Eyley2, Marcel Dickmann3, Ivo F.J. Vankelecom1* 

 
1Membrane Technology Group (MTG)- Division cMACS, faculty Bioscience Engineering, Leuven, Belgium 

2 Sustainable Materials Lab, Department of Chemical Engineering, Kortrijk, Belgium. 3Physics Department 
and Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany 

* ivo.vankelecom@kuleuven.be 
 
Keywords: poly(epoxyether), TFC membranes, epoxide-based membranes 
 
Introduction. Thin-film composite (TFC) membranes with a polyamide (PA) top-layer are dominating the RO 
and NF market, as they achieve high solute rejection and high permeability (e.g., water fluxes of ~2.5 L m-2 
h-1 bar-1 and NaCl rejection of ~99% for RO)1,2. They are synthesized via interfacial polymerization (IP) in less 
than 1 minute, typically using m-phenylenediamine (MPD) and trimesoyl chloride (TMC) as monomers1�t3. 
Albeit state of the art, PA TFC membranes intrinsically lack chemical robustness because amide bonds are 
prone to acid, caustic, and oxidant cleavage, and can swell when filtering organic media4. To tackle this 
problem, epoxide-based polyether TFC membranes were introduced which remain stable in extreme 
alkaline, acid, or oxidative environments. 
Experimental/methodology. To synthesize poly(epoxyether) (PEE) membranes, the support layer is 
impregnated with an aqueous tertiary amine �•�}�o�µ�š�]�}�v�� �~�E�U�E�U�E�[�U�E�[-tetramethyl-1,6-hexanediamine, TMHD) 
which is allowed to react through an interfacial initiation of polymerization (IIP) at the interface for 1 h with 
the organic epoxide monomer solution (tetraphenol-ethane tetraglycidylether, EPON), added on top. 
A chain-growth homopolymerization (epoxide ring-opening polymerization, ROP) is expected to occur and 
propagates in the organic phase, until termination occurs upon protonation of the alkoxide reacts via e.g., 
water. This membrane can be further cross-linked to form an XL-PEE membrane with increased performance 
by applying the epoxide- and initiator monomer solutions for a second time onto the surface of the PEE 
membrane as respectively a first- and second densification step5,4,6. As the influence of the initiation and 
densification steps on the build-up of the thin film or the incorporation of monomers is not clearly 
understood, this work focused on the characterization of a series of membranes to fill this knowledge gap.  
Results and discussion. Filtrations depict lower permeances when the reaction times are increased, which is 
likely due to a thicker top layer as more polymerization is expected. Advanced characterization (FTIR, SEM, 
XPS, PALS) of the membranes stress the importance of the densification steps for the incorporation of 
positive charges, resulting from the tertiary amine groups, e.g. the quaternary ammonium content (NR4+ and 
NR3H+) of the PEE and XL-PEE membranes increases from 0.4 to 1.4 at.%. It is hypothesized that the initiator 
is incorporated along a gradient in the top layer. Zeta potential measurements revealed in which conditions 
the initiator reacted at 1 or both sides. As the last densification step seems to be so important for charge 
incorporation, membranes were made along the XL-PEE synthesis method with short and long final reaction 
steps. Methyl orange (MO) filtrations depicted lower rejections for membranes with a longer final reaction 
step, even though PALS indicates  similar free-volume element (FVE) sizes of 5.0 Å.  As XPS indicates more 
charges for the membrane with the longer final reaction step, a favorable (facilitated) MO transport is 
hypothesized through the membrane due to the opposite charge of this dye compared to the membrane.  
When changing the length of the first two reaction steps, but keeping the last step constant, no difference in 
charge content was measured, further confirming that most charges are built in during the final densification 
step.  
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Introduction. Benchscale membrane characterization is an essential tool for membrane development, 
fouling studies and membrane transport modeling. It is imperative that benchscale results are accurate, 
reliable and unbiassed. There are several potential causes for unreliable results with bench scale test cells: 
Membrane test cells have unrepresentative hydrodynamics near inlet, outlet and the perimeter. Test cell 
induced membrane damage can negatively impact the reliability of observed salt passage. Common 
experimental practices and short-cuts can introduce unwanted correlations between manipulated and 
observed variables. Finally, normal measurement errors propagate into the final result. 
 
Experimental/methodology.  Custom designed test cells were employed to discriminate permeate 
collection between more representative and less representative areas. Sensitivity analysis was used to find 
optimal experimental for determinination of membrane permeability and the mass transfer coefficient.  
 

Results and discussion. Sensitivity analysis reveals that common measurement errors in flowrate, pressure 
and concentration can be amplified. Thus, the experimental error results in much larger error than may be 
expected in permeabiltiy (A,B) and mass transfer coefficient (k). Particularly, there are conditions, that are 
on first glance reasonable, where no reliable values can be obtained.  For instance, Figure 1 shows an 
estimate of the relative error in mass transfer coefficient, determined from concentration polarization 
affecting the water flux. In, and close to, the white areas (error > 100%) no reasonable measurement can be 
obtained. This analysis helps to develop an experimental protocol that minimizes the effect of experimental 
artefacts and errors.  

 

 

Figure 1: estimated measurement error in determination of the mass transfer coefficient k, as a function of 
TMP and osmotic pressure.  
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Introduction. Chromium (Cr) is a toxic inorganic contaminant for drinking water, in which the concentration 
has to be controlled for human health and safety. Depending on the oxidation state, Cr can be found in water 
in the form of metal oxyanions, such as in the case of CrVI, or in the form of soluble hydroxo complexes, such 
as in the case of CrIII. In groundwater, the global occurrence is from 0.2 to 1017 µg/L [1], and to meet the 
drinking water guidelines, such as in the case of the EU Directive 2020/2184 being 25 µg/L, more than 97% 
removal would be required. Nanofiltration (NF), is an interesting option since it can generally achieve high 
retention of negatively charged oxyanions and complexed cations. 
Experimental/methodology. Filtration experiments with three NF membranes of molecular weight cut-off 
(MWCO) ranging from 700-3000 Da were carried out in a stainless steel stirred cell with controlled pressure. 
The separation of CrIII and CrVI was investigated with varied pH (2-12), and ultimately speciation and in the 
presence of humic acid (HA; 1-100 mgC/L), as an organic matter (OM) surrogate. Asymmetric flow field-flow 
fractionation coupled online with inductively coupled plasma�tmass spectrometry (FFF-ICP-MS) was used to 
quantify the potential complexes formed, particularly when investigating CrIII. 
Results and discussion. Varied pH 
conditions led to notable alterations in 
both the size and charge valence of CrIII 
species, transitioning from a trivalent 
cation Cr3+ ���š�� �‰�,�� �G�� �ð�� �š�}�� ���� �u�}�v�}�À���o���v�š��
anion Cr(OH)4- ���š���‰�,���H���í�ì�X��This resulted 
in a significant increase in CrIII retention 
to up 98% at pH 12 with 700 and 1000 
Da NF [2]. The retention of CrVI, on the 
other hand, remained unaffected by pH 
variations but dependent on the MWCO 
of the membrane. Upon the addition of 
HA at pH 8, and regardless of HA 
concentration, CrIII retention was >95%,  
while no influence was observed for CrVI retention. This was explained by the formation CrIII-HA complexes, 
which was confirmed by FFFF-ICP-MS analysis [2].  
The novelty of this work implies the role of solute-solute interactions in membrane separation, particularly 
when pH dependency plays a role in separation. The findings suggest that solute-solute, together with solute-
membrane, which are likely hindering CrIII transport through the nanoscale pores of the NF membranes, need 
to be taken into account when predicting ion transport through NF. Investigating such interactions on the 
molecular scale would further elucidate the transport selectivity. 
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In the transition to a fossil-free economy, lithium (Li+) is emerging as a vital resource due to its primary 
utilization in Li+-ion batteries. However, a major challenge in Li+-mining, as well as Li+-recovery in Li+-ion 
battery recycling processes is aqueous ion separation. Specifically, the separation of Li+ and magnesium 
(Mg2+) is problematic for the former, and the separation of fluoride (F-) from sulfate (SO42-) and phosphate 
(PO3

2-) is challenging for the latter. [1] 
A suitable approach for the separation of monovalent and multivalent ions is nanofiltration. Polyelectrolyte 
multilayer hollow fiber nanofiltration membranes are a promising alternative to conventional nanofiltration 
membranes, offering ease for further tuning. The Layer-by-Layer (LbL) technique fabrication describes the 
alternating coating of oppositely charged polyelectrolytes onto a membrane support structure. By this, the 
pore size is reduced to a nanometer scale, and the electric charge of the membrane surface is customized 
in order to obtain a separation mechanism not only by size but also by electric charge of the dissolved 
species. [2, 3] 
Several hollow fiber membrane modules with different bilayers of a combination of the polycation 
polydiallyldimethylammonium chloride (PDADMAC) and the polyanion poly(sodium 4-styrenesulfonate) 
(PSS) were evaluated. Different monovalent/multivalent ion mixtures mimicking the specific separation 
tasks were studied, and real process solutions from Li+-ion battery recycling processes were tested. The 
most promising membrane has 8 bilayers, (PDADMAC/PSS)8. Feeding an equimolar mixture of lithium 
fluoride and magnesium chloride, the membrane (PDADMAC/PSS)8 rejected Li+ by �t8% and Mg2+ by 62 %. 
Moreover, by increasing the molar ratio of Mg2+/Li+ to 5.7 we observe an enhanced separation 
performance, with Li+ rejection of �t56 % and Mg2+ rejection of 72 %. This trend is especially relevant, as the 
molar Mg2+/ Li+ ratio in Li+-mining processes is above 10. Rejections of 5 % for F- and 97 % for SO42- were 
observed when mimicking Li+-ion battery recycling process challenges by an equimolar mixture of lithium 
fluoride and sodium sulfate. These results were compared with experiments testing real solutions from Li+-
ion battery recycling processes. 
The developed LbL nanofiltration membrane shows promising separation performance for 
monovalent/multivalent cation and anion separation. Further, we showcased LbL membranes as a suitable 
technology for Li+-recovery from different sources. 
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Introduction: In recent years, the release of pharmaceuticals (PhACs) into water bodies has become a major 
global concern due to their potential toxicity to aquatic organisms and the environment. Despite being 
present in the discharged water at trace to parts-per-billion levels, pharmaceuticals are poorly degradable 
and highly mobile in the environment, which can result in an accumulation of toxic residues that can 
eventually reach humans [1]. From previous reports in the literature on the removal of pharmaceuticals from 
water by nanofiltration, it can be concluded that the electrostatic interactions of a charged molecule with 
the membrane, and the retention of the molecule on the membrane due to its size, are of key importance in 
the separation process (this applies to molecules whose molar mass is greater than the MWCO value). In 
contrast, in the case of hydrophobic uncharged molecules, the adsorption of molecules on the membrane 
plays a major role [2,3]. This contribution highlights the importance of nanofiltration membrane performance 
in promoting sustainability within the context of a circular economy, which is an approach aimed at 
maximizing resource utilization, minimizing waste generation, and reducing environmental impact. Despite 
advancements in nanofiltration membrane technology for pharmaceutical removal from wastewater, there 
remains a gap in understanding how these membranes can be effectively integrated into circular economy 
strategies to promote water recycling within the circular economy framework.  
Experimental/methodology: The research focus is on extending the scope of the AFC nanofiltration thin-film 
composite polyamide class membranes and setting the selection parameters for drugs based on their 
characteristics. The experiments were carried out for all drug samples (paracetamol and caffeine) at different 
feed concentrations in the range of 5 to 20 mg/L, feed flow rates (5�t15 L/min) between transmembrane 
pressures ranging from 5 to 30 bar for the AFC 40 and AFC 80 membranes tested. The experimental rejection 
data were analyzed using the Spiegler�tKedem model. The study aims to expand the application of tubular 
AFC 40 and AFC 80 membranes for removal of various PhACs and evaluate the performance of the 
membranes for drugs with different characteristics such as molecular weight and charge. 
 Results and discussion: The present study demonstrates the effectiveness of the commercial nanofiltration 
membranes AFC 40 and AFC 80 in the removal of paracetamol and caffeine. The results highlight the influence 
of feed concentration on pharmaceutical rejection and permeate flux, demonstrating a decrease with 
increasing feed concentration. Moreover, variations in feed flow rate showed an optimal pharmaceutical 
rejection of 87.7 % and 96.8 % using AFC 40 and 80 membranes, respectively. Furthermore, the Spiegler�t
Kedem model successfully predicted rejection permeate flows using AFC 40 and AFC 80 membranes. This 
model explained the transport mechanism of solutes through the AFC 40 and AFC 80 membranes, and it was 
noticed that high rejection values were achieved during all experiments. In general, the performance of 
nanofiltration membrane processes depends on several factors like pore size, operating parameters, 
membrane material, membrane configuration, and so on, and their advantages (high productivity and 
selectivity) overcome the weaknesses of other typical methodologies. 
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Introduction. The expansion of the semiconductor industry and the imperative for global decarbonization 
underscore the need for a stable and sustainable supply of lithium. Membrane technology offers an eco-
friendly approach to ion separation and recovery. However, traditional nanofiltration (NF) membranes 
synthesized via interfacial polymerization (IP) suffer from imprecise molecular sieving, affecting Li+ 

separation from others (e. g. Na+ and Mg2+) frequently more abundant ions. Research worldwide has 
focused on novel materials with ordered, uniform pore structures, such as covalent-organic frameworks 
and metal-organic frameworks. Nevertheless, the level of scalability offered by many such approaches 
would hinder the practical metal recovery of natural brines and wastewater in volumes that justify the 
economic viability of the process. Recent progress in nanotechnology, macrocycle synthesis and 
functionalization and supramolecular chemistry have facilitated the development of nanostructured 
membranes with preformed pores for high-performance water desalination1 and precise molecular 
separation in organic solvent medium2,3. In this study, we present the successful development of ultrathin 
NF membranes integrated with self-assembled nanochannels for precise ion sieving.  
Experimental/methodology. Membranes were fabricated using the conventional IP method. Aqueous 
solutions with self-assembled channels containing amine functionalizations were poured on the 
commercial polyacrylonitrile support. Subsequently, an organic solution containing trimesoyl chloride was 
poured on the saturated support and allowed to react for a predetermined time, followed by solvent 
washing.  
Results and discussion. Supramolecular interactions facilitate the orientation of functionalized 
macrocycles during IP. Strategically integrating the oriented molecules enables the creation of nanofilms 
with self-assembled channels endowed with precise molecular sieving capabilities. The inclusion of 
nanochannels results in a significant enhancement, with approximately a 100-fold increase in Li+/Mg2+ 
selectivity compared to membranes lacking such features. This performance surpasses that of 
commercially available and state-of-the-art nanocomposite membranes for lithium recovery. High-
recovery tests employed simulated brines or concentrated seawater with varying Li+ concentrations as 
feeds to further assess the membrane performance in realistic NF scenarios. The demonstrated high 
rejection of divalent ions (over 90%) underscores the membranes' potential for ion separation and Li+ 
recovery applications. This approach holds significance for the large-scale production of flawless 
membranes for accurate ion separation via a simple interfacial polymerization reaction. 
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Introduction. The use of reverse osmosis (RO) for water reclamation has become an essential part of the 
water supply owing to the ever-increasing water demand and the utmost performance of the RO 
membranes. Despite the global RO implementation, its inferior rejection against low molecular weight 
contaminants of emerging concerns (CECs) (i.e., N-nitrosodimethylamine (NDMA)) and propensity to 
fouling remains bottleneck thus affecting process robustness for water reuse. This study aims to enhance 
both the rejection and antifouling properties of the RO membrane 
Experimental/methodology. Herein we report RO membrane modification using polydopamine 
nanospheres (PDAns) followed by aminated-graphene oxide (AGO) deposition as an effective approach to 
overcome these challenges.  
Results and discussion. The modification of the RO membrane using PDAns-���'�K�� �Œ���•�µ�o�š������ �]�v�� �ô�õ�X�ï�� �F�� �î�X�ó�9��
�Œ���i�����š�]�}�v�����}�u�‰���Œ�������š�}���š�Z�����‰�Œ�]�•�š�]�v�����Z�K���u���u���Œ���v�����Á�Z�]���Z�������u�}�v�•�š�Œ���š�������ò�õ�X�î���F���î�X�í�9���E���D�����Œ���i�����š�]�}�v (Figure 
1(i)). This significant improvement can be ascribed to the plugging and shielding of defective areas (formed 
during interfacial polymerization) of the polyamide layer through active PDAns and AGO layers (Figure 1(ii)) 
and to the added sieving mechanism that arose through narrow channels of the AGO owing to its reduction 
(Figure 1(iii)). Moreover, the in-situ and non-destructive fouling monitoring using optical coherence 
tomography (OCT) revealed that the PDAns-AGO coating enhanced both the anti-scaling and anti-biofouling 
characteristics (Figure 1(iv)). The improved hydrophilicity and bactericidal effect together with roughness 
and surface charge suppression synergistically enhanced anti-fouling properties (Figure 1(v)). This study 
provides a new direction for safe and cost-effective water reuse practices. The membrane with high 
selectivity against CECs such as NDMA has the potential to eliminate permeate staging using second pass 
RO and other advanced oxidation processes which are utilized as a tertiary treatment to make reclaimed 
water suitable for potable/non-potable application. 

(i)

(iii)

(ii)

Anti-scaling

Anti-biofouling

(iv) (v)

   
Figure 1. Results: (i) NDMA rejections; (ii) Full XPS plot; (iii) SEM images; (iv) Anti-scaling/biofouling 
performance; (v) surface roughness and bactericidal properties 
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Introduction. Groundwater contaminantion due to pollutants like chromium, arsenic, and fluoride pose 
serious health risks and has strained aquatic ecosystems. Conventional ultrafiltration (UF) and 
nanofiltration (NF) membrane face challenges such as fouling and selectivity-permeability tradeoff towards 
ionic contaminants. Modification of UF membranes, particularly using hydrophilic nanoparticles like 
sulfonic acid-modified graphene oxide (SGO), shows promise in improving performance . This study aims to 
develop NF membranes utilizing the SGO-modified UF support and operate them in continuous cross-flow 
filtration mode, in simulated groundwater matrix which closely mimics real-world conditions. This research 
represents a significant step forward in membrane-based water treatment technology, especially for 
groundwater remediation. 
Experimental/methodology. Graphene oxide (GO) was functionalized to SGO following a protocol by Kang 
et al. The support UF membrane was fabricated using the phase inversion method, using 17.5% PES, 82.5% 
DMF, and varying concentrations of GO and SGO. The composition of different support UF membranes was 
optimized for performance and employed for fabricating the thin film composite (TFC) membrane. The 
interfacial polymerization (IP) method was employed, using a reaction between 2% m-phenylenediamine 
(MPD) and 0.1% trimesoyl chloride (TMC). The study characterizes the membranes using various 
techniques and evaluates their performance in terms of pure water permeability (PWP), protein rejection, 
organic fouling resistance, and contaminant removal (chromium, arsenic, and fluoride) from simulated 
groundwater. The impact of pH on contaminant rejection is also examined. 
Results and discussion. Introduction of 1 wt.% hydrophlic SGO in the the UF matrix tuned the morphology 
of the pristine PES membrane making it highly porous with increased PWP (�í�ì�î
0�F
0�í�ñ�� �>�D�,�����Œ�>�í) and BSA 
protein rejection (97.65%). The subsequent PES-SGO-TFC membrane had four-fold enhancement in PWP 
upto 3.09 LMH bar�>�í compared to pristine PES-TFC Membrane. The membrane exhibited exceptional 
resistance to organic fouling, with over 95% flux recovery. At approximately pH 7, the membrane 
effectively rejected Cr(VI), As(V), and fluoride, achieving rejection rates of around 89%, 99%, and 77%, 
respectively. The membrane's separation efficiency varied with pH, showing over 90% removal of 
monovalent fluoride at higher pH levels. In a simulated groundwater matrix, the membrane demonstrated 
promising results. Incorporating SGO into the support UF changed the morphological and chemical 
properties of the TFC membrane, leading to increased surface roughness, hydrophilicity, and negative zeta 
potential responsible for performance enhancement. The membrane's performance was influenced by the 
presence of competing co and counterions in the simulated groundwater matrix, indicating the need for 
further research to enhance the membrane's flux and rejection capacity. Nonetheless, our proposed 
membrane offers a promising solution to enhance the performance of conventional membranes and tackle 
the ongoing challenge of groundwater contamination by inorganic pollutants. 
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Introduction. For as long as catalysts have been used to perform reactions �t from laboratory to industrial-
scale processes �t much effort has been devoted not only to the development of superior catalysts but also 
to finding ways to enable their repeated use. For smaller organometal catalysts or organocatalysts these 
methods have become feasible with the development of nanofiltration membranes with sufficient 
selectivity as well as stability in organic solvents over the last twenty years. An easy separation of the 
catalyst from the reaction mixture is not only desirable for its reuse but also from the viewpoint of 
downstream processing and removal for example of traces of metal from the product.[1,2] Nanofiltration 
may be subdivided in applications for aqueous systems or for organic solvents.[3] For organic solvent 
nanofiltration there are several comprehensive reviews by several authors [4,5]. For catalyst separation in 
aqueous systems there are only a few examples described in literature, despite the fact that water as 
solvent is becoming more prominent again. More examples can be found on water purification or 
separation of different molecules in water [6]. 
 
Results and discussion. The talk will focus on separation in aqueous media, both for cataylst separation as 
well as on downstream processing (see figure). For nanofiltration membranes it is now common 
knowledge, that they have individual pores. For more dense membranes, a free volume between polymer 
domains is assumed to describe properties. The pores can retain dissolved species due to steric hindrance, 
electrostatic and dielectric interactions as well as interactions with the membrane material. For mono- and 
multivalent ions the separation selectivity is 
based on the size of the hydrated ions. In 
addition, a surface charge of the membrane 
material together with the pH of the solution will 
influence the separation efficiency. Recently, we 
have been able to manufacture nanofiltration 
membranes by photopolymerization of 
functionalized ionic liquids with other 
copolymers.[7] The resulting membranes show 
high stability in various organic solvents but can 
be used without problems for aqueous media as 
well. 
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Introduction. 
Nanofiltration (NF) membranes are key elements for energy-efficient separation techniques used in 
numerous  industries. Membrane technology can therefore be encountered in all kind of processes, aside 
from the well-established desalination market and is also currently implemented in wastewater treatment 
plants, chemical, pharmaceutical, textile and paper industries and beverage and food processing. Within 
these industries, membranes are essential to recover valuable compounds and to purify, separate or clean 
industrial effluents. These processes are often operated in challenging conditions or contain organic solvents. 
Current state-of-the-art polyamide (PA) based membranes are known to be susceptible to oxidizing agents 
(disinfectants) and degrade in harsh environments, such as extreme pH conditions (pH < 2 and pH > 11). The 
latter results in performance losses, decay of life-time and significantly increases to the overall process cost. 
This chemical stability is highly desired for several applications, such as Cleaning-In-Place (CIP) in the food 
industry and for the recovery of metals from acid mine drainage (AMD) [1]. Additionally, lab experiments are 
often performed ex-situ, by merely exposing the membrane to an alkaline or acidic solution for a certain 
duration, prior to performance characterization in aqueous conditions, expecting the induced changes to be 
irreversible. Contrarily, in industry, membranes are operated while they are allowing passage of liquid (i.e., 
in-situ contact) [2]. 
Experimental/methodology.  
To investigate if commonly used polymeric membranes ((XL-)PI, PSf, UV-cured PSf, (XL-�•�W�s���&�U�� �‰�}�o�Ç�~�t-
alkanolamine and PVC), prepared via nonsolvent-induced sphase separation (NIPS), are suitable for long term 
membrane separations at extreme conditions, the membranes were immersed for 4 weeks at room 
temperature in HCl, H2SO4 and NaOH solutions of different concentrations (pH -1, 1 and 3 and pH 10, 12 and 
14). To evaluate the stability of these membranes, filtration experiments are performed after immersion and 
are compared to the performance of the pristine membranes. To further characterize any chemical changes 
as well as physical/morphological changes ATR-FTIR, SEM(-EDX), swelling tests, XRD and tensile strength can 
be used to determine the extent of these changes. In addition, the best performing membrane will be 
selected for an in-situ dead-end filtration and benchmarked using commercially available pH-stable NF 
membranes (Microdyn Nadir NP030,  SelRo Koch MPS-34 and AMS A3014 for both acidic and alkaline feed 
streams and GE Duracid only for acidic feed streams). 
Results/discussion.  
Preliminary results show that the membranes do not deteriorate, as rejections do not drop significantly, 
except for the (XL-)PI membranes, which are not stable outside the pH-range 3-10, as expected due to the 
presence of the imide and amide bonds. Possible (minor) changes in water permeance and rejections for the 
other chemistries can indicate more morphological-based changes. For instance, if polyethyleneimine (PEI) 
is used (for XL-�W�s���&�����v�����‰�}�o�Ç�~�t-alkanolamine membranes)), it can change conformation depending on the 
pH of the solution media [3], as well as higher degree of protonation of the amines at low pH, resulting in 
a more swollen state (due to electrostatic repulsion). However, it is anticipated that these changes will be 
more pronounced during in-situ filtrations, influencing the micro-morphology of the membrane as well as 
impacting the electrostatic interactions with the solutes present in the feed. Differences in permeance can 
also be attributed to a changes in crystallinity or chemical reactions (i.e.., dehydrofluorination) which can 
alter the surface chemistry. 
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Introduction. Copper hydrometallurgical plants face the challenge of treating low-grade ores (containing 
a high amount of Fe and Zn impurities, among others) with the objective of maintaining high copper purity 
(99.99%). The presence of these impurities forces the industry to adopt solvent extraction and 
electrowinning routes. However, different waste streams containing sulphuric acid (up to 60 g/L) and 
dissolved metals (e.g. Zn, Fe) are generated after the solvent extraction stages [1]. Currently, these streams 
are treated with lime to neutralise the acidity and precipitate the metals prior to their discharge into the 
water natural bodies. Nonetheless, these wastewaters offer an opportunity for acid and metal recovery by 
adopting circular economy schemes. Prior to any crystallisation stage, the stream must be concentrated to 
make the metal recovery feasible. Within this context, because of the selectivity of monovalent to 
multivalent elements, nanofiltration (NF) offers an opportunity to achieve both objectives (recover acid and 
concentrate the metals in solution) [2]. 
 
Experimental methodology. This work aims to evaluate the potential for acid recovery and metal 
concentration using NF. Different streams from a copper hydrometallurgical facility were treated with 
a spiral-wound element of Duracid (Veolia). The effect of pressure (up to 35 bar) was assessed in the 
rejections and permeate fluxes for both scenarios. The transport of species was characterized by 
membrane permeances to species using the Solution-Electro-Diffusion-Film model (SEDFm), which was 
later used to run scaling-up projections. The simulations were coupled with PHREEQC, which allowed to 
determine the scaling potential at the membrane surface. 
 
Results and discussion. Results showed the possibility of attaining high metal rejections (>90%), whereas 
acid rejections were below 15%, highlighting the possibility of recovering acid. However, it was observed 
that arsenic permeated across the membrane due to its presence as a neutral species (H3AsO4(aq)). The 
simulations carried out using the SEDFm showed the possibility of concentrating the metals in the feed 
solution by a factor close to 4 at 75% permeate recovery. However, scaling can occur due to the 
precipitation of anhydrite (CaSO4(s)) and gypsum (CaSO4:2H2O(s)). 
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Introduction. The significance of trace amounts of organic compounds as pollutants resulting from 
industrial, agricultural and medicinal usage is becoming progressively recognized. Hormones, antibiotics, 
and other pharmaceuticals, along with personal care products, can find their way into aquatic habitats 
through wastewater treatment facilities, which are usually not designed to remove corresponding 
substances[1]. Reverse osmosis and nanofiltration, in particular, are membrane techniques that have 
demonstrated encouraging application in the removal of emerging contaminants potential due to their 
advantages of excellent product quality, minimal initial investment, easy scaling up [2]. 
Experimental/methodology. For the purpose of nanofiltration experiments METcell® cross-flow system 
(EVONIK, Germany) was used. The pressure driving the process was maintained by using high-pressure gas 
from a gas cylinder. Total amount of the initial sample was 600mL with a permeate samples collected as 
the first 300mL of the filtered liquid (concentration factor 2). Total time of filtration was 60min. Two 
polyamid flat sheet membranes were used in the corresponding experiments: DK (SUEZ, PA-TFC, MWCO 
150-300Da) and NF270 (Dow Filmtec, PA-TFC, MWCO 400Da). Feed sample was spiked with 300 ng/L of 
clarithromycin (MW 748Da) in ultrapure water. Filtration 
was�� ���}�v���µ���š������ ���š�� �î�ñ�Ù��, feed flow rate 300mL/h and 
permeate flux 5.88mL/h. Rejection of clarithromycin was 
investigated at three different pH values, 4, 7 and 10. 
Results and discussion. The illustration of obtained results 
is presented in Figure 1. Both membranes showed 
clarithromycin rejection higher than 80% in all conducted 
experiments. The highest rejection rate, 97.55% was 
noticed in the experiments where NF270 was used at the 
aqueous solution pH 4. Evident decrease in clarithromycin 
rejection with the rising pH values is observed in all 
conducted experiments. The content of clarithromycin in 
permeate samples obtained by using NF270 membrane is 
up to 10% lower compared to the samples obtained by 
using DK, which was not expected based on the MWCO 
values of corresponding membranes. The obtained results suggest possible impact of specific 
characteristics of membrane surface. The rejection rate is also influenced by clarithromycin specific 
molecular descriptors (pKa and logKow) values[3]. 
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Introduction. Surface patterning of membranes is a promising approach to overcome limitations due to feed 
spacers in spiral-wound modules (i.e., biofoulants accumulation, increased pressure drop) and promote their 
performance in water treatment applications. Simulations and lab-scale experiments, conducted in spacer-
free channels, revealed that surface-patterned membranes can modify fluid characteristics in direct 
membrane vicinity, and accordingly, decrease both membrane fouling and concentration polarization [1, 2]. 
Nevertheless, there is a knowledge-gap regarding fluid characteristics atop surface-patterned membranes in 
spacer-filled channels. Additionally, these effects are decisively influenced by surface pattern design, feed 
spacer characteristics, and operating conditions. Several mechanistic explanations (e.g., vortex shielding, 
secondary flow generation, shear-induced back-diffusion) were proposed in literature [3]; however, they 
were rather case-specific, and sometimes contradictory. To date, there is no solid experimental evidence 
concerning the improved fluid characteristics in the immediate vicinity of surface-structured membranes. 
The current study aims at sufficient understanding of the effect(s) of topographical membrane surface 
modification on fluid characteristics and examine reliable mechanisms for particles (or foulants) deposition 
on surface-patterned membranes in spacer-filled channels by means of real-time fluid dynamics analysis 
using Particle Image Velocimetry (PIV). Additionally, the outputs are compared with the results of parallel 
computational fluid dynamic (CFD) modeling efforts simulating the hydrodynamics on surface-patterned 
membranes in spacer-free and spacer-filled channels. 
Experimental. Surface-patterned TFC membranes were prepared by direct patterning of commercial 
�&�]�o�u�d�����¡�� �>�� LE-4040 membranes via hot embossing micro-imprinting lithography using brass mold with 
regular lines-and-grooves pattern (line width: 20 �…�u, line-to-line distance: 20 �…�u, groove depth: 10 �…�u). The 
flow in membrane fouling simulator was set at constant crossflow velocity of 0.15 m/s. Tracer particles with 
different characteristics were employed. Shake-the-Box (STB, Lagrangian Particle tracking) PIV with 
instantaneous measurement of three velocity components in a complete 3D measurement volume was 
employed. Different operating conditions (with/-out permeation, with/-out feed spacer) were examined. 
Results and discussion. Fluid dynamics measurement using STB in spacer-free channel at non-permeation 
and permeation conditions revealed that surface-patterning can indeed modify fluid characteristics in the 
feed-retentate channel. This was consistent with our earlier measurements using planar 2D-PIV [4], where 
vector velocity profiles showed substantially improved fluid characteristics for surface-patterned membranes 
compared to flat-sheet membranes. Using the volume flow 3D reconstruction function, fluid characteristics 
at different Z-distances from the surface-patterned membrane surface in spacer-filled channels are 
measured to investigate the joint effects of surface patterning and feed spacer design on hydrodynamics and 
tracer particles deacceleration patterns. These results are used to validate CFD modeling results suggesting 
that the hydrodynamics effects (e.g., velocity field, wall shear stress) in the vicinity of surface-patterned 
membranes in spacer-filled and spacer-free feed channels differ substantially. 
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There is no such thing as perfect or ideal membrane. Most commercial membranes foul or suffer trade-off 
between flux and retention and usually they do not have as good selectivity as desired. However, 
membranes can be modified for better performance. There are numerous ways to do the job but 
modification of membrane surfaces with polyelectrolytes (PEs) via Layer-by-Layer (LbL) technique offers 
powerful tool for altering most important properties for membranes such as pore size, surface charge, 
hydrophilicity, and surface roughness. Polyelectrolyte multilayer (PEM) coating can change surface charge 
from negative (substrate) into positive. Decreasing trend of pure water permeance and simultaneous 
increase in salt retention are also seen in with PEMs indicating decrease in pore size along with 
strengthening surface charge. However, we have also observed increase in salt solution or pure water 
permeance after PEM deposition compared with substrate (virgin membrane). 
 

These positive properties of PEMs were utilized in SEA4VALUE project [1] where critical metals and 
minerals are mined from desalination brine. Selectivity between mono/multivalent cations was improved 
by PEMs. Selectivity over 20 between mono- and multivalent cations from brine-like feed was achieved 
when a commercial NF membrane was coated with PEMs. If an ultrafiltration substrate was used, even 
selectivity over 60 can be gained but divalent cation rejection (e.g. Mg) remains modest (Figure 1). Brine 
permeance was observed to increase compared to pure water permeance. 
 

 
Figure 1. Overall mono/multi cation selectivity, Mg retention, and pure water permeance of PDADMAC/PSS 
coated NFG and DL membranes at 12 (NFG) and 20 bar (DL). 
 

When compared to commercial NF membranes, PEM coated perform clearly better. The Fortilife XC-N and 
the Pro-XS2 membranes show selectivity 4.7 and 3.0 and Mg retention 81% and 83%, respectively [2]. 
 

End-of-Life (EoL) membrane elements can be taken into use as well after skin-layer removal and coating 
with PEMs to turn them into NF-like membranes instead of discarding in landfills or incinerating. The PA 
skin layer was partially removed by NaClO treatment. Resulted open UF type membrane was coated with 
polyelectrolytes via LbL technique using dynamic mode. Samples�[ salt retention was 98% and water 
permeance over 17 L/(m2hbar) [3]. 
 

PEM coatings have several benefits: no harmful solvents needed (water solutions), coating operation 
simplicity, rather dilute solutions can be used (�C 0.1 g/L), commercial spiral wound elements can be coated 
(new or used), many important surface properties can be modified simultaneously, increased resistance 
against fouling and biofouling �Ö membranes can be tailored to meet the needs of an application. 
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Introduction. Acid whey is a by-product of several emerging dairy products such as Skyr and Greek yogurt, 
and its production volume is increasing. While the recovery of valuable components like protein and 
lactose from sweet whey is well established, the higher concentrations of lactic acid and calcium in acid 
whey pose challenges, making lactose recovery more complex and costly [1,2]. Existing literature mainly 
focuses on deacidification and demineralization processes to produce powders from acid whey [3,4]. 
Conversely, research on lactose recovery from acid whey is limited and ion exchange or electrodialysis 
have been proposed as the main purification strategies [2,5]. Nanofiltration, combined with 
a decalcification/precipitation step, emerges as a potential candidate for lactose purification, aiming at 
a minimum lactose purity of 90% and a maximum lactic acid/lactose ratio of 0.042 g/g, while 
simultaneously preconcentrating lactose [3,4]. 
This work proposes a process for protein and lactose recovery from raw acid whey that includes 
clarification, ultrafiltration, decalcification/precipitation, and nanofiltration steps. In particular, the 
feasibility of nanofiltration is experimentally studied. 
Experimental/methodology. The characteristics of the main streams were evaluated using performance 
data from the literature for each step. Nanofiltration experiments were carried out in a bench-scale plant 
using a DK1812 spiral wound module (Veolia Water Technologies SpA). An artificial solution of lactose (30 
g/dm3), lactic acid (4.4 g/dm3) and sodium chloride (2.8 g/dm3) was used to simulate the clarified 
superanatant. Nanofiltration operated in concentration and diafiltration modes was investigated and the 
effect of transmembrane pressure on process performance was studied. The experiments were performed 
���š�� �ñ�ì�£���U�� �ò�ì�ì�� ���u3/h feed flowrate, and pH 4. Finally, a nanofiltration simulation was performed to 
determine the optimal configuration among several possibilities. 
Results and discussion. Nanofiltration in concentration mode did not meet the targets for lactose 
purification. Conversely, nanofiltration in diafiltration mode successfully purified lactose but required 
a significant amount of water. The combination of nanofiltration in concentration mode followed by 
diafiltration mode proved to be an effective strategy for reducing water consumption while partially 
concentrating lactose. With a concentration factor of 2 and a dilution factor of 1.3, nearly 82% of the lactic 
acid was removed, resulting in a lactic acid/lactose ratio of less than 0.030 g/g. The most effective removal 
of lactic acid was obtained at low transmembrane fluxes, 8-10 dm3/(hm2), corresponding to low 
transmembrane pressures. Finally, process simulation facilitated the identification of configurations that 
provide a good balance between energy requirements, membrane area costs, and water consumption in 
diafiltration mode. 
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Introduction. Polyelectrolyte membranes (PEMs) gained considerable attention for their health, 
environment and energy applications due to their promising characteristics such as multi functionality, easy 
fabrication, low cost, biocompatibility, biodegradability and tunable physicochemical properties. The 
complex rejection mechanism of NF membranes yields a great tunity for separation applications, where 
selective rejection of certain compounds (e.g., opportunity for separation applications, where selective 
rejection of certain compounds softening, sulfate reduction, transition metal removal, etc.) is needed, 
combined with a (e.g., softening, sulfate reduction, transition metal removal, etc.) is needed, combined 
with high passage rate for others (e.g., NaCl) [1-3]. NF offers great capability as a selective and green 
separation process for various industries. Drinking water regulations are getting stricter; therefore, tighter 
filtration processes than sand filtration or UF are preferred. Compared to RO, the lower monovalent salt 
rejection and the higher water flux (in relation to this, the lower energy demand), combined with 
a reasonably high organic rejection, make NF an ideal process for drinking water treatment where high 
NOM concentrations pose a problem.  
 
Experimental/methodology.  
The membrane was carefully cut into a suitable size to be used in the membrane cell and mounted on 
a custom designed holder with the active surface facing up and held tightly to expose the effective 
membrane area. The completion of these steps results in the development of 1-bilayer of poly (dial- 
lyldimethylammonium chloride) (Mw 100,000�t200,000)-PDADMAC/polysulfone-PS thin film membrane. 
�d�Z�]�•���‰�Œ�}�����•�•���Á���•���Œ���‰�����š�������^n�_���š�]�u���•���š�}���}���š���]�v���u���u���Œ���v���•���u�}���]�(�]�������Á�]�š�Z���^n�_��bilayers, (PDADMAC/PS)n.  
Results and discussion. 
 Selectivities of virgin/ modified membranes are well mapped out through studies involving fresh, virgin 
membranes tested in short-term laboratory experiments. However, questions remain regarding how 
membrane properties change as the PEM accumulates organic and inorganic ions with a high affinity to the 
PEM, and how permeability, selectivity and rejection are affected. Although PEM-based membranes are 
known for their chemical robustness, they still have certain weaknesses that can limit their applicability to 
certain wastewater treatment applications.  
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Introduction. Per- and polyfluoroalkyl substances substrances (PFAS) comprise of over 4000 artificially 
manufactured compounds with widescale consumer and industrial applications[1]. Due to their extensive 
use, PFAS are often detected in the aquatic environment and represent a global concern due to their 
persistence, adverse effects on living organisms and bioaccumulative potential.  Conventional water 
treatments are insufficient in the removal of PFAS and, therefore, additional treatment methods are often 
required[2]. Advanced processes, such as nanofiltration and reverse osmosis, are considered to be 
extremely effective in removal of various emerging contaminants, including PFAS[3]. This study reports the 
efficiency of reverse osmosis membrane in removal of selected PFAS compouds from model water 
samples. 
Experimental/methodology. Commercially available polyamide reverse osmosis membrane, SW30HR 
(Filmtec, USA), was used for removal of three PFAS compounds: perfluorobutanoic acid (PFBA), 
perfluorobutane sulfonate (PFBS) and perfluorooctane sulfonate (PFOS). Reverse osmosis experiments 
were conducted in METcell® dead-end unit (EVONIK, Germany). High pressure nitrogen gas cylinder was 
used for obtaining 30 bar pressure in the system. Ultrapure (Milli Q) water was used for feed preparation 
and the solution was spiked with 0.3 ng/mL of each selected PFAS. Initial sample volume (feed) was 200 mL 
and the experiment continued until 100 mL of permeate was collected. Temperature of the spiked solution 
was set at 25 �ÙC and pH value was set at 7.  
Results and discussion. Obtained results are presented in 
Figure 1. Rejections above 80% were achieved for all selected 
PFAS with the SW30HR membrane. An increase in rejection 
was observed with an increase in molecular weight (MW) of 
selected PFAS. The lowest rejection could be observed for 
PFBA (MW = 214.04 Da), while significantly higher rejections 
were observed for PFBS (MW = 300.01 Da) and PFOS (MW = 
500.13 Da). Due to the low molecular weight cut off (MWCO = 
100 Da) of the reverse osmosis membrane, high rejections of 
PFBA, PFBS and PFOS were expected. However, despite low 
MWCO, presence of selected compounds in the permeate 
suggests influence of other factors on PFAS rejection, such as 
PFAS molecular length, width, pKa and logKow values. 

Figure 1 Rejection of selected PFAS 
by reverse osmosis membrane 

Acknowledgments 
Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not 
necessarily reflect those of the European Union or EU executive agency. Neither the European Union nor the granting 
authority can be held responsible for them. This work is conducted under the project TwiNSol-CECs that has received 
funding from Horizon Europe programme under grant agreement no.101059867. 
References 
[1] Lenka, S. P., Kah, M., & Padhye, L. P.  Water research, 2021, 199, 117187. 
[2] Pan, C. G., Liu, Y. S., & Ying, G. G.  Water research, 2016, 106, 562-570. 
[3] Xiong, J., Hou, Y., Wang, J., Liu, Z., Qu, Y., Li, Z., & Wang, X. Environmental Science: Water Research & Technology, 
2021, 7(11), 1928-1943. 



Polyelectrolyte multilayer membranes: an experimental review 
 

Jurjen A. Regenspurg1, Wendy Jonkers1, Moritz A. Junker1, Iske Achterhuis1, Esra te Brinke1* and 
Wiebe M. de Vos1 

 
1Twente Membranes, University of Twente, MESA+ Institute for Nanotechnology, P.O. Box 217, 7500 AE, 

Enschede, The Netherlands  
* e.tebrinke@utwente.nl 

 
Keywords: Polyelectrolyte multilayer membranes, nanofiltration, water purification, polyelectrolyte 
properties, multilayer properties, separation properties  
 
Introduction. In the last decades, polyelectrolyte multilayers (PEMs) have become a popular coating type to 
form dense separation layers on top of porous membranes for water purification and other separation 
processes [1]. Thanks to the versatility of the layer-by-layer method to coat PEMs, nanofiltration membranes 
with many different separation properties can be produced, e.g. depending on polyelectrolyte types and 
molecular weight, terminating layer, and coating conditions such as pH and ionic strength.  
The versatility of PEMs however also has a drawback, which is the poor comparability between literature 
results. Different studies use different membrane supports and coating conditions to prepare PEM 
membranes, as well as different methods and process conditions to analyze their separation properties. This 
hampers not only the comparison between different polyelectrolyte pairs, but also the possilibity to extract 
which physical and chemical polyelectrolyte properties in general determine PEM membrane performance. 
Therefore our research group conducted an experimental review [2], collecting a large dataset both to allow 
fair comparison between polyelectrolyte pairs and to obtain fundamental information on the relationship 
between polyelectolyte properties and PEM membrane performance.  
Experimental/methodology. We determined the most important physical properties and separation 
characteristics (swelling, pure water permeability, molecular weight cut-off and salt retentions) of nine 
popular polyelectrolyte pairs, all under the same coating and process conditions. These data, as well as the 
calculated charge density and hydrophilicity of polyelectrolytes, were used to study correlations between 
polyelectrolyte, multilayer and membrane properties.  
Results and discussion. Our data reveal a strong relationship between polyelectrolyte hydrophilicity and PEM 
swelling, while PEM swelling strongly, but not solely, influences pure water permeability, molecular weight 
cut-off, dielectric exclusion and to some extent also Donnan exclusion of the PEM membranes. Interestingly, 
the obtained correlation between charge density and swelling contradicts the trend that was earlier 
published in a more limited study [3]. The relationships between different properties are clearly more 
complicated than considered previously. With the obtained data, we aim to make a start in understanding 
which physical properties are essential in determining membrane properties.  
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Introduction. Nanofiltration (NF) has been considered as the leading technology due to its less 
consumption and low contamination in water treatment, drug concentration, food processing and energy 
recovery [1]. Now, it has been concluded that the polyamide (PA) separation layer dominates the 
membrane performances, which can be fabricated through interfacial polymerization between piperazine 
(PIP) and trimesoyl chloride (TMC) [2]. Due to the high solubility of PIP monomer in organic phase, PIP 
monomers transfer across the water-organic interfacial layer to react with TMC, which is the main reason 
for stimulating the formation of thin active layer [3]. However, this reaction is relatively uncontrollable, 
therefore, controlling the diffusion of amine monomers is quite important during interfacial polymerization  
Experimental/methodology. PES substrate was gripped between a ported ceramic plate and a glass 
equipment. Subsequently, 10 mL water solution of PIP (0.1 wt%) was decanted onto PES membrane 
surface. After that, 10 mL organic phase with TMC (0.05 wt%) was softly poured onto the surface to initiate 
IP reaction at the interface. Reaction time was 60 s. In order to study the co-solvent effect, acetone was 
added in hexane solution with different weight ratios. After reaction, the obtained polyamide layer slowly 
fell down to PES substrate by vacuum suction. The resulting composite membranes were rinsed with extra 
hexane and finally cured at 60 oC for 10 min. 
Results and discussion. Superior NF membranes have been fabricated through the co-solvent strategy with 
the typical biphasic miscible co-solvent acetone. The added co-solvent (acetone) induced piperazine 
diffusion flood (Figure 1) through interfacial co-solvent extraction effect due to the interfacial enrichment 
�}�(�� �������š�}�v���� ���v���� �]�v�v�}�À���š�]�À���o�Ç�� �‰�Œ�}�‰�}�•������ ���� ���}�v�����‰�š�� �}�(�� �^�������š�}�v���� ���Æ�š�Œ�����š�]�}�v�� ���(�(�����š�_ After optimization, 
electronegativity of the membrane was weakened. The NF membranes represented the characteristics of 
more uniform, compact and small pore size. With addition of acetone, the membrane showed a super 
rejection rate of divalent cations, the rejection rate of MgCl2 was 83.1 ± 0.8%, and the rejection rate of 
CaCl2 was 71.5 ± 0.6%. Simultaneously, permeability of pure water still reached 12.1 ± 0.6 L m-2 h-1 bar-1. 
The study may provide a unique understanding of the co-solvent effect in interfacial polymerization and 
a novel idea for the manufacture of high-performance NF membranes. 

 

Figure 1. Schematic illustration of piperazine diffusion flood. 
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Introduction: Recently, nanofiltration (NF) membranes have been utilized for feed pretreatment, 
addressing various challenges in brackish and seawater desalination. Enhancing membrane performance 
involves adding hydrophilic materials such as polymers, nanoparticles, and functional groups via grafting, 
coating, and blending. Nanoparticles, noted for their vast surface area and unique properties (chemical, 
physical, optical), are increasingly used in membrane technology. This includes metal and metal oxide 
nanoparticles, carbon variants (graphite, graphene, carbon nanotubes). Out of them graphene quantum 
dots are emerging as new low cost and high-performance hydrophilic material1. Their smaller size and the 
presence of oxygen-bearing functional groups render GQDs a superior alternative to nanomaterials like 
graphene oxide. 
Experimental/methodology: Graphene quantum dost (GQDs) has been synthesised from waste palm tree 
leaves with very effective and sustainable method in our previous work. Three different NF membranes 
were prepared with different GQD concentration (0.01, 0.03 and 0.05wt%) in selective layer and names as 
NF-1, NF-3 and NF-5. All prepared membranes were tested on different parameters (pressure, flow rate 
and TDS). Single salt solution (NaCl) was used as a feed. 
 
Results and discussion: Initially, all membranes underwent evaluation across a spectrum of pressures (35, 
30, 25, and 20 bars) at a fixed flow rate (2000 ccm) and total dissolved solids (TDS) concentration of 40,000 
ppm. The NF-3 membrane exhibited superior salt rejection efficiency (52%) at 35 bar, in stark contrast to 
NF-5, which presented the lowest efficiency ( 23%) at the same pressure. Subsequent evaluations were 
conducted with variable TDS concentrations while maintaining constant flow rate (2000 ccm) and pressure 
(35 bar). Here, NF-3 demonstrated exceptional performance, with rejection rates escalating from 52% to 

83% as TDS decreased from 40,000 to 5,000 ppm. Further reduction in operational pressure to 25 bar, with 
conditions set at 2000 ccm and a TDS of 5,000 ppm, enabled NF-3 to achieve a maximal rejection rate of 
96%. Accordingly, NF-3 was identified as exhibiting optimal performance at reduced TDS concentrations 
(5,000 ppm) and an operational pressure of 25 bar. 
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Thin-film composite (TFC) epoxide-based membranes have recently been introduced as chemically robust 
alternatives for separation processes involving complex feed solutions or aggressive washing procedures [1]. 
A poly(epoxyether) (PEE) film is synthesized through interfacial initiation of polymerization (IIP), in which the 
ring-opening polymerization (ROP) of the epoxide monomer (EPON 1031) is initiated by a tertiary amine 
initiator. As this is a rather slow and black-box process, fundamental research on the influence of 
a strategically chosen set of initiators (�E�U���E�U���E�[�U���E�[-Tetramethyl-1,6-hexanediamine (TMHD), imidazole (IM), 
1-methyl-imidazole (1-MIM), 2-methylimidazole (2-MIM), 1,4-Diazabicyclo[2.2.2]octane (DABCO), tris(2-
dimethyl-aminoethyl)amine (Me6Tren), respectively a-f in Figure 1) on the synthesis-structure-performance 
(SSP) relationship was conducted in this work. 
 

 
Figure 1: Structure of tertiary amine initiators. a= TMHD, b= IM, c= 1-MIM, d= 2-MIM, e= DABCO, f= Me6Tren. 

ROP of EPON is confirmed for the membranes initiated by the IM, 1-MIM and 2-MIM by SEM pictures, XPS- 
and FTIR measurements. Filtration results suggest low polymerization also occurred for Me6Tren-initiated 
membranes, and do not indicate polymerization for DABCO-initiated membranes. Only when TMHD is used 
as an initiator, salt selective membranes are obtained (62% NaCl rejection). The importance of investigating 
multiple fundamental parameters of the initiator (e.g., partition coefficient, surface tension, 
�v�µ���o���}�‰�Z�]�o�]���]�š�Ç�Y�•��was emphasized to understand their potency to conduct ROP. It can be concluded that this 
synthesis system prefers highly nucleophilic, bifunctional tertiary amine initiators (e.g., TMHD) with a total 
length similar to TMHD (~octane), as they both act as initiators and crosslinkers. Due to these properties, 
charges are incorporated and the toplayer is densified, enabling salt rejection.  
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Introduction. Selenium (Se) and arsenic (As) are generally found in the form of trace metalloid oxyanions 
which pose significant health risks. Such oxyanions generally form redox states under environmental 
conditions, and their speciation strongly depends on pH and redox potential. This chemical diversity makes 
the removal challenging. Additionally, these toxic trace inorganic contaminants can often present in 
groundwater alongside varying salinities and organic matter (OM), which enhances their immobilization. 
Such dynamic conditions necessitate a robust treatment process, and nanofiltration (NF) emerges as 
a romising technology for addressing Se and As contamination in diverse water sources.  
Experimental/methodology. Filtration experiments with NF270 and NF90 membranes were carried out with 
a cross-flow filtration set-up at constant flow rates mode. The separation of As and Se at different oxidation 
states (SeIV, SeVI, AsIII, AsV) was investigated with varied pH, salinity, and the presence of organic matter (OM). 
While Donnan steric pore partitioning with dielectric exclusion model (DSPM-DE) was applied to assess the 
retention mechanisms of Se, asymmetric flow field-flow fractionation coupled online with inductively 
coupled plasma �t mass spectrometry (FFF-ICP-MS) was used to assess the potential complexes formed with 
As species. 
Results and discussion. Results indicated a pronounced 
pH dependency in Se and As retention with NF, 
attributable to speciation [1-3]. Interestingly, membrane 
charge screening exhibited no discernible influence on Se 
and As retention at higher salinity (20 g/L NaCl) [1-3]. The 
presence of OM notably augmented Se and AsV retention 
by 10-20% at 10 mgC/L [1,3], with a remarkable 40% 
increase observed for AsIII upon the addition of 
100 mgC/L HA. The presence of HA amplified the 
membrane's negative charge, consequently enhancing 
the Donnan exclusion mechanism toward negative Se 
and AsV species. Regarding the neutral AsIII species, FFF-
ICP-MS measurements identified AsIII-HA complexation 
as the underlying mechanism [2]. While NF treatment is 
effective for As removal under oxic conditions only, it has 
proven successful in removing Se from real water sources (Gahard groundwater, Ille et Vilaine, France), 
achieving compliance with both EU (20 µg/L) and WHO (30 µg/L) drinking water guidelines [3].  
This study revealed the interplay between size exclusion and charge exclusion, where the presence of organic 
matter can influence their magnitude during separation. This highlights the significance of the role of solute-
solute and solute-membrane interactions in nanofiltration, where waters rich in organic matter are treated 
for trace ions removal.   
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Introduction. Membranes have a widespread application in many industrial areas starting from the provision 
of ultrapure water and medical applications to desalination plants. 
Many of these membranes require coatings for different purposes. This can be done in cost effective roll-to-
roll coating machines. They provide a continuous deposition while the material itself is kept cool by a direct 
contact with the chilling drum. The purposes for such coatings can be different. Metallic coatings and metal 
particle coatings can add electrical of antibacterial features to the membrane or prevent biofouling.  
An very interesting opportunity  for vacuum coatings on membranes is the formation of a very special filter 
for polar molecules. 
The interesting application of such semipermeable membranes is in cold concentration of watery solutions 
by forward osmosis. For this purpose, a special coating technology is used; the low temperature deposition 
of organic monomers with phenyl groups and their subsequent cross linking by electron beam curing. These 
two technological steps can create a very thin molecular layer (Carbon Nanomembrane, CNM [1]). By 
depositing on a special PET substrate it is possible to create a free standing quasi 2D-molecular film. Such 
CNM-composite membranes can be used as extremely efficient water filter membranes. 
Experimental/methodology. CNM-composite membranes are manufactured in three steps: (i) depositing 
a molecular-thin layer of suitable precursor-molecules on an ion-beam-treated PET-substrate, (ii) cross-
linking of this layer by low-energy electrons into a CNM, and (iii) opening of the ion tracks in the PET layer 
by track-etching into micron-sized pores, while the CNM acts as an etch-stop remaining as a free-standing 
active layer. [2] We have demonstrated that the first step can be efficiently performed by low temperature 
vacuum evaporation with high quality. 
Results and discussion. It has been previously shown that water passes with an extremely high flux through 
CNMs whereas dissolved species like ions or organic compounds are blocked almost entirely [3]. CNM-
composite membranes make these unique properties of nanometre-thin CNMs accessible for technical 
applications. Depending on the used precursor molecules, which determine the intrinsic porosity of the active 
CNM-layer, we have demonstrated nanofiltration, low-pressure reverse osmosis and cold concentration by 
forward osmosis on laboratory scale. The deposition by low temperature evaporation is the first step towards 
a pilot production with a capacity of several 10,000 m²/year in order to demonstrate the performance of 
CNM-composite membranes in real processes. 
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Introduction.  
Effective methods are still lacking for large-scale production of thin-film composite (TFC) hollow fiber 
membranes made from interfacial polymerization. It is the bottleneck limiting the scale-up of TFC 
nanofiltration (NF) hollow fiber membranes for wastewater treatments [1,2]. This study fills the niche in NF 
hollow fiber production by simplifying the interfacial polymerization process while maintaining the 
�u���u���Œ���v���[�•���•���o�š���Œ���i�����š�]�}�v�X 
 
Experimental/methodology.  
Chemically stable materials, polyethersulfone (PES) and sulfonated polysulfone (SPSf), are used to form the 
membrane substrate. To prepare the bore fluid, hyperbranched PEI with a high molecular weight of 60 K 
gmol-1 is used because it may offer great interactions with oppositely charged molecules at high 
concentrations [3]. Other molecules, including poly(acrylic acid) (PAA), TMC and GA, are used to further 
modify the as-spun membranes ionically or chemically. The rejections of heavy metal cations, for instance, 
Zn2+, Cu2+  and Ni2+, were conducted using 1000 ppm single ion or mixed ions thereafter to evaluate the 
potential of the membranes for the removal of metal ions. 
 
Results and discussion.  
By blending sulfonated polysulfone (SPSf) in the polyethersulfone (PES) dope solution and using 
polyethyleneimine (PEI) in the bore fluid for hollow fiber production, amine groups are actively introduced 
onto membranes. The amine groups can be further modified with various molecules, for instance, 
poly(acrylic acid) (PAA), glutaraldehyde (GA) and 1,3,5-benzebetricarbonyl chloride (TMC), resulting in 
precisely designed membranes suitable for heavy metal removal. The best membrane formed in this study 

has a small mean effective pore size (�fp) of 0.57 nm, a molecular weight cut-off (MWCO) of 157 Da and 
a good pure water permeability (PWP) of 5.14 LMH/bar. It also has over 90% rejections of heavy metal ions, 
such as Ni2+, Zn2+ and Cu2+. The membrane displays good performance stability in a continuous 96-h 
operation and in acid washes [4]. The study may provide useful insights in designing TFC NF hollow fiber 
membranes that are suitable for large-scale production. 
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Introduction. In a world increasingly affected by freshwater scarcity, desalination constitutes a crucial 
non-conventional water resource to meet the growing demand for potable water. The by-product 
generated during desalination, brine, presents significant potential for the recovery of mineral resources 
[1], creating new opportunities for the technology industry and contributing to sustainability in the 
desalination cycle. In the pursuit of selective salt recovery, nanofiltration (NF) has garnered significant 
interest in recent years due to its ability to efficiently retain divalent and polyvalent species, recovering 
monovalent ions in the permeate stream. For this reason, various authors have investigated the 
performance of NF in zero liquid discharge (ZLD) processes that also consider the recovery of specific 
salts, thus ensuring their reuse in other industries [2,3]. The present work aims to contribute to this area 
by testing different commercial membranes at laboratory scale to select those that exhibit the highest 
selectivity in separation. Finally, a ZLD solution combined with selective salt recovery from brine 
generated in brackish water desalination is proposed. 
 
Experimental/methodology. The device for testing flat sheet membranes consists of a stainless steel 
support cell. The pilot plant is equipped with flow meters in the feed and permeate lines and pressure 
gauges in the feed and concentrate lines. Ionic retention has been studied at different feed pressures. 
The experiments were conducted with synthetic brine based on the brine generated in the desalination 
of brackish water at the reverse osmosis pilot plant operated within the context of the EU-funded project 
Life Desirows. This project (now completed) validated a complex ZLD solution by combining membrane 
technology, thermal technologies, and atmospheric evaporation technologies. Aiming to advance 
towards selective separation, the present nanofiltration experiments were conducted at a laboratory 
scale. 
 
Results and discussion. In general, NF membranes efficiently retain sulfate (>80%). Among the tested 
membranes, the most favorable ones have shown very high sulfate retention (>95%), while also 
maintaining high retention rates for other divalent ions such as Ca2+ and Mg2+ (60-80%). For monovalent 
ions (Na+ and Cl-), retention rates below 20% have been achieved. 
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Introduction.  
There were numerous studies discussing the application of MOFs/P84 mixed matrix membranes (MMMs) 
in organic solvent nanofiltration (OSN) in resent years [1,2], however, very few papers have addressed the 
influence of changes in metal ions within MOFs on the characteristics of MMMs and OSN performance. 
This research, therefore, introduced an innovative approach to enhance the performance of OSN MMMs 
by varying the metal ions within MOFs. Terephthalate MOFs have been synthesized with different metals 
(Zr or Cu) and then incorporated into the P84 to prepare MMMs for OSN. The MMMs were produced using 
a non-solvent induced phase separation technique. The study systematically examines the reason why the 
types and loading amounts of M-BDC affect the physical properties, morphologies, and OSN performance 
of the MMMs. 
Experimental/methodology.  
Synthesis of Cu-BDC nanoparticles (left side) and  preparation of M-BDC/P84 MMMs (right side). 

  
 
Results and discussion.  
As shown in Fig. 1, Zr-BDC/P84 MMMs exhibited higher permeances than Cu-BDC/P84 MMMs for all the 
investigated solvents. Furthermore, it was observed that different solvents displayed varying permeances, 
with these variations dependent on the specific characteristics of each solvent. 

 
Fig. 1 Effect of solvent types on MMM permeance, (a) MZr-10, (b) MCu-10. 
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Introduction. The susceptibility of RO membrane for chlorine, which is 
widely used for disinfecting the feedwater, remains a biggest challenge. 
Herein, we report an electrochemical chlorine reduction on a conductive 
RO membrane interface as a sustainable solution to overcome this 
limitation.        
  Graphical Abstract 
Experimental/methodology. In this study, cyclic 
voltammetry was employed to investigate the potential of 
electrochemical chlorine reduction. Later, a conductive RO 
membrane with an embedded carbon nanotubes layer 
(CNT-RO) was fabricated, and its resistance to chlorine was 
tested via batch soaking into a sodium hypochlorite 
solution (NaOCl; 1,000 ppm; pH = 5) used as the chlorine 
source, followed by the flux and salt rejection monitoring. 
               Schematic of RO membrane Fabrication 
Results and discussion. The CNT-RO membrane resulted in 3.5% and 9.3% chlorine uptake after 
chlorinating for 1 h and 24 h (Figure 1a), hence faced a prominent decline in the amide II and aromatic 
amide peak positioned at 1541 cm�>�í and 1609 cm�>�í, respectively (Figure. 1c). In contrast, the application of 
2 V on conductive CNT-RO membrane interface when used as a cathode resulted in an irreversible chlorine 
reduction (Figure 1d), hence formed chloride as validated via ion chromatography. Chlorination of CNT-RO 
membrane under conducting mode could not cause any significant change in the membrane morphology 
(Figure 2), elemental composition (Figure 1a), amide bonding structure (Figure 1c), and surface wettability 
(Figure 1b). Therefore, CNT-RO membrane demonstrated 88% rejection against monovalent salt even after 
24 h of chlorination under conducting mode as compared to the commercial and CNT-RO (chlorinated 
without DC charge application) which showed 69% and 74% rejection, respectively (Figure 3). These 
findings clearly illustrated the potential of conductive RO membranes for sustainable desalination and 
water reuse applications. 

(a)

(c) (d)

(b)

    
    Figure 1. Membrane characterization Figure 2. SEM Images of the membrane    Figure 3. Flux and rejection 
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Introduction. In the past century, the world population has increased fourfold, while global water demand 
has surged sevenfold. It is predicted that the world population will increase by approximately 40% over the 
next 40 years. As population and economies expand, water scarcity, exacerbated by climate change and 
environmental pollution, has emerged as a global issue requiring urgent attention. To address these 
challenges, existing freshwater resources need protection, and new water sources must be developed. This 
necessitates advancements in water treatment technologies. 
Experimental/methodology. This study investigated the effects of additive usage in the solution and the 
effects of curing time and temperature on the water permeability and salt rejection of polyamide thin-film 
composite membranes. Additives such as 1,2-Dimethylimidazole (DMI), p-Toluenesulfonic acid (p-TSA), and 
2-ethyl-1,3-hexanediol (EHD) were used in the MPD solution to enhance the performance of high-
permeability thin-film composite membranes. The influence of curing temperature and curing time 
conditions on membrane characteristics such as surface morphology, surface charge, and hydrophilicity 
was evaluated. Additionally, the pure water permeability and salt rejection for NaCl and MgSO4 were 
measured to assess the separation performance of the thin-film composite membranes. 
Results and discussion. In this study, in order to improve the performance of the reverse osmosis 
membrane with high water flux and high salt rejection, a study was conducted on the evaluation of 
characteristics according to the curing temperature and time during various additives and interfacial 
polymerization. The morphology of the membrane with no additives and the membrane with additives 
���}�š�Z�� �•�Z�}�Á������ ���� �^�Œ�]�P�]��-and-�À���o�o���Ç�_�� �•�š�Œ�µ���š�µ�Œ���U�� ���}�v�(�]�Œ�u�]�v�P�� �š�Z���š�� �š�Z���� �‰�}�o�Ç���u�]������ �o���Ç���Œ�� �Á���•�� �•�µ�������•�•�(�µ�o�o�Ç��
polymerized on the surface of the porous support layer. In addition, the additive of 2-Ethyl-1,3-hexanediol 
(EHD) had improved hydrophilicity and water flux, which was confirmed by measuring the contact angle. 
Finally, a highly permeable TFC membrane with NaCl and MgSO4 salt rejection of 97.78% and 98.7% and 
a high water flux of 3.31 L/(m2 �+h�+bar) was prepared. 
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Introduction.  
Wastewater generated from textile processes, in particular, contains substantial quantities of harmful dyes 
and elevated salinity levels. The discharge of dye/salt wastewater has become a major contributor to 
water contamination.The development of loose nanofiltration membranes is currently a trending area of 
research [1,2]. Market-available loose NF membranes have found successful applications in various 
industrial settings [3]. The primary objective of this research is to develop an innovative loose 
nanofiltration (NF) membrane capable of efficiently separating dye/salt wastewater. We The impact of 
incorporating CAU-10-H into P84, focusing on membrane surface hydrophilicity, microstructure, 
permeance, rejection, and antifouling properties was extensively investigated in this work. 
Experimental/methodology.  
Synthetic approaches for CAU-10-H (left side) and  preparation of CAU-10-H/P84 MMMs (right side). 

  
Results and discussion.  

The NF experimental results, specifically for the M2 membrane as depicted in Fig. 1(a), revealed a specific 
order of salt rejection: Na2SO4 > MgSO4 > MgCl2 > NaCl, with rejection percentages of 14.5, 9.6, 6.5, and 3.6 
%, respectively. The CAU-10-H/P84 composite MMMs demonstrated salt rejections below 15 %, with values 
falling below 10 % for three of the salts, namely MgSO4, MgCl2, and NaCl. However, these MMMs exhibited 
exceptionally high dye rejections exceeding 99 %, indicating their excellent performance in separating dyes 
from salt solutions (Fig. 1(b)). 

 
Fig. 6. (a) Salt, (b) CR/salt separation performance for M2 membrane. 
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Introduction. Today, access to clean or potable water is a global crisis due to the climate change-induced 
water scarcity, water contamination and industrialization. Nanofiltration (NF) and Reverse Osmosis (RO) 
can alleviate this crisis as they allow the production of fresh water from unconventional or polluted 
sources, such as saline water, waste water and contaminated groundwater. The conventional polyamide 
(PA) membranes have been dominating the water desalination industry but have failed to expand to new 
applications because of their intrinsic chemical sensitivity. The need for chemically robust membranes 
outside the pH-range 2-11 has led to the introduction of novel polymer chemistries, including the epoxide-
based TFC membranes developed in our group [1]. However, it is well known that the support plays 
a crucial role in the selective layer formation for TFC membranes. Previous studies on the conventional PA-
based TFC membranes demonstrated that both the surface chemistry and pore properties influence the 
formation mechanism and thus the final performance of the TFC membrane [2]. 
Experimental/methodology. A variety of polyacrylonitrile (PAN) based supports were prepared via 
nonsolvent induced phase separation (NIPS) to investigate the influence of the support on 
a polyepoxyether (PEE) and densified (XL-PEE) TFC membranes. For the supports a concentration range of 
12-17 wt% PAN in NMP and solvent series of 15 wt% PAN in NMP, DMSO and DMF were used for this work. 
The selective layers were synthesized through interfacial initiation of polymerization (IIP) with TMHD as 
initiator and EPON as epoxide monomer. The formation process and nanoscale characteristics of the 
selective layers were investigated through extensive characterization (XPS, PALS, ERD, TEM, ATR-FTIR, 
AFM) and the performance of the TFC membranes with filtration experiments. 
Results and discussion. The obtained results show a clear trend in both permeance and rejection of a PEE 
membrane. As the PAN concentration of the support increased, a drop in water permeance and increase in 
methyl orange (MO) rejection can be observed, and vice versa. This data illustrates that the supply of the 
initiator at the interface is determined by the pore size and porosity, hence, it is expected that smaller 
pores allow less TMHD at the interface, resulting in less initiation, higher MW chains and thus a denser 
network. In contrast to the PEE membranes, the XL-PEE membranes all reach a NaCl rejection of around 
60%, indicating that the support porosity appears to have no significant impact on the salt rejection. Even 
for the most porous support, which has a significantly higher permeance of 8 L m-2 h-1 bar-1. These results 
indicate that the densification step, i.e., re-application of TMHD and EPON, overrule the intrinsic impact of 
the support on the rejection of the XL-PEE membrane. This was an expected trend as the densification is 
applied on top of the already formed PEE selective layer and is thus not associated with the PAN support 
anymore. The clear influence of the PAN support on the water permeability of the (XL)-PEE membranes can 
be attributed to the so-called funnel effect [2]. The funnel effect refers to the phenomenon whereby higher 
water transport resistance is encountered for a support with low surface porosity, as water must find its 
way to the defined pores of the support layer upon leaving the selective layer, which is longer compared to 
a highly porous support. Thus, while the support significantly affects permeance in XL-PEE membranes, its 
influence on rejection and morphology is limited.  
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Introduction. In this project, we use IONOMER as the basis to make nanofiltration membranes in 
a different way from layer by layer. We expect this nanofiltration membrane to remove organic 
micropollutants as much as possible and act as a tertiary water treatment unit to solve the problems faced 
by the Israeli water treatment plant Shafdan." The advantage of using Ionomer and polyelectrolyte to form 
polyelectrolyte composite film is that it simplifies the complicated coating process of traditional LBL 
method, and has the same advantage as polyelectrolyte composite film in removing organic micro-
pollutants. 
Experimental/methodology. We use different Ionomers, including Nafion, Nexar, Sustain, and different 
polyelectrolytes, including PVAm, PAH,PAA,PSS, etc., to form different complex layers. 
Results and discussion. According to the current results, the composite film made by the new method can 
determine the thickness of the selected layer by controlling the use of Ionomer. This method, which only 
needs one coating, greatly reduces the number of coating times compared with the traditional LBL 
method. The rejection of organic micropollutants by the new nanofiltration membranes shows distinct 
characteristics. Depending on the charging of the membrane, it showed better results than the commercial 
membrane NF270 when treating organic micropollutants with opposite electrical properties. 
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Introduction. Numerous studies in literature have emphasized the potential advantages of surface-
patterned TFC membranes in water treatment and desalination [1]. Surface patterns can induce certain 
mixing effects in the direct membrane vicinity that are claimed to mitigate biofouling and scaling [2,3]. 
Surface patterns can also increase membranes active surface area that can result in higher pure water 
permeability (PWP) compared to their flat counterparts [4]. However, none of the respective studies 
investigated the performance of surface-patterned TFC membranes in combination with feed spacers, which 
are typical components in spiral-wound modules. Additionally, direct patterning of RO TFC membranes (via 
thermal embossing methods using hard stamps) has always been challenging, since TFC membranes are 
exposed to significant plastic deformation that can damage the crosslinked polyamide layer (causing a drop 
in PWP and/or permselectivity [5]). So far, preparation of surface-patterned TFC membranes via a two-steps 
procedure [3,4] (i.e., surface patterning of membrane support followed by interfacial polymerization) has 
been the most reliable approach. In this presentation, the development of surface-patterned RO TFC 
membranes with pronounced regular microstructures via direct patterning thermal embossing method will 
be discussed. A systematic study of the imprinting conditions and their impacts on both topographical 
characteristics and permselectivity of TFC membranes was conducted. Additionally, the results of lab-scale 
scaling experiments using surface-patterned TFC membranes, combined with typical diamond-shaped feed 
spacer, will be presented for the first time. 

Experimental. Surface-patterned TFC membranes were prepared via hot embossing micro-imprinting 
lithography using brackish water FilmTec�¡  LC LE-4040 membranes and brass mold (27 x 7 cm2) with regular 
lines-and-grooves pattern (line width: 20 �…�u�U���o�]�v��-to-line distance: 20 �…�u, groove depth: 10 �…�u). Different 
imprinting parameters were examined. The patterning fidelity was analyzed using 3D optical profilometer, 
besides topographical characteristics were analyzed using scanning electron microscopy and atomic force 
microscopy. PWP and NaCl retention were examined using lab-scale membrane testing unit. Anti-Scaling 
performance, with/-out feed spacer, was compared vs. two reference flat-sheet membranes (pristine 
membrane and compacted membrane at analogous conditions as surface-patterned membrane). 

Results and discussion. Surface-patterned TFC membranes with pronounced microstructures (patterns 
height up to 5 �…�u) were successfully achieved while maintaining dense polyamide layer, see Fig.1. 
A correlation between patterns dimensions and PWP could be established. Additionally, surface-patterned 
membrane exhibited generally better anti-scaling performance than flat membranes, while the performance 
results in cases of feed spacer-free and feed 
spacer-filled channels differ substantially. 
Effective combination of surface patterning 
and feed spacer design can potentially 
promote RO membranes performance. 
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Introduction.  
 
Livestock farming produces large amounts of waste that can pollute the environment, making effective 
management essential. Treating this waste not only mitigates environmental impact but also recovers 
valuable nutrients like nitrogen, phosphorus, and potassium, despite the challenges in its elimination or 
purification [1]. Membrane technology, including forward osmosis and gas permeation contactors, is used 
to remove and recover Total Ammoniacal Nitrogen (TAN) from livestock waste [2-3]. At pH levels below the 
pKa of the ammonium-ammonia equilibrium, ammonium ions are retained by membranes, while ammonia 
permeates freely at higher pH levels. Both methods face limitations such as slow processing and low TAN 
concentrations in the permeate, with forward osmosis also incurring higher operational costs due to the 
need for reconcentration of the draw solution. Pressure-driven membrane technologies like reverse 
osmosis (RO) and nanofiltration (NF) are effective for removing and recovering TAN [4]. Studies have 
shown that these technologies can concentrate TAN into a nutrient-rich slurry while producing purified 
water, with RO and NF achieving ammonium ion rejection rates between 80% and 99%, depending on 
conditions [5]. Recent research indicates that nanofiltration membranes can recover up to 90% of 
ammonia from hydrolyzed human urine at high pH levels [6].  
This study aims to determine the permeability coefficient of ammonia in nanofiltration membranes at 
different feed pH values.  
Experimental/methodology.  
The experimental setup included a reservoir tank, a pump, a closed-pipe pressure dampener to prevent 
pressure fluctuations, pressure gauges, a filtration cell (SEPA CF II from Osmonics), and flow meters for 
both the retentate and permeate. The study utilized two organic thin-film composite membranes: NF90 
(Dow FilmTec©) and SelRO® MPF-34 (Koch). The feed chamber was equipped with a feed spacer and 
stainless-steel shims to reduce the chamber depth and increase crossflow velocity. All experiments were 
conducted in steady-state mode, recycling both the concentrate and permeate streams to the feed vessel 
at a constant temperature of 25°C, with the feed tank immersed in a thermostatic bath. Feed solutions 
consisted of 0.2 M NH4Cl at various pH levels, and TAN content was measured using a Thermo Fisher 
Scientific selective electrode. 
Results and discussion. 
Experimental results indicated that ammonia rejection significantly decreased with increasing pH for both 
membranes. The lowest rejection values were observed at pH 11.5, with 12% for the NF90 membrane and 
6% for the MPF-34 membrane. The ammonia permeability coefficient was determined using the Spiegler�t
Kedem model combined with film theory to quantify concentration polarization. It was found that the 
ammonia permeability coefficient was nearly independent of pH. 
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Introduction. For as long as catalysts have been used, much effort has been devoted to enable their 
repeated use. While the separation of heterogeneous catalysts is easily achievable by filtration of using 
fixed bed reactors, the separation of homogeneously dissolved catalysts is usually more difficult. 
Membrane processes can be an elegant and efficient technique for enabling the repeated use of 
homogenous catalysts. While there has been a tremendous amount of research on the use of solvent-
resistant nanofiltration (SRN) for recovering catalysts from organic solvents, significantly less research 
aimed on enabling the same for aqueous systems. Due to the increasing concern about the greenness of 
chemical reactions, performing reactions in aqueous systems becomes more and more attractive. There 
exists much knowledge about nanofiltration in aqueous systems due to its application in (waste) water 
treatment, which can provide a basis for advancements in the field of aqueous catalysis. This work aims to 
provide solutions for catalyst recovery from said aqueous systems by bringing together the already existing 
knowledge about aqueous nanofiltration and the specific demands of catalytic systems. 
Experimental/methodology. The catalytic oxidation of �D-hydroxy ketones using earth-abundant metal 
catalysts such as Cu(II) or Fe(III) was used as a model system (Figure 1). The retention of different salts (i.e. 
CuCl2, CuSO4, FeCl3) was determined using a cross-flow filtration setup and different commercially available 
membranes. The filtration conditions were optimized and the effect of different parameters such as 
transmembrane pressure, pH and solute concentration was assessed. Design of experiments (DOE) 
methods were applied for this purpose. The nanofiltration membranes used were characterized by 
methods such as contact angle measurements or atomic force microscopy. Additionally, membrane 
properties were calculated from filtration results via the donnan steric pore model with dielectric exclusion 
(DSPM-DE).[1] 

Results and discussion. A standard operating procedure for obtaining suitable membrane descriptors was 
developed in order to assess their potential applicabilty for catalyst recycling. The suitability of the 
investigated membranes was also assessed for the specific catalytic system described above. The data and 
insights obtained will be used in the future for the integrated design of molecules, materials and processes 
in multistep catalytic production systems in fine chemistry.[2] 

  
Figure 1: Transition metal catalyzed oxidation of �D-hydroxy ketones and retention of the catalyst using nanofiltration 
(left) and examples for parameters optimized using DOE methods (right).  
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Introduction. Organic solvent nanofiltration processes for active pharmaceutical ingredient (API) 
purification are currently being developed in AstraZeneca as part of a sustainability and new 
manufacturing technology program to design lower environmental impact processes. Currently, efficient, 
and robust membrane processes for delivering of Kg-scale API require extensive data collections from 
laboratory experimentation, prediction tools in place and a (governance) program to allow technology 
readiness. However, the challenge associated with scaling-up OSN processes within the pharmaceutical 
industry lies not only in equipment size and membrane performance but also in complying with a highly 
regulated environment where membrane modules needs to fulfill stringent quality requirements. Herein, 
we present the challenges and learnings of using OSN at pilot scale to purify API for clinical delivery.  
 
Experimental/methodology. To support the scale-up and implementation of an API purification 
opportunity via organic solvent nanofiltration we have designed flat sheet feasibility studies to investigate 
the performance of a commercially available membrane and selected solvent conditions based on process 
requirements and initial API concentrations. We have been able to develop a nanofiltration-diafiltration 
process that allowed us to demonstrate recovery of up to 95% of the API with the target purity. To de-risk 
scale up we investigated the interaction of the membrane with the process conditions through leachable 
studies that took place for over 11 weeks.  Furthermore, a comprehensive assessment of the spiral wound 
module was conducted to allow its use within good manufacturing practice GMP environment.  
 
Results and discussion. Experiments related to the development of the nanofiltration-diafiltration process 
using flat membranes highlighted the range in yield and diafiltration steps required to maximise recovery 
from the process. The first concentration step was designed to prevent the material in the retentate 
reaching the solubility limit, whilst minimising the solvent usage for diafiltration and process time. 
Leachable studies conducted on the flat membrane in combination with the process solvent resulted in 
less than 3.2 mg of material which was deemed acceptable for the drug substance. Based on the learnings 
from laboratory trials and leachable testing, the pilot scale process is designed as a membrane purification 
step followed by 2 steps crystallization to isolate the API. If implemented, this would be the first example 
of using organic solvent nanofiltration to re-work out-of-specification batches of material and has the 
potential to allow for release of API into the clinical supply chain. 
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Introduction: The interest in the organic solvent nanofiltration (OSN) process has grown significantly 
because of the widespread use of organic solvents, strict environmental regulations, and the increasing 
demand for energy efficiency. However, OSN remains a complex process due to the triple interactions 
among solvent, solute, and membrane. The mechanistic aspects of OSN are yet to be fully elucidated. 
Utilizing the Ti3C2O2 MXene as a membrane material choice is motivated by its exceptional separation 
efficiency, along with high chemical and mechanical resistance [1]. Molecular simulation is an effective tool 
for understanding molecular transport across MXene nanochannels. This study aims to reveal the key 
solvent parameters that affect separation performance. 
Methodology: The primitive cell of Ti3C2O2 was taken from the study conducted by Massou�u�flari et al. [2], 
and partial charges of atoms were assigned by using density functional theory. Utilizing the PACKMOL 
software, Ti3C2O2-solvent systems were generated for nine distinct solvents: water, methanol, ethanol, 
toluene, hexane, heptane, dichloromethane, ethyl acetate, and acetone. Molecular dynamics (MD) 
simulations were conducted to equilibrate the systems using the LAMMPS software. Then, non-equilibrium 
MD (NEMD) simulations were performed to determine the permeance of each solvent through the MXene 
membrane, closely mimicking real experimental conditions.  
Results and discussion: Our novel simulation methodology has shown a promising ability to predict solvent 
transport in MXene nanochannels. These predictions align with experimental data reported in the literature 
for pristine free-standing MXene membranes, suggesting the potential for safe and effective application of 
our methodology in future studies. A strong correlation (R²=0.81) was observed between solvent properties 
encompassing viscosity, kinetic diameter, and Hansen solubility parameters, and solvent permeance (Fig. 
1a). However, a higher correlation coefficient (R²=0.92) was obtained by solely considering the polar term 
of the Hansen solubility parameter, leading to the exclusion of apolar solvents (Fig. 1b). Additionally, 
a linear relationship (R²=0.96) was identified between solvent permeance and the interaction energies 
between MXene nanosheets and solvent molecules, multiplied by solvent viscosity (Fig. 1c). The results 
demonstrate that the solvent viscosity and membrane surface-solvent interaction have a strong impact. 
Therefore, future studies should consider these factors to develop effective membrane materials. 

 
Figure 1. Relationship between solvent permeance (LMH/bar) and the combined solvent properties as (���•�� �w-1�|�{-1�|��-2, 
(���•���wP�|�{-1�|��-2, and (c) Energy-1�|�{-1. 
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Introduction. The application of organic solvent nanofiltration (OSN) for the purification and separation of 
organic process streams offers significant energy saving potential compared to traditional thermal 
methods. In particular, the absence of phase changes allows for gentle separation and preservation of the 
functionality of the separated substances. This enables new possibilities for innovative chemical processes 
with membranes inside comprising two advantages, economic efficiency and improved process 
sustainability. Furthermore, the application of OSN technology can help to significantly reduce the 
operational costs of large scale industrial applications. 
 
Results and discussion. Evonik is a producer of OSN membranes, and applies this technology in a wide 
range of captive industrial processes to improve their sustainability and product yield. A prominent 
example at Evonik is the recovery and reuse of homogeneous catalysts from solvent based reaction 
mixtures. In other cases, OSN membranes are used for the processing of natural extracts and oils to enable 
new products. Specifically, the gentle separation of valuable components from such natural feed sources 
allows plant-based alternatives to animal-based products. In this lecture, we will give examples how OSN 
technologies is used at Evonik at an industrial scale to enable new processes and/or improve their 
profitability. 
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Introduction. Olefin hydroformylation is a homogeneous catalytic reaction where olefins are converted 
into aldehydes. Here, the reaction required a catalyst precursor Rh(acac)(CO)2 and a PPh3 ligand in large 
excess (Rh/P: 1/50) �µ�v�����Œ�� ���� �•�Ç�v�š�Z���•�]�•�� �P���•�[�•�� ���š�u�}�•�‰�Z���Œ���� �~���K�=�,2). The final synthesis medium was 
composed of aldehydes/by-products 90/10 besides the catalytic system that have to be separated aiming 
at the recovery of Rh-species/P-ligand for recycling in a new hydroformylation step. Besides classical and 
energy consumming distillation, green and energy-efficient Organic Solvent Nanofiltration (OSN) emerged 
as a possible process to reach this goal. However, in order to better implement and master the OSN, the 
transfer mechanisms in such complex mixtures and the parameters that affect this transfer must be 
understood.  
This study aimed at studying the physico-chemical interactions in the membrane-solute-solvent system 
when the solvent was alternatively the aldehyde or a aldehyde/organic solvent mixture with mainly 
aldehyde. The results were discussed with respect to membrane-solute-solvent relative affinity, by the 
mean of t�Z�����,���v�•���v���^�}�o�µ���]�o�]�š�Ç���W���Œ���u���š���Œ���~�,�^�W�U���w�•��and �]�š�•�����]�•�‰���Œ�•�]�}�v���~�wd�•�U���‰�}�o���Œ���~�wp) and hydrogen bonding 
�~�wh) components allowing the HSP Ra distance determination between the compounds of the system.  
 

Experimental/methodology. A real hydroformylation solvent-free complex media of industrial interest was 
filtered (10-40 bar) (Aldehyde, C0=4.6 M; overall concentration equivalent to 5.1 M) by a PDMS membrane 
(Puramem flux® Evonik) with a Met-Cell cross-flow equipment. As selectivity was not sufficient to reach full 
separation of Rh species and free ligand in excess from aldehyde, solvent dilution down to 3.0 M aldehyde 
concentration was implemented aiming at modyfing the selectivity and at enhancing the separation. 
3 solvents were selected with respect to their compatibilty with hydroformylation reaction to allow further 
recycling of the separated homogeneous catalyst, namely toluene, cyclohexane and acetonitrile. Moreover 
pentane was also used for in-depth understanding of transfer mechanisms. 
 

Results and discussion. In solvent free media, rejections at 40 bar where: 0,71%, and -7% for aldehyde 
(=solvent), Rh species and free PPh3, respectively. Raaldehyde-membrane = 4.1 (MPa)0.5 in which the predominant 
contributions were the dispersive ones. 
The addition of slight amount of toluene or cyclohexane (aldehyde close to 4 M) had only few impacts on 
the PPh3 rejection, all other rejections remaining constant. With pentane, the rejection of Rh species 
reached 80% (aldehyde close to 3 M) while the dilution impact on PPh3 rejection was roughly similar to that 
reached with the 2 other solvents. Increasing dilution up to 1.7 M aldehyde by toluene significantly 
modified the selectivity but did not provided better separations even if Rh species rejection was increased 
at 92%. In these close systems, it was proved that the predominant aldehyde/solvent interactions were 
similar and mainly dispersive, the Ramembrane-solvent = 5.6 to 5.9 (MPa)0.5 being close, close rejections were 
logicaly obtained. On the contrary, slight addition of polar aprotic acetonitrile (aldehyde close to 3 M) led to 
very different performances. Rh species and PPh3 rejections decreased to 27% and -36%, respectively.  
Such results suggested that (1) the dilution by apolar solvents could provide a tool to enhance separation 
but is not sufficient in single stage OSN to reach an ambitious goal of 90% recovery of both Rh species and 
aldehyde, simultaneously. Accordingly membrane cascades could be investigated as complementary tool. 
(2) the dilution by polar aprotic solvent provided no opportunity for enhanced separations. 
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Introduction. Homogeneous palladium-based catalysts are almost indispensable for the pharmaceutical 
industry as they provide high reaction yields and high selectivities [1]. However, their uses lead challenging 
recovery and recycling processes [2] as there are toxic, expensive and sensitive towards degradation. 
Therefore, isolating homogenous Pd-catalysts from pharmaceutical ingredients without a loss of their 
catalytic activities could have major environmental and economic impacts. Organic solvent nanofiltration 
offers interesting perspectives when the two compounds present a difference of molecular weights, 
generating a difference of retentions [3,4]. However, in the pharmaceutical field catalysts and synthesized 
molecules are often similar in size, just like the case study selected here (respectively 701.9 and 568.5 
g.mol-1). To improve the separation, substitute catalysts with a higher molecular weight and/or hogher 
steric hindrance have been selected, and their retentions in presence of the pharmaceutical molecule have 
been evaluated on several ceramic membranes. 
Experimental/methodology. In addition to the reference catalyst, two other Pd-based complex have been 
selected for the study: one with a similar molecular weight but a higher steric hindrance, and the other 
with a molecular weight of 1001 g.mol-1. Their catalytic activities on the specific reaction have been 
evaluated to confirm their choice as efficient substitutes. For the membrane separation, the experiments 
have been conducted on crossflow lab-scale unit, inerted with argon for minimizing the degradation of the 
sensitive compounds through oxidation. Synthetic mixtures composed of the organic solvent matrix, 
pharmaceutical intermediates and one of the three catalyst precursors have been treated. Three types of 
single channel ceramic membranes have been tested with different MWCO: 1 kDa (Alsys France CTI), 750 
and 250 Da (Rauschert Inopor). Retentions were evaluated via analyses by HPLC for the pharmaceutical 
molecules and ET AAS for the Pd-based catalysts. 
Results and discussion. The separation between catalysts and pharmaceutical ingredients was ineffective 
with 1 kDa and 750 Da membranes, due to the MWCO larger or equivalent to the molecular weights of all 
the studied compounds. However, retentions of the substitute catalysts (�C��20%) was found the be higher 
than the reference complex (�C��3%), confirming the approach of catalyst mass enlargement for improving 
separation. The 250 Da membranes lead to similar conclusions, despite that the cut-off given by the 
manufacturer is not in agreement with the results. Moreover, HPLC analyses confirmed the stability of the 
pharmaceutical molecules which was still 568.5 g.mol-1 in the permeate. An evaluation of the molecular 
weight cut-off points of the three membranes via Dextran polymers at 500 g.mol-1 filtration concluded that 
all three types of membranes presented similar retentions. This observation explained the previous results 
and highlighted the need for a better definition of MWCO by the manufacturers and/or a normalization of 
its calculation. 
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Introduction. Poly(ether ether ketone) (PEEK) has drawn significant attention as a promising membrane 
material for organic solvent filtration applications due to its outstanding thermal and organic solvent 
resistance. However, the exceptional solvent stability of PEEK has historically posed challenges in terms of 
processability. In this study, organic solvent ultrafiltration (OSU) PEEK membranes were developed with 
a customizable molecular weight cut-off (MWCO) through the incorporation of a solvent-processible 
derivative of PEEK, known as sulfonated PEEK (SPEEK). 
 
Experimental/methodology. Maintaining a constant total polymer concentration of 12 wt%, PEEK and 
SPEEK polymers were blended in varying mass ratios in a co-solvent system of conc. (95%) sulfuric acid and 
methane sulfonic acid. The ratio of the co-solvent used was 3:1 mass ratio. The prepared dope solution was 
used to fabricate PEEK/SPEEK polymer blend membranes utilising the bench-top casting machine. The 
fabricated membrane was immersed in a heated DMF solution (60 oC) to selectively leach SPEEK polymer.  
 
Results and discussion. The selective leaching of SPEEK from the polymer blend membrane was achieved 
using dimethylformamide (DMF) at 60 °C. The different characterisation utilised, such as TGA, specific 
weight loss, XPS, ATR-FT-IR and contact angle all consistently showed above 95% removal of SPEEK from 
the polymer matrix. This removal of SPEEK enabled the control over the MWCO of the membrane in the 
range of 1500 g mol-1 to 10,000 g mol-1 in acetonitrile by adjusting the proportion of SPEEK in the blend 
mixture. This control over the membrane performance was visualised by the use of liquid-liquid 
diplacement porometry (LLDP), which is attributed to the expansion of existing pores and the formation of 
new pores during the leaching process. This is evidenced by the 56% increase in membrane pore size and 
the presence of a second distinctive peak in the pore size distribution. 
Thermal and optical analysis of the polymer blend membrane revealed excellent compatibility between 
PEEK and SPEEK, with no discernible impact on membrane crystallinity. The proposed leaching technique 
was successfully scaled up to produce 5 m lengths of membrane, which were incorporated into 1.8" x 12" 
spiral-wound modules. These modules demonstrated consistent performance with the flat sheet 
membranes, highlighting the scalability and applicability of the developed PEEK/SPEEK membranes for 
organic solvent ultrafiltration applications. 
 
 

(a) (b) (c) 

Fig. 1. The top surface SEM of (a) PEEK membrane (b) 1 wt% SPEEK leached from PEEK/SPEEK blend 
membrane (c) 5 wt% SPEEK leached from PEEK/SPEEK blend membrane. 
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Introduction. Polymer membranes are widely used in separation processes including desalination, organic 
solvent nanofiltration and crude oil fractionation. Nevertheless, direct evidence of subnanometre pores 
and a feasible method of manipulating their size is still challenging because of the molecular fluctuations of 
poorly defined voids in polymers. Macrocycles with intrinsic cavities could potentially tackle this challenge. 
However, unfunctionalized macrocycles with indistinguishable reactivities tend towards disordered packing 
in films hundreds of nanometers thick, hindering cavity interconnection and formation of through-pores. 
Experimental/methodology. Here, we synthesized selectively functionalized macrocycles with 
differentiated reactivities that preferentially aligned to create well-defined pores across an ultrathin 
nanofilm during interfacial polymerization [1]. At the interface, the upper rim with highly reactive amines 
preferentially faces up into the organic phase where the crosslinking reaction occurs, and the unreactive 
lower rim faces downwards into the aqueous solution. Macrocycles are then preferentially aligned through 
the crosslinked ultrathin nanofilm to form well-defined subnanometre channels. 
Results and discussion. The ordered structure was enhanced by reducing the nanofilm thickness down to 
several nanometers. This orientated architecture enabled direct visualization of subnanometre macrocycle 
pores in the nanofilm surfaces (Fig. 1A), with the size tailored to ångström precision by varying the 
macrocycle identity (Fig. 1B). Aligned macrocycle membranes provided twice the methanol permeance and 
higher selectivity compared to disordered counterparts. Used in high-value separations, exemplified here 
by enriching cannabidiol oil, they achieved one order of magnitude faster ethanol transport and threefold 
higher enrichment than commercial state-of-the-art membranes. This approach offers a feasible strategy 
for creating subnanometre channels in polymer membranes, and demonstrates their potential for accurate 
molecular separations. 

       
Fig. 1. (A) Ultrahigh vacuum (UHV) atomic force microscope (AFM) height images of the nanofilms incorporating small 
�����À�]�š�Ç���~�r-CDA-TPC-0.01), �u�����]�µ�u�������À�]�š�Ç���~�t-CDA-TPC-0.01) and large cavity �~�v-CDA-TPC-0.01). (B) Pore size distributions 
for the nanofilm surfaces extracted from multiple UHV AFM samples of each macrocycle. 
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Introduction. Organic solvent nanofiltration (OSN), as well as other membrane-based separations, can 
contribute to more sustainable chemistry by lowering the energy, financial and environmental costs of 
separation processes. By now, OSN is mostly applied to solvents removal or exchange, with much less 
attention on separation of other product contaminants, such as catalysts, byproducts or excess reagents. 
One of the reasons may be unsufficient difference in rejection of particular components or low 
permeability of available solvent resistant membranes towards the solutes of interest. We present the 
successful application of regenerated cellulose membranes to separation of dendritic materials. While 
cellulose membranes, readily available in 1-3 kDa MWCO range, solve the problem with permeability of 
common organic molecules, dendrimers ensure the size difference adequate for efficient separation from 
smaller substances. 
Experimental/methodology. All separations were performed on commercial PP-supported regenerated 
cellulose membranes (Ultracel®) in a semicontinuous or continuous dead end set-up in a solvent-resistant 
stirred cell, with transmembrane pressure up to 5 bar. GC-FID, UV-Vis and 1H NMR were used for analysis. 
Results and discussion. As preliminary results showed big sensitivity of membrane performance to applied 
conditions, we performed extensive testing of 1 kDa and 3 kDa MWCO membranes using model solutes of 
varied spatial arrangement and chemistry covering range of molar volumes 100 - 400 g.cm-3 in mixtures of 
methanol and dichloromethane in a wide range of Hansen solubility parameters. The results showed that 
for smaller solutes, their polarity with respect to the polarity of used solvent can be dominant factor 
influencing their rejection; for larger solutes, besides their size, also the spatial arrangement is important. 
The polarity of used solvent affects not only the interactions of solute molecules with polar membrane 
surface, but also the structure of the membrane itself, so careful choice of solvent can improve the 
membrane performance [1]. We derived and evaluated simple models for dead-end setup in batch and 
continuous mode and compared practical separation efficiency of both modes on real reaction mixtures. 
The gained knowledge was applied to post-synthetic purification of different dendrimer types, and also 
other compound types (dendrons, calixarenes), for which conventional methods (e.g. extraction or column 
chromatography) were either inapplicable or low-yielding. The method was further utilized for recycling of 
dendritic anion receptors or dendrimer-immobilized organocatalysts, with some unexpected effects (both 
positive [2] and negative [3]) on catalytic activity. 
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Introduction. The demand for manufactured and processed goods as well as the continuous growth of 
several core and heavy industries (oil and gas, mining, metal and infrastructure) has positively impacted 
the demand for solvents globally. However, as these industries continue to grow and their need for 
solvents increase, environmental concerns related to the growing solvent consumption and industrial-scale 
production are also increasing. Solvent recycle using membranes can be an effective way to help recover 
organic solvents and reduce the waste production in several chemical processes. To meet the necessary 
requirements for an efficient separation, membranes must have a small pore size/high rejection, a high 
chemical stability when exposed to a range of organic solvents and must be resistant to compaction and 
flux decline. Driven by one of our previous works [1], here we present the fabrication of mixed matrix 
membranes (MMMs) combining polyimide P84® and 3-aminopropyltrimethoxysilane (APTMS), for use in 
solvent recovery. Polyimide (PI) is a chemically resistant polymer that has been extensively studied for the 
preparation of organic solvent nanofiltration membranes. Additionally, APTMS acts as a polyfunctional 
crosslinking agent, providing strength, chemical resistance and stability to the membrane and preventing 
the membrane pores from collapsing. 
Experimental/methodology. P84® membranes were prepared via phase inversion and post treated with 
APTMS to generate an inorganic organosiloxane network (Figure 1a). Fourier Transform Infrared 
spectroscopy (FTIR) and Energy Dispersive X-ray spectroscopy (EDX) analysis were performed on 
crosslinked and uncrosslinked membranes, to investigate the presence of the inorganic network in the 
structure after treatment with APTMS. The cross-sectional structure of the prepared membranes was 
analysed by Scanning Electron Microscopy (SEM). Filtration experiments were conducted to determine the 
flux, rejection and molecular weight cut-off of the prepared membranes. 
Results and discussion. FTIR analysis confirmed the presence of the Si-O-Si network in the structure, while 
EDX showed the distribution of this network throughout the membrane (Figure 1b). Moreover, the 
membranes showed improved stability after the APTMS post treatment when subjected to organic 
solvents. No damage, swelling or creases were observed on the crosslinked MMMs after filtration 
experiments, confirming their improved stability. Low permeate fluxes were observed as a consequence of 
the small pore size, caused by the presence of the organosiloxane network, that anchors on the pore walls, 
�u���l�]�v�P���š�Z�����u���u���Œ���v���������v�•���Œ�����v�����š�Z�����‰�}�Œ�����•�]�Ì�����•�u���o�o���Œ�U���]�u�‰�Œ�}�À�]�v�P���š�Z�����u���u���Œ���v���[�•���Œ���i�����š�]�}�v�X 

Figure 1 - a) Schematic representation of the preparation of a crosslinked MMM and b) crosslinked MMM 
characterization. 

References 
[1] Siddique, H.; Rundquist, E.; Bhole, Y.; Peeva, L.G.; Livingston, A.G. Journal of Membrane Science 2014, 452, 354-366 



Effect of polymer molecular weight on the long-term process stability of 
crosslinked polybenzimidazole (PBI) membranes 

 
Adam Oxley12*, Andrew G. Livinsgton12  

 
1Exactmer Ltd, Dagenham, RM10 7FD, United Kingdom 

2School of Engineering and Materials Science, Queen Mary University of London, London, E1 4NS, United 
Kingdom 

* Presenting Author (a.oxley@qmul.ac.uk) 
 
Keywords: Ageing, Compaction, Polymer molecular weight, Organic solvent nanofiltration (OSN) 
 
Introduction. Polymer molecular weight has a significant impact on non-solvent induced phase inversion 
membranes. It is well established that the viscosity of the dope solution is dependent on the polymer 
molecular weight, which in turn affects the rate of phase inversion. However, the long-term stability of the 
resultant membranes made from different polymer molecular weights has not been extensively studied. 
Experimental/methodology. In this work, PBI membranes were manufactured from two different polymer 
molecular weights: the standard molecular weight of PBI polymer, used almost universally across literature 
for organic solvent stable membranes (�ý27,000 g mol-1), and an untested �ý two-fold higher molecular 
weight (�ý60,000 g mol-1). These membranes were crosslinked with DBX and the performance was 
measured during long-term testing.  
Results and discussion. After crosslinking, all PBI membranes were chemically and mechanically stable. 
However, during continuous long-term pressurised filtration in DMF, the standard molecular weight PBI 
membranes suffered slow permeance decline over time. This was hypothesised to be due to 
rearrangement of the crosslinked polymer chains. Increasing the extent of crosslinking reduced the rate of 
membrane permeance decline but did not provide a fully process stable membrane. Using a higher 
molecular weight PBI, and a similar extent of crosslinking, resulted in a membrane with constant 
permeance and excellent process stability, even during continuous DMF filtration at 120 �£���X�� �d�Z�]�•�� �Á���•��
attributed to the increased interchain interactions and entanglement in the high molecular weight polymer, 
which reduced the rate of chain rearrangement and compaction. This work demonstrates the importance 
of polymer molecular weight for reducing membrane ageing and providing process stability in organic 
solvents. 

mailto:a.oxley@qmul.ac.uk
https://www.sciencedirect.com/topics/chemical-engineering/dimethylformamide


Solvent-targeted plastics recycling using ceramic membranes: life in 
plastic, not fantastic! 

 
E. Pakkaner1*, P. Vandezande2  

 
1Flemish Institute for Technological Research NV (VITO), Separation and Conversion Technology (SCT), 

Boeretang 200, B-2400 Mol, Belgium 
2Flemish Institute for Technological Research NV (VITO), Separation and Conversion Technology (SCT), 

Boeretang 200, B-2400 Mol, Belgium 
*efecan.pakkaner@vito.be 

 
Keywords: plastics recycling, organic solvent filtration, ceramic membranes, additive recovery 
 
Over the past decades, there has been continual growth in both the role and significance of plastics within 
our economic framework, thanks to their qualities such as low production costs, versatility, durability, and 
low weight. Moreover, as they solidified their places in the modern world deeper and deeper day by day, 
plastics have proven that they are here to stay for the use as essential materials in a wide range of 
applications including packaging, storage, electronics, insulation, among many others[1]. Despite the 
substantial growth of the plastics industry, the rate of reuse and recycling of end-of-life plastics is 
shockingly low; an example would be the European market, as less than 30% of the 25.8 million tons of 
plastic waste generated annually is readily available for collection to be recycled[2]. Consequently, the 
remaining majority of the plastic waste is still landfilled or incinerated, which imposes a negative impact on 
the environment and raises a significant economic cost. Therefore, the preference for addressing plastic 
waste must be strictly implemented to be recycling, especially for the instances where re-using is 
considered unfeasible.  
Dissolution-based plastic recycling is a promising approach that aims to separate and recover highly pure 
polymer streams from mixed plastic waste, especially when additives and/or contaminants are involved. In 
this approach, waste plastics are isolated from contaminants and additives by dissolving them in a suitable 
solvent, often at elevated temperatures, however without chemically degrading the polymeric backbone. 
Upon the dissolution, purified plastics then can be recovered from/retained in the solvent medium by 
conventional approaches such as anti-solvent precipitation. One challenge the precipitation approach 
inflicts is the proper design of the perfect solvent/antisolvent systems, which could be experimentally 
challenging due to the wide range of solvents and temperatures possible for a given set of target 
polymers/contaminants. Moreover, the antisolvents used, especially when flame retardants are involved, 
are usually of a toxic nature, which adversely affects the overall sustainability of the process. 
In this work, we propose a membrane-based separation and purification platform for common waste 
plastics (e.g. PC, HIPS, PLA) upon their dissolution in various organic solvent systems. For that, a systematic 
screening of polymer/additive/solvent couplings was conducted via Hansen solubility methodology, to 
maximize the polymer recovery via optimizing the dissolution kinetics. Moreover, organic solvent 
ultrafiltration (OSUF) was explored to test the downstream purification performance of commercial 
ceramic UF membranes for the separation of high-performance plastics and industrially-relevant additives 
via simulated mixed-waste solutions. It was shown that commercial ceramic UF membranes were able to 
successfully recover dissolved polycarbonate (PC) up to concentrations of 10% while additives such as BPA 
and PEG could be isolated from their feed solutions, without sacrificing the membrane flux. 
This presentation aims to give insights from the ongoing work, by highlighting the potential of OSUF/NF for 
downstream separation and recovery of waste plastics, as well as various additives including flame 
retardants, color or odor compounds and plasticizers. The proposed platform holds the potential to be the 
go-�š�}�� �‰�Œ�����š�]������ �(�}�Œ�� �š�}�u�}�Œ�Œ�}�Á�[�• waste plastics recycling plants and add further value to several different 
industries. 
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Introduction: In order to prevent the most disastrous of climatological events, we must reach Net Zero 
carbon emissions by 2050. Alternative and renewable sources of petroleum-like fuels can play a pivotal 
role in reaching Net Zero.1 Biofuels �v  hydrocarbon mixtures produced from the processing of agricultural 
waste or planned biomass production�v  are promising examples exhibiting lower lifecycle emissions, 
higher energy density, and inherent CO2 sequestration compared to traditional hydrocarbons.2 The 
purification and refinement of biofuels, traditionally involving thermal distillation, is highly energy 
intensive and poses a significant financial hurdle limiting their implementation as a sustainable energy 
source. Refinement of crude oil, like biofuels, relies on thermal distillation which has accounted for 
���‰�‰�Œ�}�Æ�]�u���š���o�Ç���í�9���}�(���š�Z�����Á�}�Œ�o���[�•���š�}�š���o�����v���Œ�P�Ç�����}�v�•�µ�u�‰�š�]�}�v���]�v���î�ì�í�ó�X3 Implementation of polymer-based 
membrane technology for separating hydrocarbon mixtures has been shown to be significantly more 
energy-efficient than thermal distillation. Our group previously developed polymeric membranes based 
on the Cu-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) reaction that demonstrated the ability to enrich 
lower boiling aliphatic species from Arabian Light crude oil and even atmospheric tower bottoms.4 
However, preliminary attempts at applying these membranes to representative mixtures of biofuel 
components showed low permeance and a high degree of swelling, illustrating the need for new materials. 
Initials results have shown low permeance of membranes, high degree of swelling �v  to the points of 
dissolution �v  and overall instability. We will describe the introduction of polar functionality into the 
previously highly hydrophobic materials by catalytic cross-coupling methods to allow for biofuel 
enrichment by enhancing adsorption of high oxygen content mixtures.  
 
Experimental: While continuing to use Copper Alkyne-Azide Catalyzed (CuAAC) reactions to produce 
modified DUCKY copolymers, will introduce aryl-substituents that allow for quick and modular 
modification of DUCKY materials using Sonogashira Cross-Coupling.  
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Fossil fuels continue to dominate the energy market. As of 2022, 82% �}�(���š�Z�����Á�}�Œ�o���[�•���š�}�š���o�����v���Œ�P�Ç�������u�����(�Œ�}�u 
fossil fuels, with crude oil alone accounting for the largest fraction (~32%) of total energy consumption1. 
While it is well known burning crude oil-derived fuels�v gasoline, diesel, etc.�v is highly taxing on the 
environment, the refinement of crude oil also poses major environmental hazards. Crude oil purification is 
remarkably energy-intensive, typically relying on thermal distillation, which alone accounted for 
���‰�‰�Œ�}�Æ�]�u���š���o�Ç�� �í�9�� �}�(�� �š�Z���� �Á�}�Œ�o���[�•�� ���v���Œ�P�Ç�� ���}�v�•�µ�u�‰�š�]�}�v in 20172. Implementation of different purificiation 
methods�v such as membrane technology, whichs requires ~10 times less energy to operate than 
distillation2�v  can be helpful in reducing the carbon footprint of fossil fuels as alternative, sustainable 
energy sources build in prominence. We have taken steps towards this goal by developing a new class of 
polymeric (polytriazole) membranes, termed DUCKYs, based on the Cu-catalyzed Azide-Alkyne (CuAAC) 
click reaction3. Polymer materials are highly attractive for these separations as they are solution-
processable, and with the combined benefits of the CuAAC reaction, are both modular and scalable. This 
allows for adoption of structural changes needed to fit the desired separation, and the ability to synthesize 
them reproducibly at industrial scale. Notably, when challenged with Arabian light crude oil, these 
materials demonstrated an ability to achieve a clear enrichment of aliphatic species (boiling below ~260 C) 
from the bulk feed. We did, however, observe a tendencey for higher molecular-weight molecules to bleed 
through, which we attribute to strongly plasticizing aromatic solutes present in the feed3. In an effort to 
employ chemical cross-linking to bolster the chemical resistance of the polytriazoles and thereby enhance 
their membrane performance,4 we used one of the previously developed DUCKY monomers as a � ĉross-
linking monomer�_ that we can activate post-polymerization and perform cross-linking on pre-fabricated 
thin-film composite membranes. Cross-linking was carried out via a photochemically induced thiol-alkyne 
coupling reaction. Preliminary suggest that cross-linking provides DUCKYs with the requisite chemical 
stability needed for hydrocarbon separations and, only a low degree of cross-linking (�G15%) was required to 
enhance small-molecule discrimination in a binary hydrocarbon separation. Furthermore, the observed 
enhancement of membrane performance consists only of increases in selectivity, with a relatively small 
drop in solute permeance, in contrast to what is normally observed for  cross-linked polymer used in 
organic solvent separations4,5. Further testing will investigate the effect that cross-linking has on more 
complex hydrocarbon mixtures.  
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Introduction. Chemical crosslinking of polymeric membranes has been widely explored in the field of organic 
solvent nanofiltration (OSN) to induce superior chemical stability in harsh organic solvents, prevent 
membrane swelling and allow prolonged performance. However, covalent crosslinking leads to formation of 
polymeric networks that cannot be easily recycled or reprocessed at the end-of-life. [1] In this work, dynamic 
covalent bonds (specifically furan-maleimide Diels-Alder (DA) cycloadducts) (Fig. 1a,b) [2] are used as a new 
approach to crosslinking of OSN membranes to obtain membranes which are simultaneously highly stable 
and recyclable. 
Experimental/methodology. A novel furan-modified polyamide-imide (PAI-FU) was prepared by imide ring- 
opening of commercial polyimide (Matrimid® 5218) with furfurylamine. Integrally skinned asymmetric PAI-
FU membranes were fabricated through non-solvent induced phase separation with NMP and THF as solvent 
and a volatile co-solvent, respectively. PAI-FU membranes were crosslinked with bismaleimide (BMI) at 
temperatures below 60 °C (DA reaction) and de-crosslinked after use at temperatures above 90 °C (retro-DA 
reaction) to recover PAI-FU polymer in a closed-loop manner. 
Results and discussion. PAI-FU-BMI crosslinked membranes showed rejections of dyes in the nanofiltration 
range (Fig.1c) and exhibited long-term stability in harsh polar aprotic solvents such as THF and DMSO (Fig. 
1d). Most importantly, performing DA and retro-DA reaction allowed for closed-loop recovery of materials 
and fabrication of recycled membranes with similar performance after multiple cycles. This is in contrast to 
typical covalently crosslinked polyimide membranes which cannot be reprocessed after loss of 
performance/fouling. In this presentation, we will further elaborate on tuning the membrane morphology 
and the operational performance window of these novel high-performance recyclable PAI-FU-BMI 
membranes as a platform for more sustainable membrane separations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. a) Furan-maleimide DA and retro-DA reaction as a platform for reversible crosslinking of OSN membranes  
b) Thermoreversible gelation of PAI-FU with BMI c) PAI-FU-BMI Alcian Blue rejection performance d) Chemical and 
mechanical stability of PAI-FU-BMI membrane in THF for 1 day. 
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Introduction. Membrane technology garners attention as one of the most sustainable separation 
processes, which is credited to its low energy consumption. Inspiration from the green chemistry 
principles propels to a more sustainable path for the membranes as well. Furthermore, incorporating 
green solvent(s), crosslinker, and filtration media in the membrane fabrication and the optimization 
process can be considered as the key to that path.  
 
Experimental/methodology. As a part of this study, several green solvents were screened to prepare 
polyimide (Matrimid® 5218) membranes. Dimethyl sulfoxide (DMSO),��dimethyl isosorbide (DMI), 
Tamisolve® NxG, Rhodiasolv® PolarClean, CyreneTM, �9-���µ�š�Ç�Œ�}�o�����š�}�v�����~�'���>�•�U�����v�����9-valerolactone (GVL) 
proved to be good candidates to make castable dope solutions. Non-solvent induced phase 
separation (NIPS) and simultaneous crosslinking (SIM) with polyethylenimine (PEI) in water were 
employed to synthesize solvent resistant membranes. DMI and GVL were selected to optimize solvent 
resistant nanofiltration (SRNF) membranes by varying the PEI concentration and crosslinking time. 
Viscosity measurements were performed on the dope solutions whereas Scanning Electron 
Microscope (SEM), Fourier Transform Infrared Spectroscopy (FTIR), and gel content experiments were 
conducted to characterize the final membranes. The performance of the membranes was 
investigated in a dead-end filtration by filtering 5,10,15,20-Tetrakis (3,5-di-tert-butyl phenyl) 
porphyrin (TBPP, 1064 g.mol-1), sudan black (456.54 g.mol-1) and BODIPY (191.98 g.mol-1) in 2-
Methyltetrahydrofuran (2-MeTHF) to evaluate the molecular weight cut-off (MWCO). 
 
Results and discussion. The influence of varying the PEI concentration and crosslinking time on the 
membrane stability was evaluated by immersing the membrane in DMF as one of the harsh 
conditions. These new green membranes exhibited promising results, achieving high rejection while 
retaining high permeances in the range of NF.  
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The increasing demand for companies to reduce their CO2 footprint and create closed-loop material cycles 
has enhanced interest in alternative separation technologies in downstream processing. Process and 
chemical engineers are faced with the challenge of maximizing material and energy efficiency in their 
plants, either by optimizing conventional separation techniques or investigating new processing routes and 
techniques including membrane-based process solutions. Still, liquid hydrocarbon and organic solvent 
streams are typically processed by conventional thermal unit operations, due to the limited availability of 
commercial solvent-stable and high-performing membranes in the past.  
 
The availability of commercial Organic Solvent Nanofiltration (OSN) membranes and large-scale industrial 
references have opened the door to the industrial use of OSN to cover the the sustainable needs of saving 
energy and valuable resources.  
The long-term availability and reliable quality of the membrane and the module type are crucial for the 
process development and industrial success. The increasing number of realized applications in a broad 
range of industrial sectors proves that OSN has entered the industry. 
 
We will sum up references in lifescience, the chemical, and the oil and petrochemical industry, which we as 
an engineering company with integrated membrane production have developed and implemented 
together with our customers in recent years. 
Two industrial OSN examples will be highlighted to stress the importance of piloting and proving the 
reliability of our OSN membranes in industrial operations. 
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Introduction. Palladium-catalysed cross-coupling reactions are widely used in the pharmaceutical area.1 
However, the use of homogenous Pd catalysts suffers from problematic separation from the reaction 
mixture and the subsequent recycling. Many separation strategies, including distillation, extraction and 
adsorption, have been investigated extensively for homogenous catalyst recovery/recycling in response to 
the strict pharmaceutical regulations on the Pd residue and the high price of Pd.1 As an alternative, organic 
solvent nanofiltration can selectively separate catalysts from the product without phase transition and 
biphasic operation, which makes the recovery and reuse of homogeneous catalysts easier and greener.2 
The successful separation of catalyst from products using membrane requires high catalyst rejection 
(ideally 100%) and as low as possible product rejection. However, many papers only focus on improving 
catalyst rejection using enlarged catalysts or novel membranes but ignore product rejection, which is also 
vital in industrial processes. Here, without modifying the catalyst and membrane, we reported a successful 
Pd catalyst separation from products using commercial membranes in AZD4625 Stage 1 and 2.  
Experimental/methodology. Membrane performance experiments were conducted on Evonik METCell 
crossflow membrane equipment and MiniMem/AutoMem membrane kits (PS Prozesstechnik GmbH). 
Results and discussion. AZD4625 Stage 1 is a Pd-catalysed Buchwald�tHartwig amination reaction, followed 
by a hydrolysis reaction in Stage 2 (Scheme 1). Six commercial membranes were screened for separating 
the Pd homogenous catalyst from the reaction mixture. If we separate the catalyst (Pd) and ligand 
(Xantphos) in Stage 1, the Borsig oNF-2 membrane shows the best performance with a catalyst rejection of 
~98% and a product rejection of ~65%. To achieve a lower product rejection, we tried the catalyst recovery 
in Stage 2, without isolating the catalyst in Stage 1. A much lower product rejection (~31%) and a similar 
catalyst rejection(~98%) are achieved by using the same membrane (Figure 1), which can significantly 
reduce the diafiltration solvent consumption. Both the operating pressure and feed concentration were 
optimised for large-scale applications. Besides, the reusability of the homogenous Pd catalyst was also 
explored. 

 
 
 
 
 
 
 
 
 
                Scheme 1. AZD4625 stage 1 and 2.                          Figure 1. Catalyst/product separation in Stage 2 vs. Stage 1  
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Polymer engineering significantly alters and enhances the membrane fabrication process, therepay 
improving membranes performance. Polymers that are easily processed are crucial materials for Organic 
Solvent Nanofiltration (OSN) membranes. These membranes must exhibit strong resistance to organic 
solvents. Poly(ether-ether-ketone) (PEEK), known for its remarkable thermal stability and solvent 
resistance, emerges as a promising material for OSN. Nonetheless, the processability of commercial PEEK is 
limited, and its production necessitates using a harsh acidic environment.To overcome this challenge, two 
customized PEEKs, incorporating methyl (�tCH3) and sulfonyl (SO2) groups into the polymer backbone, 
bearing different polarity and reactivity, were synthesized. These variations were prepared to examine the 
structure�tproperties relationship of PEEK polymers and their effect on the OSN separation performance. 
The selection of SO2 and �tCH3 was intended to identify the potential effect of polar and nonpolar 
functionalities on polymer properties and OSN separation performance. The selection of SO2 and �tCH3 was 
intended to identify the potential effect of polar and nonpolar functionalities on polymer properties and 
OSN separation performance. �d�Z���� ���(�(�����š�•�� �}�(�� �^�K���� ���v���� �t���,���� �]�v�� �š�Z���� �W�����<�� �������l���}�v���� �}�v�� �‰�}�o�Ç�u���Œ�� �•�}�o�µ���]�o�]�š�Ç�U��
stability, and separation performance were evaluated. Eight membranes were prepared from these two 
polymers by phase inversion using N-methyl-2-pyrrolidone (NMP) and TamiSolve as a green alternative 
fabrication due to its non-reprotoxicity and biodegradability. Additionally, membranes prepared from 
�d���u�]�^�}�o�À���� �Á���Œ�������Œ�}�•�•�o�]�v�l������ �Á�]�š�Z���î�U�î
;-(ethylenedioxy)bis(ethylamine) (EDBEA) to enhance their stability in 
polar aprotic solvents.The effects of the polymer structure, green solvent, and crosslinking on the 
membrane morphology, chemical and mechanical stability, as well as separation performance have been 
examined. The molecular interaction between organic solvents and PEEKs was investigated through 
molecular dynamic simulations and density functional theory. 
The molecular weight cutoff (MWCO) values of the membranes were 540�t768 g mol�>�í, with a high 
corresponding permeance of 8.2�t20 L m�>�î h�>�í bar�>�í in acetone. The long-term stability of membranes was 
successfully demonstrated over two weeks through a continuous crossflow filtration using acetone under 
a pressure of 30 bar. The membranes demonstrated excellent active pharmaceutical ingredient purification 
through the removal a 2-methoxyethoxymethyl chloride (125 g mol�>�í) carcinogenic impurity from 
roxithromycin (837 g mol�>�í) 
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In the last decade, the demand for lithium batteries skyrocketed. With the increased demand raised 
a question of material availability and sustainability. Lithium and other metals used in lithium batteries are 
generally produced in areas of political instability and their supply can be cut off.  
All these reasons put pressure on development of methods for sustainable recycling methods. 
Standard lithium carbonate recovery procedure requires a highly concentrated alkaline lithium solution, 
from which the lithium carbonate is acquired by addition of concentrated sodium carbonate. This process 
has high demands for energy and time, while also presenting an environmental burden due to the most 
employed preconcentration method �t solar evaporation. Previous work of our project team yielded 
a procedure which can digest LiBs and separate lithium from other cations, yielding it as Li2SO4 flow in 
dilute H2SO4 with Li concentration in the range of 1 g/dm3. This work presents a procedure which can 
recover Li2CO3 from this flow without any need for preconcentration method, using processes of anion 
exchange and antisolvent precipitations. 
There are multiple key points throughout the procedure which could benefit from membrane processes. 1st 
and foremost, the lithium flow contains multivalent impurities (mainly aluminum and nickel), which can 
precipitate in anion exchange column and could be removed with metal-phenolic networks selectively 
capturing multivalent ions [1], or with membranes protonated in acidic media repulsing bigger more 
charged cations and letting lithium through [2]. Another possible application for membrane processes 
applicable in this process is reverse osmosis. While high lithium concentrations are not required for the 
process to work, higher concentration leads to higher yields. Finally, the biggest energy requirement for the 
proposed process is recycling of the organic solvent used to force precipitation. Carbon membranes provide 
an interesting venue in separation of ethanol and possibly other low molar polar organic solvents from 
water [3] with pressure driven reverse osmosis. 
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Introduction. Solvent exchange is regarded as one of the major solvent consumption processes in API 
manufacturing, as well as purification and isolation of intermediates. Traditionally, solvent exchange is 
achieved by distillation, which requires high energy consumption, and is only effective when replacing lower 
boiling point solvents with higher boiling point solvents. During distillation process, heat sensitive molecules 
have risks of degradation. Under these circumstances, organic solvent nanofiltration (OSN) has gained great 
attention due to its energy saving and ease operation.  
In the present study, we investigated the performance of OSN in the manufacture of AZD4625, which is 
a drug candidate for treatment of KRASG12C positive tumors.1In the current manufacture of AZD4625, the 
final step requires a solvent exchange from 2MeTHF to mathanol through distillation. We choose to 
investigate the potential of applying membranes instead.  
Experimental/methodology. A schemetic description of the model reaction is shown in Figue 1.1 Inline IR 
was used to monitor the solvent composition during the 
exchange process. A membrane filtration unit 
(MiniMem, PS PRozesstechnik GmbH, Germany) was 
operated at cross-flow mode. The   membrane used in 
this study was commercailly available NF030306 from 
Solsep BV, the Netherlands.  
Results and discussion. Table 1 summarizes the obtained results during solvent exchange process, and Figure 
2 shows the change of composition in real time using inline IR. As can be seen here, 5 DV of diafiltration 
solution was needed to achieve 98% exchange, and the corresponding API yield was 87%. We got as a bonus, 
a reduction in water content of the starting mixture from 5.9% to 0.14%. Although this was not critical for 
the final crystallization, it demonstrates that membranes instead of traditional azeotropical removal of water 
through distillations, can be used when strict anhydrous conditions are required for subsequent steps. 

Table 1. Summary of solvent exchange results 

Diavolume Methanol % Duration/min  H2O % API (g) 

0 0 0 5.916  1.5 
1 60  17   

2 83  36   

3 92  57   

4 96  81   

5 98  110 0.142 1.29 (Y=87%) 
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Figure 2. Online IR monitoring of solvent exchange 

Figure 1. Schemetic description of model reaction 
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Introduction.  
The use of renewable raw materials and optimisation of value chains is the primary goal in the 
development of new green chemical processes. The main focus lies in the utilization of renewable raw 
materials that do not compete with food production [1]. Even in times of zero liquid discharge and circular 
economy, numerous waste streams are still generated throughout industry. Many of these streams contain 
valuable materials that cannot be sufficiently recycled using conventional separation processes and are 
therefore thermally decomposed. One of these waste streams is turpentine oil, which is created during the 
production of cellulose, and a mixture of different terpenes and other volatile substances. A potential 
approach to utilize this stream is the combination of classic separation techniques such as distillation and 
new methods like organic nanofiltration (OSN). Their application seems reasonable to separate the key 
substances like pinenes and carene as well as high boilers.  
Experimental/methodology. Due to the complex interactions of membrane material, chemicals and 
process parameters sufficient predictions are not possible for this kind of process so far [2]. For this reason, 
the experimental investigation of this application is crucial. A test apparatus was designed that allows the 
separation of the terpene mixtures to be investigated, taking solubility, chemical resistance and explosion 
protection into account. This cross-flow apparatus allows the screening of membrane materials and the 
detection of the membrane characteristics as close as possible to a membrane module operated at 
industrial scale. Before starting the experiments with terpenes, a standard test is carried out to check the 
performance of the membrane. The developed method uses a feed solution containing an alcohol and 
dyes. This results in simple analytics and short experimental procedures. The separation behaviour of 
different membranes and various mono- and sesquiterpenes was investigated. This involved varying the 
composition as well as the pressure while measuring flux and concentrations. The examined membranes 
vary in polarity as well as in molecular weight cut off and represent a cross-section of the commercially 
available market. For analytic purpose GC-MS is used.  
Results and discussion. It is not possible to separate monoterpenes with the membranes currently 
available. However, the separation of terpenes with different molecular weights can be achieved by 
maticulus process control. In this way, the key substances of the turpentine oil mixture cannot be cleanly 
separated, but the mixture can be separated. This makes subsequent purification by distillation much 
easier, safer and more efficient. This is also much more gentle on the product, as high-boiling terpenes are 
separated beforehand and are not thermally altered in the column. The overall lower boiling point results 
in less energy required. In conclusion, this innovative approach not only simplifies the purification process 
but also underscores the potential for further advancements in the field of terpene separation, promising 
more efficient and sustainable practices in the future. 
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Introduction. Polymer membranes are widely used in separation processes including desalination, organic 
solvent nanofiltration and crude oil fractionation. Nevertheless, direct evidence of subnanometre pores 
and a feasible method of manipulating their size is still challenging because of the molecular fluctuations of 
poorly defined voids in polymers. Macrocycles with intrinsic cavities could potentially tackle this challenge. 
However, unfunctionalized macrocycles with indistinguishable reactivities tend towards disordered packing 
in films hundreds of nanometers thick, hindering cavity interconnection and formation of through-pores. 
Experimental/methodology. Here, we synthesized selectively functionalized macrocycles with 
differentiated reactivities that preferentially aligned to create well-defined pores across an ultrathin 
nanofilm during interfacial polymerization [1]. At the interface, the upper rim with highly reactive amines 
preferentially faces up into the organic phase where the crosslinking reaction occurs, and the unreactive 
lower rim faces downwards into the aqueous solution. Macrocycles are then preferentially aligned through 
the crosslinked ultrathin nanofilm to form well-defined subnanometre channels. 
Results and discussion. The ordered structure was enhanced by reducing the nanofilm thickness down to 
several nanometers. This orientated architecture enabled direct visualization of subnanometre macrocycle 
pores in the nanofilm surfaces (Fig. 1A), with the size tailored to ångström precision by varying the 
macrocycle identity (Fig. 1B). Aligned macrocycle membranes provided twice the methanol permeance and 
higher selectivity compared to disordered counterparts. Used in high-value separations, exemplified here 
by enriching cannabidiol oil, they achieved one order of magnitude faster ethanol transport and threefold 
higher enrichment than commercial state-of-the-art membranes. This approach offers a feasible strategy 
for creating subnanometre channels in polymer membranes, and demonstrates their potential for accurate 
molecular separations. 

       
Fig. 1. (A) Ultrahigh vacuum (UHV) atomic force microscope (AFM) height images of the nanofilms incorporating 
small �����À�]�š�Ç���~�r-CDA-TPC-0.01), �u�����]�µ�u�������À�]�š�Ç���~�t-CDA-TPC-0.01) and large cavity �~�v-CDA-TPC-0.01). (B) Pore size 
distributions for the nanofilm surfaces extracted from multiple UHV AFM samples of each macrocycle. 
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Introduction. Organic Solvent Nanofiltration (OSN) has become a crucial tool in the pharmaceutical 
industry, offering opportunities to enhance product quality, minimize waste, and promote sustainability. 
Accurate prediction of solvent permeance through commercial membranes is vital for active 
pharmaceutical ingredient manufacturing. This research employs machine learning (ML) techniques to 
develop robust predictive tools that streamline process design while maintaining high production 
standards.. 
Experimental/methodology. Unlike previous models based on transport theories or hybrid stochastic-
deterministic ML approaches [1], this study introduces an innovative methodology. It incorporates 
empirical data from laboratory experiments, enhancing predictive accuracy and real-world applicability, 
with 14 common pharmaceutical solvents and 6 commercial nanofiltration membranes. The model is 
initialized with feature addition of reciprocals and random crossing, allowing flexibility of model 
nonlinearities. Model selection considers only linear regressors to balance accuracy and generalizability 
within the limited dataset. Optimization of model efficiency involves cross-validation and hyper-parameter 
tuning, respecting to models, to achieve accuracy and reproducibility while conserving computational 
resources. 
Results and discussion. Notably, the BORSIG ONF1 demonstrates excellent predictive ability on 
performance with integration of machine learning techniques. By incorporating inputs such as solvent 
characteristics, operational pressure, and permeance data, the model achieved remarkable results, 
boasting a mean squared error (MSE) of 0.02688 and an impressive R-squared value of 0.995 across 
a diverse spectrum of seven solvents. Moreover, analysis of feature coefficients provided valuable insights 
into the relative influence of solvent properties on membrane permeance (Figure 2). BORSIG ONF1, 
identified as PDMS-coated PAN, exhibited notably improved performance in hydrophobic solvents. This 
observation was further supported by its feature coefficient, indicating a strong negative linear relationship 
with the Hansen solubility parameter of polarity. Furthermore, the feature coefficient plot (Figure 2) 
revealed a higher dependency on density. The diverse results of commercial membranes with the same 
material facilitate a deeper understanding of membrane fabrication conditions on its performance in 
various solvents. This automated, data-driven approach not only accelerates the analytical process but also 
significantly enhances the accuracy of predictions. Consequently, it opens avenues for more innovative and 
autonomous membrane research, thereby advancing the field towards greater efficiency and effectiveness. 

 

Figure 1. Prediction accuracy plot     2. Feature coefficient plot of BORSIG ONF1 
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Introduction. Catalytic olefin transformations, including hydroformylation are among major industrial 
applications. �d�Z���� �^�}�Æ�}-�‰�Œ�}�����•�•�_�� ���o�o�}�Á�•�� �š�Z���� �‰�Œ�}���µ���š�]�}�v�� �}�(�� �����}�µ�š�� �í�î�X�í�ì6 ton a year of aldehydes that are 
intermediates in numerous reactions of industrial interest [1]. Figure 1 depicts the reaction scheme where 
several by-products can be generated (branched aldehydes, hydrogenated compounds, internal C=C 
migration, etc.) depending on the initial olefin substrate and on the synthesis conditions under syngas 
pressure. According to the complex media obtained at the end of the reaction, separation is required for 
further valorisation of enriched fractions or individual components. Membrane separation being more eco-
friendly than the commonly used distillation, it must be prefered when possible but their actual 
potentiality and limitation have to be understood [2].  

 
Figure 1: Hydroformylation reaction 

 

Experimental/methodology. At industrial scale, two ways of synthesis are commonly achieved: 1M 
substrate generally dissolved in Toluene or solvent-free synthesis, the liquid substrate/products playing the 
role of solvent. In this paper, two differents media were studied with the same Rh(acac)(CO)2 precursor but 
different ligands, either PPh3 or Biphephos. The synthetised aldehydes were of close MW: 168-195 g.mol-1 
as well as the by-products with MW �G���ï�î�ì���P�X�u�}�o-1. A systematic investigation of nanofiltration of 1M and 
solvent free media was achieved (MET-Cell, 10-40 bar, Pervap4060, Sulzer & Puramem Flux, Evonik 
membranes: 17 cm2) in single step filtration. Then numerous simulations of membrane cascades were 
attempted to identify potentiality and limitation of the membrane separations.  
 

Results and discussion. The paper provides an overview of results and their discussion. For a given mixture 
and single step filtration in toluene as well as in solvent free mixtures, the catalyst/aldehyde separation 
strongly depend on the P-ligand. Whatever the media, selectivity was evidenced between all filtered 
components, and more particularly those of very close MW that is discussed using their HSP distances to 
solvent and membrane. The addition of small amount of solvent to initial solvent free media can be a tool 
to modify the membrane selectivity and increase separation performances, in continuous filtration mode. 
Nevertheless, the additional environmental impact of the solvent must to be considered. Finally, regardless 
of the mixture, single step separations were not efficient enough to simultaneously recover at least 90% of 
both Rh species and aldehyde. Following our initial proposal [3], simulations of membrane cascades 
performances including internal recycling were systematically made up to 5 stages aiming at evidencing the 
best possible separations that could be reached. The cascade designs were different for solvent free and 
diluted mixtures, but also depended on the P-ligand chemical nature and overall mixture composition even 
when quite similar. Enhanced performances can be predicted compared to single stage either running in 
continuous and discontinuous mode. Results suggested that depending on the expected refinement level 
combination with distillation would be still required. 
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Introduction. The valorization of one of the main by-products from the olive mills, wet olive pomace, can 
be assessed by the recovery of phenolic compounds. After their extraction with ethanol/water 50:50 (v/v), 
they can be purified by ultrafiltration. Afterwards, the purified phenolic compounds in the ultrafiltration 
permeate can be fractionated by nanofiltration [1]. Some low-molecular-weight phenolic compounds, such 
as hydroxytyrosol, are the most valuable for the industry. Hence, the fractionation of these biophenols is of 
the utmost interest. In this work, the nanofiltration of a previously purified hydroalcoholic extract of wet 
olive pomace was conducted. The effect of the transmembrane pressure (TMP) and volume reduction 
factor (VRF) was thoughtfully studied, in order to select the most appropriate operating conditions and, 
furthermore, in order to increase the current knowledge about the transport of organic compounds 
through nanofiltration membranes. 
Experimental/methodology. The permeate obtained after the ultrafiltration of a hydroacoholic extract 
(ethanol/water 50:50 (v/v)) of wet olive pomace was simulated and submitted to a nanofiltration process. 
It contained phenolic alcohols (25 mg/L), secoiridoids (10-150 mg/L), flavonoids (15 ppm), phenolic acids 
(5-150 mg/L), free fatty acids (5 mg/L), organic acids (350 mg/L) and sugars (50-1500 mg/L). A METcell 
Cross-Flow System (Evonik Industries, Germany) was employed. The system was equipped with two NF270 
membranes (DuPont, USA) set in series (14.6 cm2). The wet olive pomace extract was nanofiltered at 15, 
25, and 36 bar. Samples were collected at several VRFs and analyzed by LC-MS. 
Results and discussion. Those compounds whose molecular weight was above the molecular weight cut-off 
(MWCO) of the NF270 membrane were highly rejected. On the contrary, for the smaller compounds, the 
rejection values obtained at the higher TMPs (25 and 36 bar) highly differed from the ones obtained at 
15 bar. At 25 and 36 bar, the obtained rejections suffered a decrease (in some cases sharp) as the VRF 
increased, showing a breakthrough curve. Interestingly, at 15 bar, the results were totally opposite. The 
rejection progressively increased with the VRF, for instance from 0% to 90% in the case of caffeic acid. 
These results indicate that, at high TMPs, fast adsorption on the membrane surface took place for 
hydroxytyrosol, tyrosol, caffeic acid, and p-coumaric acid. Then, as the nanofiltration progressed, the 
convective transport of solutes through the membrane was mostly responsible for the reduction in the 
rejection [2]. When the applied TMP was lower (15 bar), the saturation of the adsorption sites did not occur 
rapidly, but progressively, because the concentration of compounds at the membrane surface was lower. 
These opposed results underline the importance of an in-depth examination of the transport of solutes 
across nanofiltration membranes, as a slight variation in the operating conditions can conduct to highly 
different outcomes. 
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Introduction.  
With the increasing usage of organic solvents, there is growing interest in organic solvent separation. 
Especially organic solvent separation with membranes has been extensively researched due to its energy 
efficiency. [1] However, most of the membranes showed poor resistance to specific harsh solvents and the 
trade-off relationship between flux and selectivity still had to be overcome. 
 
Experimental/methodology. 
Pristine PBI membranes were fabricated by non-solvent-induced phase separation process. The prepared 
pristine PBI membranes were crosslinked using divinyl sulfone (DVS) solution with various concentrations 
and crosslinking times of DVS. 
 
Results and discussion.  
In this work, solvent-resistant crosslinked polybenzimidazole (PBI) organic solvent nanofiltration 
membranes were fabricated for enhanced filtration performance. While PBI is well known for its high 
chemical stability, additional crosslinking processes are required to increase durability and enhance 
separation performance. Instead of using commonly known alkyl halide crosslinkers, we have developed 
crosslinkers that demonstrate higher separation performance and enable rapid crosslinking for 
commercialization. [2,3] Various organic solvent filtration tests were conducted with the fabricated 
membrane, yielding superior separation results. It is expected that these crosslinked PBI membranes will be 
utilized in fine chemistry and pharmaceutical processes where organic solvents are used. 

 

Figure 1. Cross-sectional SEM image and schematic diagram of crosslinked PBI membrane 
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Introduction. The escalating issue of microplastic (MP) pollution poses a significant threat to aquatic 
ecosystems and human health, necessitating innovative strategies to mitigate its adverse effects (1, 2). 
Forward osmosis (FO) is a promising membrane-based solution for MP removal from water without 
requiring high-pressure processes (3). However, improving FO systems necessitates the development of 
high-performance membranes with minimal fouling (4). This study focuses on the integration of the UiO-66-
NH2 metal-organic frameworks (MOFs) modified with citric-crosslinked chitosan (CSC) onto the surface of 
the polyamide (PA) layer of TFC-FO membranes.  
Methodology. Firstly, citric acid, a polycarboxylic acid, was used as a crosslinking agent for chitosan and 
then as a chemical bridge to establish an interaction between metal ion (Zr) and crosslinked chitosan 
through coordination. This modification introduces additional functional groups onto the UiO-66-NH2 
surface, improving its anti-fouling properties towards MP particles.  
Result and discussion. The study findings revealed that adding 0.5 wt.% CSC/UiO-66-NH2 to the water-
based reaction phase increased the membrane's hydrophilicity by 68% and resulted in a more negatively 
charged surface. Furthermore, performance assessments highlighted a substantial improvement in water 
flux and a reduction in reverse salt flux (RSF) upon embedding CSC/UiO-66-NH2 into TFC FO membranes. 
Notably, fouling tests employing MPs demonstrated a significant enhancement in the anti-fouling 
properties of the modified membranes post-integration with CSC/UiO-66-NH2. This research offers novel 
perspectives on the beneficial impacts of MOFs and their hybrids toward advancing membrane technology 
for sustainably addressing emerging pollutants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
�&�]�P�X�í�X���~���•���t���š���Œ�����}�v�š�����š�����v�P�o�����~�£�•�U (b) Streaming potential (mV), and (c) Flux, RSF, and normalised flux after 24 hr of 

the control TFC membrane, and UiO-66-NH2, and CSC/UiO-66-NH2 TFN membranes. 
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Introduction. The textile sector represents a significant consumer of water resources. Moreover, substantial 
volumes of wastewater containing dyes, salts, and various contaminants, are annually generated from textile 
production processes [1]. Within this context, jeans emerge among the most manufactured and 
commercialized clothes. Their manufacturing involves multiple phases, including a dyeing step and finishing 
operations. After being dyed, jeans are washed several times until the desired color is achieved, which 
produces high volumes of post-dyeing washing wastewater. Thus, large volumes of water are required in the 
dyeing process. As a result, huge volumes of wastewater containing salts and a variable proportion of dyes 
that are extracted from the fabric during the process are produced. This study aimed to enhance the circular 
economy within the textile sector by addressing the treatment of wastewater generated from post-dyeing 
washing operations and facilitating its reuse in following dyeing or finishing procedures. To that end, 
a forward osmosis (FO) process was developed. This membrane technology was chosen due to its capability 
to concentrate dyes with minimal energy requirements [2]. 
Experimental/methodology. The wastewater obtained in the first post-dyeing washing was simulated and 
used as feed solution for the FO process. It contained 0.7% Remazol-Black, 6 g/L Na2CO3 and 23.35 g/L NaCl. 
A 135 g/L NaCl solution was employed as draw solution, to ensure a sufficient osmotic pressure. The FO 
experiments were carried out in a laboratory plant equipped with a CF042 membrane module (Sterlitech, 
USA), with an active area of 0.42 cm2. The FTS H2O membrane (Sterlitech, USA), made of cellulose triacetate, 
was used in is process. Three tests were carried out, varying the volume of the feed between 2-5 L. The 
experiments lasted 2-7 days. Several feed and draw solution samples were collected during the three FO 
tests, to be characterized in terms of color coefficient, conductivity, pH and Remazol-Black concentration. 
Once the best operating conditions were determined, a long-lasting FO process was performed, in order to 
recover Remazol-Black to be employed in a subsequent cycle of jeans dyeing. Furthermore, the adsorption 
of the dye on the membrane surface was explored, employing an Sterlitech HP4750 stirred cell and a new 
membrane coupon. 
Results and discussion. The post-dyeing washing wastewater displayed a Remazol-Black concentration of 0.7 
%, a conductivity of 45 mS/cm and a pH of 10.4. The tested membrane displayed satisfactory values of water 
flux (Jw) and low reverse salt flux (Js), in the range of 0.63-9.1 L/h·m2 and 0-2.25 g/h·m2, respectively. Remazol-
Black was concentrated in the range of 1.4-2.2 times. The membrane rejected Remazol-Black completely. 
The adsorption test demonstrated that the obtained rejection of Remazol-Black was due to a high retention 
of the compound and not its adsorption on the membrane. Therefore, the retentate stream could be reused 
in a subsequent cycle of textile dyeing and, furthermore, the draw solution could be used during the finishing 
process or could serve as a basis for a new dyeing mixture. 
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Introduction 
The rapid growth of human population and industrialization has derived in large volumes of waste 
generation and serious environmental problems. In this way, municipal solid waste leachate (MSWL) is one 
of the most hazardous waste streams due to the very high chemical oxygen demand (COD) concentration 
and presence of toxic compounds. However, the high ammonium concentration makes it an effluent with 
high added value and great opportunity to nutrients recovery for biofertilizers production [1-2]. In this 
work, ammonium recovery from MSWL by means of forward osmosis (FO) was studied.  
 
Methodology 
Synthetic and real MSWL from a municipal solid waste treatment plant (located in Valencian Region, Spain) 
were used for the experiments. Samples were characterized in terms of pH, suspended solids, conductivity, 
COD, total nitrogen, total phosphorous, sulphate, chloride, magnesium and calcium. The FO flat sheet 
membrane module CF042-FO was used with a FTSH20 flat sheet membrane (Sterlitech, USA) with an 
effective area of 42 cm2. Three different FO experiments were carried out (test 1 with synthetic MSWL and 
test 2 and test 3 with real MSWL) with a duration of 4 days and using as draw solution (NH4)2SO4 with 
a concentration of 150 g·L-1. The water flux evolution with operation time was registered and wastewater 
employed was characterized before and after the FO experiment.   
 
Results and discussion 
The characterization of the different samples (synthetic and real MSWL) used showed conductivities of 
5.96, 5.93 and 21 mS·cm-1, initial ammonium concentrations of 978, 352, 1216 mg·L-1 and COD 
concentrations of 750, 3645 and 27900 mg·L-1, respectively. The differences in these values led to different 
behavior in the water flux (Jw, L·m-2·h-1) evolution with the operation time. Test 1 showed the highest values 
for Jw (between 8.8 and 5.9 L·m-2·h-1) since the driving force was higher and the membrane fouling was 
lower. Test 2 reached similar values (between 7.9 and 4.1 L·m-2·h-1) and test 3, due to the more critical 
composition of the MSWL used, reached Jw values between 5.0 and 2.9 L·m-2·h-1. 
Regarding the final ammonium concentrations reached in the concentrated MSWL, the values measured 
were 1812, 747.5 and 2140 for test 1, test 2 and test 3, respectively. These values are higher than the 
theoretical ones considering the factor volume concentration observed (1.46, 1.84 and 1.44 for test 1, test 
2 and test 3, respectively) what implies that the ammonium reverse flux facilitates the ammonium 
concentration in the MSWL. At the same time, the sulphate reverse flux increases the sulphate 
concentration in the concentrated MSWL obtained, which could be favourable for a further biofertilizer 
production.  
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Introduction 
Forward osmosis (FO) offers advantageous features compared to conventional desalination processes, 
including lower energy requirements and lower operational costs due to the absence of external hydraulic 
pressure. However, several drawbacks remain, such as high reverse salt flux (JS), low water flux (JW), and 
internal concentration polarization (ICP), which limits the use of FO membranes. In this work, porous 
electrospun support is investigated to increase water flux while reducing the ICP effect. Significantly, via 
introducing a binding layer of crosslinked chitosan (CS), a selective layer is successfully fabricated on top of 
the electrospun support via the Layer-by-Layer (LbL) assembly method. The obtained membrane exhibited 
a decreased JS, and lower ICP, which is promising in the practical FO process. 
 
Experimental/methodology 
The polyacrylonitrile (PAN) porous support is prepared by wire electrospinning. The effects of polymer 
concentration, relative humidity, working distance, temperature and voltage on the properties of the 
spunbound nanofiber support are systematically investigated. The optimized spunbound support is coated 
with CS and then crosslinked to prevent polyelectrolyte (PE)-intrusion during the assembly of the LbL 
selective layer. Strong PE couples (PDADMAC and PSS) are selected based on their high charge density over 
the whole pH-range. The effect of the different LbL coating parameters on the membrane characteristics 
and performance including JW, JS, and rejection are investigated. 
 
Results and discussion 
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Homogeneous nanofiber-based membranes without any bead-on-string formation are produced via 
electrospinning as shown in the SEM image (Figure 1). The full-surface coating is successfully employed via 
the binding layer between the nanofibers and crosslinked CS. The crude PAN support exhibited pure water 
permeability within the range of microfiltration, whereas the CS-coated support demonstrated a JW in the 
tight ultrafiltration (UF) range. The trade off between Jw, Js and salt retention for NaCl, MgCl2, and MgSO4 in 
relation to the number of bi-layers is measured. 
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Introduction. The application of nanofiltration (NF) membranes in the forward osmosis (FO) process to 
remove heavy metal ions from wastewater is an emerging concept [1]. Unlike NF, FO does not require an 
external driving force. Although the product, a dilute draw solution, must further be processed by NF to 
�‰�Œ�}���µ������ �‰�µ�Œ���� �Á���š���Œ�� ���v���� �Œ�����}�v�����v�š�Œ���š���� ���� ���Œ���Á�� �•�}�o�µ�š�]�}�v�U�� �š�Z���� �(�������� �š�}�� �š�Z���š�� �E�&�� �‰�Œ�}�����•�•�� �]�•�� �^���o�����v�U�_ which 
minimizes membrane fouling. This paper examines the role of Cu2+ and Pb2+ in the feed solution on the 
water and the reverse solute fluxes in the FO process using thin film composite (TFC) and thin film 
nanocomposite (TFN) NF membranes.  
Experimental/methodology. The TFC membranes, which served as a control, were fabricated by in situ 
interfacial polymerization of piperazine (PIP) and 1,3,5-benzenetricarbonyl trichloride (TMC). To fabricate 
TFN membranes, halloysite nanotubes (HNTs) nanoparticles functionalized with the first generation of 
poly(amidoamine) (PAMAM) dendrimers were dispersed in the TMC solution before the interfacial 
polymerization [2]. The performance of TFN and the control TFC membranes was evaluated in a novel 
crossflow FO testing system [3]. The draw solution in all experiments was an aqueous 1 M MgCl2 solution. 
The feed solution was either deionized (DI) water or 200 ppm solutions of CuSO4·5H2O or Pb(NO3)2). The 
reverse draw solute flux was determined based on the conductivity of the feed solution; the rejection of 
Cu2+ and Pb2+ was evaluated using the elemental analysis of the feed samples at the steady state operation.  
Results and discussion. The presence of Cu2+ and Pb2+ in the feed solution increased the water flux (Fig. 1a). 
At the same time, the reverse flux of MgCl2 decreased by at least 2.5 times compared to the experiments 
with pure water as a feed (Fig 1b). The corresponding rejections of Cu2+ and Pb2+ were at least 94.5%.   

 
Figure 1. The average water flux (a) and the reverse solute flux (b) of TFC and TFN membranes using the different feed 
solutions. Orange: DI water; green: 200 ppm CuSO4·5H2O solution; purple: 200 ppm Pb(NO3)2 solution. Draw solution 
in all experiments: 1 mol/L MgCl2 [4]. 

This improved FO performance in the presence of Cu2+/Pb2+ is attributed to their adsorption by the 
membranes, as confirmed by the decrease in the negativity of zeta potential and the results from 
inductively coupled plasma mass spectrometry (ICP-MS) analysis of the membranes. The performance of 
TFN and TFC membranes, including heavy metal ion rejection, was generally comparable, indicating a minor 
role of the nanoparticles. 
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Introduction. Coconut water is one of the most  popular drink worldwide due to nutritional benefits 
offered by it1. Demand of packaged coconut water is increasing day by day. Several Membrane 
technologies are utilised to process the coconut water before packaging. Few of them processes are used 
for clarification purpose2 whereas as Reverse Osmosis (RO) and Forward Osmosis (FO) are used for 
concentration purpose. Due to Lower energy requirement during processing and lower transportation cost 
associated with concentrated product of coconut water , FO process offers superiority over other 
membrane processes. However flux during the process is not maintained throught the FO process which 
limits it's application in Industrial products3.  
Experimental/methodology. In this work, coconut water was connetrated using FO process.Impact of 
Ultrafiltration pretreatment was studied on the flux of FO process and critical points of concentrations 
were identified to have more insights on flux behaviour of FO process.  
Results and discussion. It is observed that pretreatment results in increased water flux for all three draw 
solutions (i.e. 1M NaCl, 2M NaCl and 4 M NaCl) used in our study. Also higher concentration factors can be 
acvhieved with this two step treatment process while utilizing retentate of first step for nutrional 
preservation. Critical points  of concentrations are found at VCF of 1.5 and 2.4. Analysis of Physiochemical 
properties also validated that the antioxidants are getting concentrated and nutrional properties are also 
mantained.  

 
 

Figure Graphical abstract of the FO concentration process for Coconut water with UF Pretreatment 
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Introduction.  
Wastewaters contain both organic and inorganic compounds, including total ammoniacal nitrogen (TAN), 
which is the sum of ammonium ion and ammonia. TAN is present in various wastewater streams such as 
domestic, municipal, industrial, and livestock [1]. Treatment and recovery methods for TAN include 
chemical, biological, and physical processes [2]. Forward osmosis (FO) and gas permeation membrane 
contactors are promising, energy-efficient technologies for recovering total ammoniacal nitrogen from 
wastewater. These processes rely on chemical concentration gradients to transfer molecules through 
membranes, with gas permeation membranes typically being hydrophobic to remove gases like NH3 [3]. 
Studies have shown high ammonia recovery rates from sources such as anaerobic digestion supernatants, 
livestock manure, and biowaste fermentation broths [4]. 
This study aimed to enhance the use of forward osmosis for concentrating feed solution and recovering 
ammonia for livestock waste treatment. Most research studies have focused on the rejection of 
ammonium ion, which showed rejection values from 50-60% at pH 6 and increases to 90% at pH 3 [5]. 
Experimental/methodology.  
The experiments were carried out in a dead-end bench-scale cell, featuring two 1-liter cubic chambers 
connected by a commercial thin-film composite (TFC) membrane from Hydration Technology Inc. To 
prevent ammonia volatilization, the chambers were tightly sealed and vigorously stirred with a magnetic 
stirrer at room temperature [6]. The synthetic feed solutions consisted of ammonium hydrogen phosphate 
and ammonium hydrogen carbonate at various pH levels, while the draw solution was consistently 2 M 
NaCl. 
Results and discussion. 
The dilution of the draw solution and the concentration of the feed solution were observed due to water 
permeation driven by the difference in driving force. The volume reduction of the feed solution resulted 
from a decrease in the osmotic pressure difference between the two solutions. The water permeation 
process was consistent for both ammonium salts. Consequently, the volume of the feed solution decreased 
from 0.750 L to 0.500 L after 8.5 hours.  
Ammonia recovery was dependent on pH, increasing with the initial pH of the feed solution. This trend 
corresponds to the rise in ammonia concentration in the feed solution as pH increases. Consequently, 
ammonia recovery was approximately 53%, 70%, and 83% at pH levels of 9.5, 10.5, and 11.5, respectively. 
No significant differences were observed between the two ammonium salts.  
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Introduction: The application of electrodialysis (ED) for selective removal of divalent ions such as 
magnesium and Barium from waste water has garnered considerable attention in the field of water 
treatment, for addressing issues with water hardness, and recovering valuable minerals [1-2]. 
Electrodialysis (ED) technology utilizing selective ion exchange membranes (SIEM), has offered a promising 
way for addressing these challenges. However, the complexity of ion transport mechanisms and the 
interplay between various operational parameters demand a comprehensive modeling to optimize these 
systems effectively. In this context, mathematical modeling providing insights into the ion selectivity and 
transport dynamics within ED systems. By simulating different conditions and parameters, models allow for 
the prediction of system performance, identification of optimal operational conditions for optimal energy 
efficiency, and guidance for future membrane development, thereby significantly reducing the need for 
extensive experimental activities [3-4]. To this end, our current work aims to develop a computational fluid 
dynamics (CFD) model based on the extended Nernst-Planck equation, tailored for an electrodialysis 
system with various membrane stack configurations. It focuses on the understanding of the effects of feed 
solution properties, membrane stack design, hydrodynamics, operational conditions, and membrane 
characteristics on the selective removal of divalent ions. 
 
Experimental/methodology. A 2 dimensional (2D) CFD model is established in COMSOL Multiphysics. The 
ED system consists of tailored designed of membrane stacks with Selective cation exchange membrane 
(SCEM) and Anion exchange membranes (AEM). The model assumes isothermal, and laminar flow within 
the ED channels (Diluted and Concentrated chamber), where the integration of Donnan equilibrium and 
continuous flux is assumed at the ion-exchange membrane interfaces. The effective ionic diffusion 
coefficients are adjusted, factoring in the water volume fractions of the membranes. 
 
Results and discussion. The results depict the relationship between current density and various 
performance metrics of the ED system, such as the ion percentage removal, transport number, energy 
efficiency, and Sherwood number, underscore the model's effectiveness in predicting the performance of 
the system and optimizing the ion permselectivity. Key findings include the decreased relative ion removal 
efficiency with increasing current density, as shown in Fig 1 a. Moreover, the Sherwood number analysis 
further shows that mass transfer coefficients increase with current density, as shown in Fig 1 b. Through 
comprehensive analysis of the interplay of the process and membrane parameters, the developed model 
provide insights into the most influential factors in the multi-stack ED systems for ion separation.  
  

a)  b)  
Fig. 1 Relationships of current density with a) ion removal %; b) Sherwood number 
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Introduction.  
Salinity gradient energy (SGE) originates predominantly in estuaries, where freshwater rivers meet 
seawater. The energy available from the mixing of these solutions results from the difference in 
concentration between them. While oceanic waters typically maintain similar salt concentrations, those 
confined within semi-enclosed basins exhibit variations influenced by the prevailing conditions of 
evaporation, precipitation, and freshwater influx. As an example, the salinity of the Baltic Sea is notably 
lower than the average seawater salinity of 3.5%. 
Reverse electrodialysis (RED) stands as a membrane-based electrochemical method for harnessing SGE, 
offering a controlled and preferential ion transfer environment. Nonetheless, its efficacy is restricted by 
the elevated resistance encountered in feed solutions due to their lower salt content. 
This study focuses on four estuaries in Sweden�v three from the Baltic Sea and one from the North Sea�v to 
assess the actual potential of SGE through RED. To address the challenge posed by high resistance, non-
conductive spacers within the river water channels were replaced with ion exchange resins. 
Experimental/methodology.  
The selection of estuaries was meticulously conducted following a thorough assessment of rivers across 
Sweden, taking into account their geographical positioning, salinity gradients, ionic composition, and 
concentration levels. To replicate the properties of river and seawater solutions accurately, salts 
representing over 98% of the real ionic content were employed. Additionally, sodium chloride equivalent 
solutions were prepared as a benchmark. 
In the case of cRED (conductive RED), non-conductive spacers were replaced with Amberchrome 50 WX8 
resins. Polarization curves of both RED and cRED were analyzed to characterize stack resistance, open 
circuit voltage, and both gross and net power density. 
Results and discussion.  
The characterization of RED revealed that the generation of 
gross power density is rather constrained when considering 
entire Sweden. Furthermore, when accounting for the pump 
power, it proves unfeasible to achieve positive net energy from 
any of the estuaries studied. However, the adaptation of 
conventional RED to cRED demonstrated promising outcomes. 
The reduction of resistance in river water through the 
incorporation of ion exchange resin notably boosted both 
gross and net power density.  
This study not only highlights the potential applications of low-
salinity water in Sweden but also pioneers the expansion of 
SGE-RED applications to other locations with comparable 
conditions. 

Acknowledgments 
The authors would like to express their appreciation for the financial support of Swedish Energy Agency, Sweden (ref. 
51675-1). 

Figure 1: Gross and net power density of 
estuaries operated with RED and cRED 
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Introduction. The copper industry generates a large amount of waste and effluents contaminated with 
a variety of metals [1]. In the electrorefining step, a process stream deserves special attention due to its 
peculiar characteristics. The eluate from the regeneration of ion exchange resins consists of a highly acidic 
electrolyte, containing 6 M HCl and large amounts of Sb, Bi, As, and Cu, among other impurities, which is 
currently subjected to a physicochemical treatment and discarded [2]. The present work aims to investigate 
membrane electrolysis to recover Sb from this process stream.  
Experimental/methodology. The experiments were carried out in up-flow 2-compartment membrane 
electrolysis (ME) cells, containing a Ti coated with TiO2/RuO2 electrode as the anode and a 316L stainless 
steel or copper electrode as the cathode. Cell1 has two compartments with an open top, separated by 
a cation exchange membrane, and an effective area of 0.09 dm2; while cell2 differs in that it only has the 
anode compartment with an open top and an effective area of 0.25 dm2. ME experiments were performed 
at 200 or 300 A/m2 and room temperature, at different times (120�t480 min). The anode compartment 
contained a 30 g/L H2SO4 solution, while the cathode one contained the real effluent from the copper 
electrorefining process (eluate from the regeneration of ion exchange resins). 
Results and discussion. Both cells and cathodes evaluated under current densities of 200 and 300 A/m2 
showed promising results for recovering Sb from the acidic electrolyte generated in the regeneration step of 
ion exchange resins in copper electrorefining. Nevertheless, the best conditions were obtained with the 316L 
stainless steel cathode and 200 A/m2, achieving a faradaic efficiency of 93%, voltage of 3 V, and specific 
energy consumption of 2,230 kWh/t Sb. These results were obtained in the closed cell, showing the 
importance of the fluid-dynamic effect of the cell design on the Sb recovery. In fact, membrane electrolysis 
emerges as a promising alternative for the recovery and valorization of Sb, a critical raw material for the 
European Union and fundamental for global economic development. 
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The paper presents the opportunities for applying membrane processes to reduce the environmental 
impact of the industry, especially the mining industry. We will provide a brief summary of the previous 
development of technology based on electrodialysis with bipolar membranes (EDBM) for H2SO4 and NaOH 
recovery and reuse within a uranium mine wastewater treatment plant. The previous results will be 
compared with an improved EDBM based on state-of-the-art ion exchange membranes and stacks. We will 
demonstrate the increase in process efficiency, product quality and concentrations. 
The membrane and electromembrane processes can be successfully used to significantly reduce the 
negative environmental impact and help with mitigating the consequences of mining activities after 
uranium ore and coal extraction. One of the possible applications is the situation when the water in an 
already closed deep underground mine is rising and reaching the surface where it can contaminate the 
surface waters. Usually the mine water contains dissolved inorganic components at levels that prevent 
direct discharge. We will present such a case with proposed solutions consisting of membrane processes. 
Another case related to the residual mining ponds effluent exceeding the discharge limits for TDS will be 
presented. The situation is complicated by the occurrence of CaSO4 at saturation level. Even in such a case, 
the process using ED can be applied. We have already verified this concept on another project. On-site 
long-term pilot trials confirmed that the proposed ED technology concept significantly reduces overall TDS 
in wastewater, even in cases where most of the TDS is CaSO4 at saturation limit. The ED-based process 
decreased TDS by 30 �t 50 %, allowing for a saving of about 150,000 m3/year in a particular case and 
debottlenecked the wastewater treatment plant. The industrial partner plans to construct the full-scale 
process based on the positive result of the study. More details about the mentioned results, as well as 
other achievements, will be presented. 
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Introduction. Within the framework of the SEArcularMINE project [1], ultra-concentrated brine from 
saltworks is valorized to selectively recover magnesium, boron and other trace elements, employing acids 
and bases in dilute solutions. To this aim, Electrodialysis with bipolar membranes (EDBM) can directly 
produce in-situ such solutions, possibly exploiting any waste saline stream available from the process. An 
EDBM unit typically consists of repeating triplets, each comprising three compartments (salt, acid, and 
base), with fresh water feeding the acid and base compartments. However, the widespread adoption of 
EDBM faces challenges such as high membrane costs and significant water consumption. Consequently, 
this work aims to investigate a new EDBM configuration with only two compartments in the repetitive 
units aiming at membrane and water footprint reduction. 
Methodology. Experiments were conducted using a 5 triplets lab-scale EDBM stack, with a membrane area 
of 100 cm2. For the three-compartment configuration, a 2 mol/L NaCl solution was fed into both salt and 
base channels and a 0.05 mol/L HCl solution in the acid one. On the other side, for the two-compartments 
configuration, 2 mol/L NaCl and 0.05 mol/L HCl solutions were fed in the base and acid channels, 
respectively. Current density ranging between 200 and 400 A m-2 was tested. Product concentrations, 
specific energy consumption (SEC), current efficiency (CE), and specific productivity (SP) were compared. 
Results and discussion. Results show how adopting the two-compartments configuration increases the 
alkaline product concentration by ~13% on average, although ~12% lower CE was observed, likely due to 
differing volume trends. Nonetheless, similar SEC values were obtained for both configurations (Figure 1). 
Thus, reducing the number of membranes and channels in the repeating unit does not result in significant 
variations in the energy consumption of the EDBM. Notably, a substantial increase in specific productivity 
was observed with the two-compartment configuration, as similar concentrations and CE were achieved, 
notwithstanding the significant reduction of the total installed membrane area in the unit. This study 
highlights new, potential, and promising configurations that can ensure similar energy consumption while 
significantly reducing the required membrane area and water consumption. 
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Figure 1. a) SEC and b) SP as function of four different concentrations targets for the two investigated configurations. 
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Introduction. Boron (B) is a necessary raw material in several industrial processes in the European Union 
(EU), such as the production of glass, fertilizers, and ceramics [1]. Furthermore, B is an essential 
component in crucial technologies for the EU's transition to renewable energy (e.g. wind turbines, solar 
photovoltaics) [2]. However, the EU's dependence on B imports is around 100%. In that matter, 
electrodialysis with bipolar membranes (EDBM) is a technology that can be used to recover boron from 
secondary sources within the EU, such as brines from desalination plants [3]. Moreover, with surface 
modification techniques, the membrane surface charge can be controlled improving �š�Z���� �u���u���Œ���v���[�•��
selectivity [4]. In this  work, commercial and coated membranes were tested for the production of boric 
acid using EDBM. 
Experimental/methodology. Commercial ion exchange (IEX) membranes from PCA GmbH and Mega a.s. 
were coated with polyelectrolyte multilayers (PDADMAC and PSS) using layer-by-layer deposition. 
Membranes with 4, 4.5, and 8 bilayers (bL) were produced and tested. Coated and commercial membranes 
were characterized by the determination of zeta potential, contact angle, transport number, and IEX 
capacity. Later, coated and commercial membranes were tested in an EDBM set-up, fed with borax 
solution (4 g/L of B), for the production of boric acid and sodium hydroxide. The experiments were 
conducted at constant voltage (9.5 V) using 3 membrane triplets, where each membrane had an active 
membrane area of 100 cm2.    
Results and discussion. The analysis of zeta potential showed that the coating increased the surface charge 
of membranes, where 8 bL increased in 20 mV the zeta potential of the commercial membranes. The 
coating also increased the hydrophilicity of membrane surface, resulting in a decrease in the contact angle 
compared to the commercial membranes. However, the IEX capacity and transport number decreased for 
the coated membranes, which agreed with the results of the tests in the EDBM set-up. The commercial 
membrane from PCA GmbH presented the best results in the tests, removing 97% of the boron from the 
salt compartment and concentrating the H3BO3 2.5 times. 
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Introduction. For almost two decades intense research has been performed at Åbo Akademi University 
(ÅA) to develop a CO2 mineral �•���‹�µ���•�š�Œ���š�]�}�v���Œ�}�µ�š�����v���u�������^wet �������Œ�}�µ�š���_���€1]. The pH swing process utilizes 
crushed and grinded magnesium silicate rock (preferably originating from side-rock produced from mining 
activities) as feedstock. First, magnesium is leached in sulphuric acid (H2SO4) at <100 oC, followed by 
precipitation of metal (e.g. iron, aluminum) hydroxides at pH 8.5-9 using an alkaline solution. After 
filtration of the hydroxides, CO2-containing gas is inserted to the remaining solution together with 
additional alkaline solution to reach a pH of approximately 10, which will result in carbonation of the 
dissolved magnesium, at preferably 35°C. After the magnesium carbonates (mainly as MgCO3·3H2O) have 
been separated from the solution, a sulphate salt solution remains that is to be regenerated back to acidic 
and alkaline solutions needed for the process. This regeneration is to be performed by using bipolar 
membrane electrodialysis (BPMED). So far, this wet ÅA route has been tested using ammonia (NH4OH) for 
the precipitation of metals as well as for the carbonation step. However, since NH4OH gives a very low 
conductivity [2] the BPMED separation becomes slow and energy intensive [3]. The aim with the work 
presented has therefore been to study the behaviour of using potassium sulphate (K2SO4) and sodium 
sulphate (Na2SO4) solutions instead of ammonium sulphate (AS, (NH4)2SO4) solutions as a feed stock to the 
BPMED process, thus producing H2SO4 for the leaching of the magnesium, and potassium hydroxide (KOH) 
or sodium hydroxide (NaOH) for the precipitation/carbonation step of the process. KOH and NaOH give 
higher conductivity than ammonia and are also stronger alkalines which should result in solutions with 
higher pH than for NH4OH, which will be needed for the process. 
 
Experimental/methodology. The experiments were performed in a Eurodia SED3 3-compartment pilot unit 
built up with 7 cells and desalination electrodes. A flow rate of 20 l/h/cell was applied. pH, conductivity 
and temperatures were recorded every 30 seconds throughout the test. Conversion rates were calculated 
based on conductivity curves of the respective ingoing product sulphate salt solution. The electrolyte had 
the same composition as used in the product feed.   
 
Results and discussion. The results obtained indicate that K2SO4 is a better option when it comes to the 
energy needed for the separation (kJ/kg separated) and conversion rate (kg salt separated/h). Table 1 
shows an example of the BPMED performance between different sulphate salts. It is shown that AS 
separation become slower even if a voltage of 24 V is applied, compared to 16 V for the K2SO4 and Na2SO4. 
 
Table 1. Performance of BPMED tests based on sulphate salts converted to sulphuric acid and corresponding base  
Nro. Chemical 

Productstart 
Vproduct start, 
cproduct start 

Vacid,start 

(H2O, L) 
Vbase, start 

(H2O, L) 
Velectrolyte, 

start (L) 
Voltage 

(V) 
pHacid, end pHbase, end Energy 

(kJ/kg) 
Conversion rate 

(kg/h) 
Time 
(min) 

1. (NH4)2SO4 (AS) 2 L, 0,5 M 2 2  
incl 0,5 g AS 4 24 0.56 10.4 6979 0.05 154 

2. Na2SO4 2 L, 0,5 M 2 2 2 16 0.45 12.6 4358 0.06 132 

3. K2SO4 2 L, 0,5 M 2 2 2 16 0.38 13.5 3471 0.10 110 

As part of future work, it will still be studied how the combination of AS and K2SO4 or Na2SO4 is performing 
in the BPMED setup, since the presence of NH4OH has shown promising results for the carbonation step [4]. 
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Introduction.  
Industry consumes a lot of water, and many sectors have specific requirements for water quality (e.g. food 
industry, paper industry, etc.). Almost all treatments of these waters and wastewater treatment from 
these industries create streams that end up at the wastewater treatment plant (WWTP) with subsequent 
discharge into surface recipients. In recent years, the demand for wastewater recycling technologies 
increased mainly due to tightening the discharge limits for industrial wastewater. Thus, common 
wastewater treatment (WWT) project requirements lead to processes with minimal or zero liquid 
discharge. This work aims at the use of WWT membrane technologies to obtain water with high recovery 
with minimal liquid discharge and salt recovery by processing the effluent from industrial WWTP. 
 
Experimental/methodology.  
WWT technologies used in this work contained pre-treatment technologies (lamellar settler, sand filtration 
and ultrafiltration) and electrodialysis in two stages. The whole technology was arranged into two 
containers, providing flexibility and easy transport to different locations. The first container included 
a lamellar settling tank, sand filtration and ultrafiltration (UF). The second container included a pilot 
electrodialysis unit EDR-Y. A two-circuit pilot scale electrodialysis module equipped with either standard 
heterogeneous membranes or thin heterogeneous membranes RALEX® was used. The first stage of 
electrodialysis was used as a concentration step, and the second stage was used to demineralise the 
solution to fulfil the discharge limits. The UF permeate was used as a feed solution for the first ED stage. Its 
TDS content was approximately 25 g·L�t1 and contained high CaCl2 concentration - Ca concentration ca 
9 g·L�t1 and Cl�t concentration ca 15 g·L�t1. The second ED stage processed a diluate from the first ED stage 
containing ca approximately 11 g·L�t1 TDS. 
 
Results and discussion.  
The presented pilot-scale two-container WWT technology processed the effluent from the industrial 
WWTP. The solution was processed in the first container to reduce the turbidity and suspended solid 
particles prior to the electrodialysis process step. The goal of the first stage of electrodialysis (ED1) was to 
achieve maximum concentration of the concentrate, mainly CaCl2. The ED concentrate from the ED1 
reached a conductivity of 160 mS·cm�t1 with a CaCl2 concentration of 124 g·kg�t1 and a TDS of 140 g·L�t1. The 
CaCl2 purity was over 95 %. It is planned to further process the concentrate from the ED1 stage in an 
evaporator to form a solid salt. The by-product of the ED1 - diluate with the conductivity of 20 mS·cm�t1, 
containing ca 10 g·kg�t1 of CaCl2, was further processed in the second stage of electrodialysis (ED2). 
A concentrate with a conductivity of 74 mS·cm�t1 and TDS of 44 g·l�t1 was obtained from ED2, while a mixture 
of NaCl and CaCl2 forms 99 % of these salts. This concentrate could be returned to the ED1 and mixed with 
raw material to ensure the MLD process. The diluate from the ED2 can be further used in other processes 
(raw or after additional RO) or disposed of, as it also meets stricter standards for discharge into the sewer. 
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Introduction. Membrane dewatering is a sustainable alternative for concentrating biomass when compared 
to thermal dewatering. However, it is limited by biofouling which can lead to reduced performance. 
Furthermore, it is reported that with membrane dewatering a maximum solids concentration of 10% can be 
achieved, requiring other energy-intensive unit operations to further concentrate the biomass[1]. In contrast 
to the non-selective nature of pressure driven membrane dewatering systems, electro-membrane processes 
allow for selective migration of components based on their charge density and polarity. When dewatering 
semi-concentrated biomass streams, superimposing an electric field over a membrane dewatering process 
can lead to electro-osmosis (EO) [2]. EO is defined as the slipping of the charged aqueous media present at 
interface of the electric double layer (EDL) and diffusing into the bulk aqueous media (figure 1a) [3]. This 
research elaborates on role of the EDL in EO and methods to manipulate its properties to obtain a better 
dewatering performance. 
Experimental/methodology. The study uses spherical silica particles as a model biomass. Particles of varying 
diameter and packing were wetted with aqueous media of varying pH and salt concentrations. Experiments 
such as streaming potential (SP) and impedance spectroscopy (IES) were conducted to investigate the 
electrochemical effects at the EDL and macroscopic contributions from the free volume of the silica bed. The 
electro-chemical properties investigated during these experiments were then mapped to the electro-
osmotic dewatering performance.  
Results and discussion. The experiments revealed that charge migration in the diffusive region is coupled to 
the pressure manifested in the pores of the silica bed under the influence of an external electric field (figure 
1c). Streaming potential experiments confirmed that the increasing salt concentration reduced the Debye 
length and consequently the diffusive charged region (figure 1b) leading to lower electro-osmotic 
dewatering. Furthermore, a correlation between free volume of porous silica bed and the effective electro-
osmosis was also established. We concluded our findings by providing the optimum conditions of the 
aqueous media and the porous bed to achieve high performance electro-osmotic dewatering.  

Figure 1 (left to right) �t (a) conceptual understanding of EDL and its role in EO dewatering, (b) streaming potential 
experiments to probe the diffusive region adjacent to the EDL, (c) coupling of electric field strength and pressure 
generated in pores of the silica bed. 
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Introduction 
In the food industry, electromembrane processes are becoming increasingly used as an alternative to 
traditional chemical methods, contributing to enhanced operational efficiency, sustainability, and safety in 
a broad range of operations. 
In this context, we delve into practical applications of these technologies, highlighting two distinct case 
studies that exemplify their potential within the sector. The first case focused on the onsite generation of 
oxidants, such as hydrogen peroxide (H2O2) and peracetic acid. These are used to eliminate chemical and 
biological contaminants in the food/feed chain. By using membrane electrode assemblies (MEAs) and a solid 
polymer electrolyte (SPE) a product free of contaminations can be made. The second case looked into the 
application of electrodialysis with bipolar membranes (EDBM) for the recovery and conversion of sodium 
sulfate (Na2SO4) from the wastewater of a food supplement manufacturer.  
Experimental/methodology 
For the production of oxidants, we developed and analyzed the performance of a system for the onsite 
generation of H2O2 from water, air, and electricity. We used a cathode and anode MEA (membrane electrode 
assembly) and evaluated the effect of SPE relative to an electrolyte solution. Additional experiments were 
carried out to evaluate the performance of the system in the onsite production of peracetic acid.  
In the context of Na2SO4 recovery, initially, we analyzed EDBM efficiency with various commercial ion-
exchange membranes under different lab settings. The feed streams' complex composition, and hence pre-
treatment requirements, challenged the economical feasibility of the recovery process. Therefore, in a later 
stage, we aimed to simplify the pre-treatment stage and reassess EDBM to determine the critical factors�v
organic fouling or scaling�v  affecting the efficient and effective operation of the system. 
Results and discussion 
Our system produced pure H2O2 concentrations up to 14 wt%, showcasing its potential for onsite oxidant 
generation. However, to keep these high concentrations stable over time, material improvements are 
needed. Lower concentrations (1 �t 5%) can be sustained longer, with energy consumption of about 5 kWh/kg 
H2O2, which increases as the concentration rises. 
In the recovery process, maximum product concentration were achieved in solutions containing Na2SO4, with 
2.2 M for NaOH and 1.2 M for H2SO4. Efficiencies of 65% for alkali and 43% for acid production were recorded. 
These efficiencies decreased when the different pre-treated streams were used. To maintain the continuous 
operation of the system, adjustments were implemented to avoid effects such as precipitate formation on 
the membranes. 
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Sustainability in membranes requires flexibility in membrane preparation: The flexibility to control multiple 
membrane preparation parameters to tailor membrane properties and performance. Electrospinning is 
a highly versatile technology that is recently more extensively explored in lab scale membrane preparation, 
but its easy scalability and flexibility also make it highly attractive for large scale industrial applications. This 
presentation will provide insights in different experimental approaches, membrane metrics and 
performance evaluations using electrospinning for membrane development. 
 
Electrospinning uses a high voltage power source and involves an electrohydrodynamic process in which 
a polymer solution is electrified to generate a jet, followed by stretching and elongation to generate fibers. 
These fibers are collected on a support (that is removed), ultimately forming a highly porous (>85% porosity) 
polymer fiber mat with �Pm-size pores. Not only standard organic solvents and polymers can be used, also 
green solvents and biopolymers can be easily applied. Using functional polymers or additives in the spinning 
process, allows direct use of electrospun mats (Figure 1a) as membrane adsorbers in e.g. medical 
applications (Figure 1d). Alternatively, to introduce membrane selectivity, interfacial polymerization using 
standard industrial recipes can be used to apply a selective separation layer (Figure 1b), making the 
membrane salt selective for low pressure applications such as forward osmosis for the dewatering of 
industrial streams (Figure 1e). Also, multiple different porous mats can be stacked followed by hot-pressing 
resulting in dense ion exchange membranes for energy storage in flow batteries. Because multiple separate 
layers are combined in such an array, also local functionalities and properties in these membranes can be 
tuned. Moreover, co-electrospinning easily interconnects e.g. anion and cation exchanges materials making 
robust bipolar membranes for e.g. electrodialysis or flow battery applications (Figure 1f).  

 

Figure 1: a) Electrospun porous functional membrane adsorber with e) Dynamic lysozyme adsorption and desorption of 
the membrane adsorber with q10% the adsorption capacity at 10% breakthrough; b) SEM cross section of selective 
interfacial polymerized polyamide layer on a porous electrospun support and e) Water flux and concentration factor of 
this membrane using industrial apple juice, manure or whey; c) Cross-section SEM image and elemental (fluor and sulfur) 
analysis of hot-pressed electrospun cation exchange membrane with f) Long-term cyclic efficiency and capacity of the 
membrane in a hydrogen-bromine flow battery. 
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Flow capacitive deionization (FCDI) is an electromembrane-based desalination technology which employs 
suspended carbon particles (flow electrodes) to remove ions from saline water [1, 2]. Like Michelangelo 
sculpted the statue of David, the channels at which flow electrodes are distributed, are engraved at the 
surface of graphite current collectors. However, Michelangelo created a masterpiece, while the Computer 
Numerical Control (CNC) milling, currently employed in FCDI, only allows the creation of very simple shapes, 
usually limited to serpentine channels. Recently it was shown that the mixing in such channels is limited [2]. 
This study investigates the feasibility of using 3D-printed flow electrode gaskets as an alternative to 
traditional CNC-milled graphite current collectors. The potential advantage of 3D printing is the possibility 
of creating channels with much more complex geometries and allowing for better mixing of flow 
electrodes. Our results demonstrate that when flow electrodes with carbon loadings of 5 wt.% and 10 wt.% 
were used, the conductive 3D printed gaskets (made by a mixture of PLA and Carbon Black) outperformed 
conventional CNC milled gaskets in terms of desalination efficiency (by 25% and 4% respectively) and 
energy efficiency (by 10.24% and 5.06% respectively). Reduced resistivity from filling the 3D printed 
structure's cavities with highly capacitive carbon particles and enhanced charge percolation from the 
gaskets' rough surface are the two primary reasons for the enhanced performance. The results therefore 
highlight that it is possible to replace traditional CNC-milled graphite collectors, whose geometry is limited 
to very simple shapes, without losing FCDI performance, with 3D-printed gaskets, which opens doors to 
improve the design of flow electrode channels.  
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Introduction. Boron is a critical raw material (CRM) listed by the European Union due to its supply risk, 
economic importance, and use in many industrial sectors [1,2,3]. On the other hand, electrodialysis with 
bipolar membranes (EDBM) is a key technology that can be used for boric acid production. Thus, boron can 
be recovered from secondary sources, such as seawater reverse osmosis brines by EDBM [4,5].  
Experimental/methodology. EDBM operational parameters were studied in this work to determine the 
optimal conditions for boron recovery, as boric acid from a sodium borate-rich solution. Thus, by EDBM it 
was also possible to recover NaOH in the base compartment, while desalting the initial solution in the 
diluted stream. The experimental design consisted of determining the effect of (i) the initial volume of each 
compartment, (ii) the initial salt pH, and (iii) the applied voltage in the overall EDBM performance, whereas 
studying (iv) two different membrane suppliers (PCA GmbH and Mega RALEX). For that, an EDBM lab-scale 
set-up was used to conduct the experiments and be able to monitor the conductivity of each stream 
online. Later, ion concentrations were determined by inductively coupled plasma (ICP) off-line. 
Results and discussion. Experiments demonstrated that reducing the initial volume of all streams from 3 L 
to 1 L resulted in a more efficient EDBM performance. Moreover, reducing only the initial volume of the 
product stream (the acidic one) to 0.5 L, while keeping the others at 1 L (salt and base), increased even 
more the final boron concentration recovered. Besides, limiting current density (LCD) tests were conducted 
to determine the maximum allowed voltage to be applied to treat the initial salt solution by EDBM. Then, a 
low voltage (9.5 V) and a high voltage (24.5 V) were tested to determine its effect on boron recovery. Very 
similar concentration factors regarding the acid were obtained for both voltages, although the experiments 
at high voltage were at least 3 times faster. Finally, it is important to work at a pH higher than pKa to 
ensure that boron is a negative ion and not a neutral species. Thus, initial sodium borate solutions with pHs 
10 and 12 were tested. In this case, different results were obtained when working with the PCA or the 
Mega membranes. EDBM experiments with PCA membranes achieved higher boron concentration factors 
working at pH 12 (CF=3.4, at pH 12 vs CF=2.7 at pH 10), whereas Mega membranes resulted in better 
results working at pH 10 (CF=3.7, at pH 10 vs CF=3.1, at pH 12). These results are in concordance with Mega 
supplier specifications since the recommended working pH is a maximum of 10.  
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The World Economic Forum predicts a 2.5-fold rise in lithium carbonate demand, from 838 kt in 2024 to 2114 
kt by 2030, due to electric vehicles and storage industries�[ boom. In this study, Lithium Membrane Flow 
Capacitive Deionization (Li-MFCDI), a recently proposed electromembrane process [1], was evaluated to 
extract lithium from a synthetic geothermal brine. The main challenge was the high amount of sodium in 
brines (the mass ratio of sodium to lithium was 650). A ceramic lithium-selective membrane (OHARA, Japan) 
was integrated into a custom-designed and 3D-printed flow capacitive deionization (FCDI) cell. It rejected 
99.98% sodium and a very high lithium selectivity (141 ± 5.85 for Li+/Na+ and 46 ± 1.46 for Li+/K+) was 
achieved. During a seven-day test, the Li-MFCDI process demonstrated consistent performance, consuming 
just 16.70 ± 1.63 kWh/(kg of Li+ recovered) [1]. Improvements in flow electrode channel design and 
construction techniques were explored [2], along with the development of polymeric membranes, offering 
higher lithium conductivity, lower electrical resistance and better mechanical strength than the ceramic 
OHARA membrane [3]. The developed membranes outperformed the commercial monovalent-selective 
cation exchange membrane (Neosepta® CIMS) when used to recover lithium from spent lithium-ion battery 
leachate (Figure 1). These advancements highlight the Li-MFCDI´s potential for sustainable lithium recovery 
from saline streams and for carbon-free recycling of spent Li-ion batteries. 
 

 
Figure 1. Lithium ideal selectivity of the commercial mono-selective membrane (Neosepta® CIMS) and the in-house 
developed polymeric membrane.  
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Introduction.  
Covalent Organic Frameworks (COFs) are highly ordered porous crystalline polymers. They are composed 
of light elements like hydrogen, carbon, boron, nitrogen, oxygen, and organic building blocks, which can be 
extended into 2D or 3D frameworks via strong covalent bonds. Recently, they have been applied as new 
sorbents for various sample preparation methods, and there is plenty of room for further studies in this 
field. The ICOF/COF materials due to their highly-ordered pore size ability are recommended as a selective 
material for capturing selected metal cations.  
Experimental/methodology.  
The primary research focused on developing ICOF/COF with different synthesis protocols, such as 
solvothermal and microwaved synthesis, of dihydro benzaldehyde (DHBA) and 5-chloro-7-iodo-8-
hydroxyquinoline (HQ) with 2-metylimidazolate (MIM) as a linkage, knot, and ion-exchangers, respectively. 
The solvothermal (ST) synthesis was conducted under air conditions for three days at 120°C, while 
microwaved synthesis (MW) was predicted by 2 minutes using 30W under air conditions. An equal molar 
ratio of DHBA and HQ was used for both reactions. For ICOF preparation, the equal molar ratio of DHBA, 
HQ, and MIM was applied. 
Results and discussion.  
According to the expectation from the properties of COF/ICOF material, the ICOF version reached the 
highest SAC for lithium and cobalt cations. The differences between Li+ and Co2+ stream from IEC properties 
and the activation energy in the creation of the chelating reaction are presented in Figure 1. The increase in 
IEC for cobalt is linked to the Co2+ recovery with double intensification from ~20% to 52% for materials 
developed by solvothermal protocol (Figure 1D). Hence, the type of synthesis has a powerful impact on the 
performance of developed ICOF. The separation factor of Co/Li for ICOF-ST reached 2.5, while for COF-ST �t 
1.1. This fact confirmed that incorporating additional ion exchangers into the COF matrix multiplies the 
effect of separation. 
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Figure 1. Modified Ragone plots for all investigated materials for A) lithium and B) cobalt recovery. The 
relative concentration of C) lithium and D) cobalt recovery. Bias: 1V, CLi+, CCo2+ = 10mM, t= 300s, T=25°C. 
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Introduction: Ion-exchange membranes are indispensable in electromembrane separation processes, such 
as electrodialysis. Intensifying those processes by increasing the applied electric current is alluring yet 
challenging to adapt to an industrial operation. One problem is excessive Joule heat evolution, potentially 
leading to the burning of the whole desalination unit. Another problem is associated with overlimiting 
phenomena occurring at ion-exchange membranes under high current densities. These phenomena possess 
both positive and negative effects on desalination. While current-induced convection contributes to ion 
transfer by mixing ion-depleted layers with bulk, a water-splitting reaction generates hydroxide and 
hydronium ions, changing the local pH.  
 
Experimental/methodology. To shed light on the intensity of various overlimiting mechanisms, we 
developed special cells to study current-induced processes at ion-exchange membranes. These cells, both 
in batch and flow-through formats, allow simultaneous process characterization by electrochemical 
measurements and direct optical observation using particle image velocimetry (PIV). At the same time, the 
cells allow measuring pH changes associated with water splitting.  
 
Results and discussion. Our results show that two types of convection (besides pressure-driven flow) occur 
in the studied systems: electroconvection and natural convection. While the first occurs due to a strong 
electric field acting on a nonequilibrium charge, natural convection is driven by the density gradient 
developing in the system owing to desalination. We describe electroconvection and natural convection 
qualitatively and in terms of characteristic velocities, providing insight into their potential impact on ion 
transfer. Interestingly, although anion-exchange (AEM) and cation-exchange (CEM) membranes are 
considered symmetrical in their behavior in DC electric field, they are markedly different [1]. While AEMs 
split water and invoke rather medium electroconvection, CEMs show no susceptibility to water splitting but 
develop very strong electroconvection on their surface. However, water splitting at CEM is observed upon 
adsorption of polylysine to its surface [4]. The polarization at both membranes is directly related to the 
onset of strong natural convection, dominating the flow field near the membranes. The dominant role of 
natural convection has been observed in simple electrodialysis systems, where it dictated the distribution 
of concentrations [2]. The analysis of the proceeding phenomena in a single diluate channel showed that (i) 
overlimiting phenomena occur upon setting conditions corresponding to the complete desalination, (ii) 
natural convection is an underlimiting phenomenon assisting in mixing diluate in channels without spacers, 
and (iii) electroconvection manifests itself as intensive chaotic waves originating at CEM [3].    
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Contribution describes the beginning and the initial phase of the membrane processes application in 
uranium mining industry in Czechoslovakia and later in Czech Republic. We will present the first trials of 
the electrodialysis (ED) application based on the former reputable ED producers such as Ionics followed by 
in-house development of the ione exchange membranes, membrane stacks and whole ED systems. 
The ED development resulted in its application at industrial site, where the chemical processing of uranium 
ore takes place - �]�v�� �Z�}�Î�v���U�� ���Ì�����Z�� �Z���‰�µ���o�]���X��Contribution also explains the methods of cleaning the 
technological water used in the process, namely electrodialysis and reverse osmosis and their 
performance. 
�/�v�� �Z�}�Î�v���U�� �µ�Œ���v�]�µ�u�� �}�Œ���� �]�•�� ���Z���u�]cally processed near the mine. The result is uranium concentrate, 
ammonium diuranate (NH4)2U2O7, also known as "yellowcake", which is converted into fuel for nuclear 
power plants in foreign conversion plants. 
The processing takes place in a closed cycle of technological water. Due to the positive annual balance of 
precipitation, it is necessary to clean the excess of technological water in the sludge tanks before 
discharging it into the river. The water in the sludge tanks has a high salinity - about 33 g/l. It is a complex 
system of many inorganic and organic compounds, where sodium sulfate predominates. Evaporation and 
membrane processes (electrodialysis and reverse osmosis) are used to clean the water. 
Electrodialysis has been tested at the plant since the 1980s. A laboratory device was installed and then 
a pilot operation. A small electrodialysis with 10 electrodialyzers and a capacity of 70,000 m3 of solution 
per year has been operating at the plant since 1996. A fully operational electrodialysis with 
30 electrodialyzers (type ED II-II from MEGA a.s.) was launched in 2007. It serves to desalinate water from 
sludge tanks from TDS 33 g/l to 15 g/l. The capacity of the device is 70 m3/h. All the obtained parameters 
show that this technology is very suitable for cleaning technological water. 
Tests using reverse osmosis for water treatment were started in 2000. The cleaning of raw technological 
water from the sludge tank, water after pretreatment and solution with different salt concentrations was 
tested. A fully operational application with an annual capacity of 230,000 m3 of permeate for desalination 
of solution with TDS about 15 g/l was launched in 2007. During operation, great emphasis is placed on 
optimizing pretreatment to save membranes and extend their life. 
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The quest for sustainable chemical processes has focused research on innovative technologies capable of 
minimizing energy consumption and environmental impact. Among these, electrocatalytic membrane 
reactors based on ion exchange membranes stand out for their potential to improve process efficiency and 
selectivity. This presentation focuses on the synergy between the two fields of selective membrane 
transport and electrocatalysis. Particular emphasis will be given to the role of ion exchange membranes in 
the community of membrane scientists and engineers. 
 
We start by reviewing the fundamentals of electrocatalytic membrane reactors, highlighting the role of 
electrodes in facilitating chemical conversions while membranes achieve separation of the two (anodic and 
cathodic) compartements. Special attention is given to widely used technologies such as the chlor-alkali 
process and polymer electrolyte fuel cells, presenting mature and revitalized technologies, respectively. 
The discussion then shifts to bipolar membranes and their unique ability to dissociate water into protons 
and hydroxyl ions, setting the stage for innovative applications in chemical synthesis.  
 
This presentation will review the evolution and current challenges of ion exchange membranes in 
combination with electrocatalysis, emphasizing their critical role in selective ion transport and separation 
of reactants from products.  
 
Based on the unique properties of ion exchange membranes, we propose a novel approach to chemical 
synthesis in which electrocatalytic membrane reactors equipped with ion exchange membranes can drive 
and control reactions, providing a greener alternative to conventional methods. Specifically, a techno-
economic and life cycle analysis is presented for the reduction of CO2 to CO and H2. The choice of 
membrane type (AEM, CEM or BPM) has a significant impact on the upstream and downstream processes.  
 
Finally, the new emerging research concepts of paired electrolysis are presented, where the 
electrochemical membrane reactor allows the reduction of CO2 to CO as well as the synthesis of chlorine 
from NaCl. 
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Selective ion transport is fundamental in many areas of science and technology for purifying ions of interest. 
In particular, tailoring high-precision separation materials would enable fit-for-purpose recovery of pure 
water, extract minerals and capture energy from a complex solution environment such as wastewater, 
seawater, salt lakes, and flow batteries.1 Driven by the European directives of circular economy, the 
development of mefficient separation technologies are urgently demanded for ion resource recovery. 
Electro-driven membrane processes using ion exchange membranes show promise in promoting the selective 
transport of target ions under electrical field [3]., but still faces the fundamental challenge to achieve high 
precision/selectivity via electrostatic interactions, among ions of similar electrochemical properties. 
 
Thus, this work uses several examples of in-house designed ion exchange membranes with superior 
properties promoting target ion transport. On one hand, homogenous ion exchange membranes were 
preprepared via a newly-developed dynamic layer-by-layer (dLBL) method utilizing the cation-�‹��interaction 
between dopamine chemistry and electrolytes. The resulting membrane demonstrated thin selective layer 
with up to 6.5 bilayers of alternating charged functional moieties, producing much more homogenous 
morphology and enhanced stability in repeated separation experiments. The selectivity towards monovalent 
ions such as K+ from a mixed solution was attributed to the combined mechanism of ion sieving, electrostatic 
and affinity interactions between the target ion and functional sites on the membrane surface. On the other 
hand, heterogenous ion exchange membranes were designed by incorporating 2D porous materials (e.g., 
MOF) into the membrane matrix. By fine tuning the fabrication conditions (e.g., types and dosage of charged 
monomers), a series of MOF-based membranes were obtained with high selectivity towards target 
monovalent ions such as Cl- vs PO43-, and Li+ vs Mg2+ [4, 5]. Finally, the main design principals of target ion 
selective membranes are summerized, coupled with in-depth analysis on ion transport mechanisms.  
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Introduction: The continuous development of the global economy and society, coupled with population 
growth has significantly contributed to freshwater scarcity, and the gap between demand and freshwater 
supply is expected to worsen in the coming years [1]. Desalination of brackish water (1-10 g/L total 
dissolved solids (TDS)) is considered an effective technique to supply drinking water. Besides salinity, 
brackish water often contains nitrogenous compounds such as nitrate, nitrite, urea, and ammonium, which 
can lead to serious environmental and public health problems. Electrodialysis (ED) which is an electro-
driven process is capable of removing these contaminants. A detailed evaluation of different ED 
configurations, such as batch and single-pass, is needed to determine their optimal performance. 
Experimental/methodology: Experimental data (voltage, current, EC) was obtained using a single-pass 
multistage electrodialysis (SPM-ED) system and compared with data from a batch electrodialysis (B-ED) 
system, as reported by Ramos et al. [2]. To begin with, the LCD for the SPM-ED system was determined at 
various salinities (0.58-10 g/L NaCl) to avoid exceeding the LCD and prevent membrane damage. Secondly, 
to elucidate the impact of salinity on the transport of nitrogenous compounds, solutions with different 
salinities (0 to 10 g/L + 1 mM NaHCO3) were mixed with 100 mg/L N-compound at a pH 8 and at a flow 
velocity of 3 cm/s.  Lastly, to investigate the impact of electrical potential on electromigration of N-
compounds, an electrical voltage was varied from 5-25 V for the first stack and with a fixed 5 V for the 
second stack. 
Results and discussion: Increasing the salinity of 
the feed solution affected the removal of N-
compounds in both SPM-ED and B-ED systems due 
to competition between Na+, Cl-, and N-
compounds. At lower salinities (0-2.5 g/L), the 
SPM-ED system showed higher removal efficiency 
(99-97%) compared to the B-ED system (94-92%). 
At higher salinities (5-10 g/L), the B-ED system 
achieved better removal rates (91-88%). Also, the 
increase in electrical potential significantly 
affected N-compound removal more in the B-ED than in the SPM-ED, with B-ED removal (42-96%) being 
lower than those in SPM-ED (87-94%). This was attributed to the insufficient voltage in B-ED to overcome 
stack resistance at lower potentials (5-10 V). Lastly, increasing both electrical potential and salinity led to 
higher SEC in both systems, but the SEC in B-ED (0.4-7 kWh/m³) was higher than in SPM-ED (0.2-2 kWh/m³). 
Conclusion: For the removal of N-compounds, the removal efficiency in SPM-ED was approximately 5% 
higher than in B-ED across different salinities. At low voltages, the removal efficiency in B-ED was 45% 
lower compared to SPM-ED. SPM-ED consumed less energy compared to B-ED(�a 5 kWh/m3 less), making it 
more energy and current-efficient for simultaneously desalinating brackish water and treating N-
compounds. 
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Introduction 
Ionic liquids (ILs), due to their unique properties, are applied in many areas of chemistry. One of the ILs, 
�Á�Z�]���Z�� �Á���•�� �•�µ�������•�•�(�µ�o�o�Ç�� �µ�•������ �]�v�� �š�Z���� �����Z�Ç���Œ���š�]�}�v�� �}�(�� �(�Œ�µ���š�}�•���U�� �����o�o�µ�o�}�•���� ���]�•�•�}�o�µ�š�]�}�v�U�� ���v���� ���o�•�}�� ���•�� ���� �^�P�Œ�����v�_��
solvent and catalyst at once in Friedlander heteroannulation reaction is N,N-dibutylimidazolium chloride 
([BBIM]Cl). Unfortunately, its very good miscibility with most solvents caused that, its recovery from 
wastewater and post-reaction products by conventional separation methods can be inefficient. However, 
one of the promising methods of the ILs recovery from aqueous solutions is electrodialysis (ED). Therefore 
the aim of this work was to examine the effect of the [BBIM]Cl concentration, the applied voltage, and the 
linear flow velocity on the effectiveness of ED in [BBIM]Cl recovery. 
 
Experimental 
The [BBIM]Cl recovery was carried out using an EDR-Z/10-0.8 module (MemBrain, Czech Republic) with an 
effective single membrane area of 64 cm2. There were 5 pairs of the heterogeneous Ralex AM(H)-CM(H) 
membranes (Mega, Czech Republic). The ED module was equipped with a programmable power supply 
(KORAD KA3010, KORAD Technology co. Ltd, China) and with three tanks named: diluate, concentrate, and 
electrode rinse solution. All process solutions were recirculated using a peristaltic pump (Masterflex L/S, 
Cole-Parmer, United States) at a rate corresponding to the linear flow velocity in the range from 1 to 
3 cm/s. The ED experiments were conducted at constant voltage (5, 7.5 and 10 V), which was a maximum 
value determined using the limiting current density test. The concentration of [BBIM]Cl in the diluate and 
concentrate solutions was in the range from 0.05 to 0.25 mol/L. The ED tests were performed until the 
diluate conductivity dropped below the 1% of an initial diluate conductivity, which was monitored using a 
CPC-461 pH/conductivity meter (Elmetron, Poland). The concentrations of [BBIM]Cl in diluate and 
concentrate solutions were analyzed using a UV-VIS spectrophotometer (Shimadzu UV-2700i, Japan). The 
surface morphology of ion-exchange membranes before and after ED were investigated through the 
utilization of scanning electron microscopy (FEI Quanta 650 FEG, USA). The performance and effectiveness 
of electrodialytic [BBIM]Cl recovery were assessed on the basis of the [BBIM]Cl recovery ratio, the [BBIM]Cl 
concentration degree, the electric current efficiency, as well as energy consumption. 
 
Results and discussion 
In this work, the effect of process conditions on the [BBIM]Cl recovery from aqueous solutions by ED was 
investigated. It was noted that the IL concentration, applied voltage drop, and linear flow velocity had 
influence on the [BBIM]Cl recovery by ED method. It was found that the [BBIM]Cl recovery and 
concentration degree increased with increasing [BBIM]Cl concentration in the initial diluate solution. 
Moreover the highest ED efficiency was obtained when a 2 V electric potential per one membrane pair was 
applied, using a 2 cm/s linear flow velocity. It was concluded that ED allows for the effective [BBIM]Cl 
recovery from wastewater by the ED method. The recovery ratio reached above 90%. 
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Introduction. The scarcity of phosphate rock is becoming increasingly worrying for global food security and 
agriculture sustainability. Research indicates that reclaiming phosphorus from municipal wastewater 
presents a viable and sustainable substitute for traditional mining, with electrodialysis (ED) consistently 
associated with urban mining applications [1]. Phosphates, being weak electrolytes, undergo transport 
through anion-exchange membranes together with chemical reactions that can vary with the membrane 
structure, especially at overlimiting current-density conditions where system efficiency can be enhanced 
[2]. Therefore, evaluating the nature and the impact of these reactions for different membranes is crucial 
to enable predictiveness in future high-scale phosphate recovery through ED. 
Experimental/methodology. Two commercial anion-exchange membranes were employed in this study: 
IONSEP-HC-A (supplied by Hidrodex, Brazil) and AMHPP (Mega/Ralex, Czech Republic). Both membranes 
incorporate quaternary amine groups (-NR3

+) into an inert polymeric matrix, achieved by pressing for 
IONSEP-HC-A and by hot rolling for AMHPP. The chronopotentiometry and electrochemical impedance 
spectroscopy experiments were conducted in a cylindrical cell with three compartments, each filled with 
approximately 125 mL of a solution containing 0.010 M of phosphates at neutral pH value. 
A potentiostat/galvanostat was used to apply current density and potential signals to the system for pre-
established times, while monitoring the membrane potential (Um) with the use of Luggin capillaries. The 
experiments were conducted at ambient temperature and were replicated at least twice. 
Results and discussion. The literature indicates that heterogeneous membranes tend to facilitate the 
formation of vortices on their surface due to the deviation of current lines from non-conductive regions, 
making electroconvection the main transport mechanism at overlimiting states [3]. In addition, it has been 
shown that electroconvection is usually the dominant mechanism in dilute solutions (< 0.02 M). This 
condition was observed in the chronopotentiometric curves for the AMHPP membrane, which reported Um 
value oscillations of aro�µ�v�����P�hm = 0.1672 V along the experimental time. For the IONSEP-HC-A, however, 
the Um �À���o�µ���•�� �•�Z�}�Á������ ���� �•�š�����o���� �����Z���À�]�}�Œ�U�� �Á�]�š�Z�� �P�hm < 0.05 V. This may indicate another mechanism 
responsible for providing additional charge carriers to the diffusion boundary layer (DBL), such as the 
dissociation of water. Here, the generation of H+ and OH- ions may prevent vortex formation, as indicated 
by previous research [2]. The predominance of different mass transport mechanism is also reflected in the 
distribution of the impedance values in the low-frequency domain for both membranes. For the IONSEP-
HC-A, the Warburg impedances shifted towards the formation of a complete semicircle, with the -�•�[�[��values 
approaching the real impedance axis. In contrast, a semi-infinite distribution of Warburg impedance values 
is seen for the AMHPP, and the mixing of the solution induced by electroconvective vortices may attenuate 
the delimitation of the DBL [4]. The results presented in this study highlight the need to perform 
a comprehensive analysis of the transport mechanism before scaling up a phosphate recovery system 
based on electrodialysis, essentially at overlimiting current density conditions. 
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Introduction. In the electrolysis of CO2 to formic acid (HCOOH) in acidic conditions a conductive salt is 
often used to decrease Ohmic resistance of the compartment with HCOOH solution [1]. A downstream 
desalination is then required to purify HCOOH. This work is dedicated to verify feasibility of salt removal 
from HCOOH solution using electrodialysis (ED). 
 
Experimental/methodology. After measuring the HCOOH diffusion rate and other characteristics of 
several commercially available ion-exchange membranes, fumasep® FKB-PK-130 and FAB-PK-130 were 
selected and assembled together in an ED stack. A laboratory ED-device PharmaStream from  
Ertel IonStream GmbH with active electrode area of 58 cm2 and 5 diluate compartments flown in parallel 
was used for desalination of aqueous solution initially containing 0,5 M K2SO4 and 1 M HCOOH applying 
electric potential difference of 2,2 V per cell pair. The thickness of spacers in diluate and concentrate 
compartments was 0,53 mm. The 0,5 L batch of the solution was recirculated at 25°C between the 
reservoir and the diluate compartments at flow rate of 15 L/h, which, for the 40 mm wide channel, 
corresponds to 0,208 cm2/s of width-specific flow rate. The concentrate and electrode rinsing solutions 
were each 0,5 L of 0,5 M K2SO4 recirculated between corresponding compartments and reservoirs. A batch 
recirculation without current; as well as desalination of 0,5 M K2SO4 without HCOOH at 2,2 V per cell pair 
were tested for comparison. 
Conductivity and pH of the solutions were monitored and samples were regularly taken to measure 
concentration of HCOOH. The reduction of the diluate solution conductivity during the batch desalination 
is mainly related to removal of K2SO4. Since HCOOH is a weak acid and the pH of the solution was acidic, 
the dissociation degree and the contribution of HCOOH to the conductivity is low. 
 
Results and discussion. In the reference desalination of 0,5 M K2SO4 without HCOOH the initial conductivity 
of 72 mS/cm was reduced to 2 mS/cm in ca. 2,5 h. 
During 4 h of the batch experiment with initially 0,5 M K2SO4 and 1 M HCOOH the conductivity decreased 
from 80 mS/cm to 5 mS/cm, while the concentration of HCOOH is decreased from 1,00 M to 0,08 M. This 
significant lost of HCOOH shows that ED is not suitable for desalination of HCOOH at these conditions. 
Recurculation of 0,5 M K2SO4 and 1 M HCOOH during 4 h, while power supply was disconnected, leads to 
the 18% decrease of HCOOH-concentration by the diffusion through the membranes from diluate into the 
concentrate compartments. Comparing this to the 92% decrease of HCOOH-concentration during 4 h at 
2,2 V per cell pair brings to conclusion that the lost of the HCOOH during desalination is not only due to the 
diffusion and that electric current forced the transport of HCOOH from diluate to concentrate.  
The observed in ED significant loss of HCOOH through the ion-exchange membranes can also happen in the 
CO2-electrolyser in acidic conditions and reduce efficiency of HCOOH-production there.  
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Introduction. Ion exchange (IEX) processes are an integral part of many water and food treatment 
industries that reduce the concentration of undesirable ions in the waters. During water treatment, the ion-
exchange resin is depleted and saturated, which must be regenerated. Regenerants are utilized, mostly 
NaCl, strong acids or bases for these purposes. This generates a large amount of liquid waste that is difficult 
to treat before the discharge precisely because of its low pH, high pH, or salinity. This project aimed to 
evaluate the feasibility of using a combination of different membrane processes in the recovery of 
a substantial amount of water. Another objective was to obtain acid and base at the concentrations 
required to regenerate the ion-exchange resins. The membrane processes involved in this project are 
nanofiltration (NF), reverse osmosis (RO), bipolar electrodialysis (EDBM) and electrodialysis reversal (EDR). 
Experimental/methodology. In order to reuse the produced water, precipitation followed by nanofiltration 
and reverse osmosis were utilized. Samples of four different elution solutions were processed, two after 
cationic and two after anionic resin regeneration. After precipitation and filtration, the pH of the mixture 
was adjusted to an acidic region more suitable for subsequent pressure-driven membrane steps. In the next 
step, the NF permeate was treated by RO to obtain purified water and prepare RO concentrate for 
electrodialysis. Using EDBM in the first step and EDR in the second, sodium hydroxide and hydrochloric acid 
were recovered. EDBM and EDR modules were assembled using heterogeneous membranes RALEX® 
(efficient section 40 x 10 cm).  
Results and discussion. The results from the pressure-driven step are shown in Table 1.1. The molar  purity 
of NaCl (PNaCl) increased from 91,4 % for the eluate mixture to 98.8 % for the RO concentrate. The major 
impurity (SO4

2�t) was successfully rejected in the NF retentate with a rejection coefficient of 97.5 %. The 
total system recovery for NF was 69.2 %, which means a 69.2 % reduction in the wastewater volume. For 
RO, the total system recovery reached an average of 78.0 %. It can be concluded that approximately 54.0 % 
of the original wastewater volume with an average conductivity of 96 �…�^�|���u�t1 was saved and purified. 
Regarding the tests ED tests, a product with NaOH concentration of approximately 1.2 mol·L�t1 and an 
average molar purity of 93 % was obtained. As a second product, HCl was produced with a concentration 
range between 0.7�t1.0 mol·L�t1 and molar purity approximately 88�t93 %. For some uses, the concentration 
and purity of acid and caustic may be sufficient to save money on buying new chemicals.  
Table 1.1 Composition of the solutions with NaCl purity. 

Parameter Unit Eluate mixture NF permeate RO concentrate RO permeate 
�ƒ mS·cm�t1 17.3 12.1 43.9 0.096 

Na+ mg·L�t1 3070 2555 9380 19.7 
Cl�t mg·L�t1 2840 3793 15700 30.5 

SO4
2�t mg·L�t1 1230 42.9 246 <1.25 

purity NaCl % 91.4 98.9 98.8 >84.8 
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Introduction.  
Sustainable Development Goal (SDG) 7 focuses on ensuring access to affordable, reliable, sustainable, and 
modern energy for all, promoting the development of renewable energies. However, the stochastic nature 
of renewables necessitates technologies to mitigate variability and align supply with continuous demand. 
Consequently, new energy storage systems are being developed. Among these, batteries are versatile but 
face challenges such as toxicity, reliance on critical raw materials, pollution, and high costs. Acid-base flow 
batteries (ABFB) are innovative devices designed to overcome these limitations [1]. Although the ABFB 
great potential, there is a lack of their study in the literarute, which hampers their increase in maturity and 
implementation. ABFBs are closed-loop systems that use bipolar membrane electrodialysis (BMED) for 
charging and its reverse process (RBMED) for discharging. During charging, acids and bases are produced 
from a saline stream. During discharging, pH gradient is harnessed through the controlled neutralization of 
the acids and bases. The aim of this work is to evaluate the operational parameters of ABFBs with a view to 
maximize their round-trip efficiency (RTE) and energy capacity. 
Experimental/methodology.  
The experimental campaing was carried out on an ED-3-100-10 (Fumatech, Germany) lab-scale EDBM 
module comprising 10 triplets of FAB, FKB and FBP (Fumatech, Germany) membranes. A flow rate of 1000 
mL·min-1 (3.0-3.5 cm·s-1) was employed in each solution loop. The tanks were initially filled with 1 L of 1.0 
M NaCl and 0.1 M of HCl and NaOH, respectively. A reversible redox pair was selected for the electrode 
rinse solution: [Fe(CN)6]-3/[Fe(CN)6]-4. The charge-discharge cycles of the ABFB were analysed under 
different current densities, namely: i) a range of 100-400 A·m-2 in the charge, and ii) a range of 10-30 A·m-2 
in the discharge. The performance was evaluated through the calculation of RTE and energy capacity 
calculations. RTE (%) represents the ratio between the energy recovered in the discharge phase and the 
energy consumed during the charge phase. The energy capacity (Wh·L-1 of acid) denotes to the energy 
recovered in the discharge per unit of volume of acid solution. 
Results and discussion.  
As shown in Figure 1, RTE is maximized when low charging current densities are employed, in conjunction 
with high discharging current densities. A RTE of 12.6% has been reported for the 100:30 A·m-2 charge-
discharge cycle. On the other hand, the maximum energy capacity is achieved  when larger concentrations 
of HCl and NaOH concentrations are attained during  
the charging phase. This results in a maximum value 
of4.2 Wh·L-1 for a charge current density of  400 A·m-2. 
In light of these considerations, it is essential to weigh 
the trade-off between RTE and energy capacity should 
be considered. In a scenario where a peak of renewable 
energy which would otherwise be wasted, is stored, a 
higher current density in the charge could be employed 
to increase energy capacity, although this may result in 
a reduction in RTE. 
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Figure 1. Round-trip efficiency versus energy capacity. 
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Introduction. 
The pursuit of new renewable energy sources (Sustainable Development Goal (SDG) 7), in conjunction with 
the concern for sustainable consumption (SDG 12) to minimise or utilise generated waste, has prompted 
the scientific community to develop technologies for energy recovery from wastewaters. Notwithstanding 
its potential to achieve higher energy and power densities, there is a paucity of studies investigating pH 
gradient energy (pHGE) recovery from alkaline and acidic streams [1]. Reverse bipolar membrane 
electrodialysis (RBMED) technology facilitates the harvesting of pHGE through controlled neutralisation of 
acids and bases. The neutralisation reaction is highly energetic with an energy density of ~22 kWh·m�>�ï of 
acidic (or basic) solution at 1 M concentration. It involves the combination of H+ and OH-, to produce water 
molecules, simultaneously promoting the transport of anions and cations from the acid and base channels, 
respectively, to the saline channel, thereby maintaining electroneutrality. The subsequent conversion of 
this ion current into electricity is achieved through redox reactions occurring in the electrode. The aim of 
this work is to study the stack resistance across a range of acid, base and saline concentrations. 
Experimental/methodology.  
Polarisation curves (voltage-current and power-current) were obtained from a set of experiments utilising 
concentrations within the range of 0.2-1.0 M of HCl and NaOH for acidic and alkaline solutions, 
respectively, in conjunction  with two distinct  concentrations for the saline solution. 0.25 M and 1.0 M of 
NaCl were employed. The electrode rinse solution involved a reversible redox pair: [Fe(CN)6]-3/[Fe(CN)6]-4. 
Each solution was pumped with a flow rate of 1000 mL·min-1 (3.0-3.5 cm·s-1) to an ED-3-100-10 lab-scale 
EDBM module comprising 10 triplets of FAB, FKB and FBM membranes (Fumatech, Germany).  
The voltage-current data for each set of concentrations were subjected to linear fitting, while the power-
current results were fitted to a second-order polynomial. The aforementioned fitting procedures permit 
the acquisition of the primary electric parameters characterising the system: i) open circuit voltage (OCV), 
and ii) apparent electrical resistance (AER). 
Results and discussion.  
As expected, elevated concentrations of NaOH and HCl result in the greatest OCV, attributable to the 
augmented pHGE generated. Therefore, maximum values of OCV are reported for 1.0 M of HCl and NaOH, 
with values of 6.76 V and 6.25 V for saline concentrations of 0.25 M NaCl and 1.0 M NaCl, respectively. In 
comparison, minimum OCVs were reported to be 6.11 V (0.25 M NaCl) and 5.52 V (1.0 M NaCl) for 0.2 M of 
NaOH and HCl. Consequently, lower concentrations of NaCl facilitate the transport of Cl- and Na+ to the 
saline compartment, thereby enhancing the neutralisation reaction and consequently increasing the OCV.  
The results obtained for the OCV are in contrast with those obtained for the AER. The high concentrations 
of HCl and NaOH, as well as NaCl, contribute to a reduction in AER. This behaviour may be explained by the 
inverse proportionality between the resistance of the compartments and the conductivity of the solutions 
they contain, which is in turn proportional to the concentrations of the solutions. Furthermore, additional, 
studies should also consider the impact of varying solutions (in terms of composition and concentration) on 
the electrical resistance of monovalent and bipolar membranes [2]. 
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Introduction. In recent years, cement plants have been faced with an issue of increasing emissions from Ca-
containing waste and CO2 emissions. To overcome this issue, an alkaline solution is used to recover CO2 
from the exhaust gas and an acid solution is used to recover Ca from the Ca-containing waste. Bipolar 
membrane electrodialysis (BPMED) is a technology that can simultaneously generate acid and alkali 
solutions. The system consists of cation exchange membranes, bipolar membranes (BPMs), and anion 
exchange membranes (AEMs) between a pair of electrodes. BPMs can generate H+ and OH- ions through 
water dissociation in the membrane. One of the issues in BPMED is low current efficiency, which is thought 
to be caused by H+ ion leakage at the AEMs[1]. In this study, to quantitatively analyze the causes of low 
current efficiency, BPMED was performed using a proton-blocking AEM and a standard AEM, and the 
current efficiency in the generated acid and alkali solutions was evaluated. Subsequently, electrodialysis 
(ED) experiments were performed using the two AEMs to quantify H+ leakage in the AEMs. The BPMED 
tests were performed using NaCl and Na2SO4 as salt solutions to investigate the effect of the type of salt on 
the current efficiency 
Experimental/methodology. The experimental conditions of the BPMED tests using an ACILYZER EX3B 
(ASTOM Corp.) are shown below. The stack consisted of 10 pairs of Neosepta® CSE, BP-1EX, and either 
proton-blocking AEMs (Neosepta® ACM; weakly basic fixed-charge group) or standard AEMs (Neosepta® 
ASE; strongly basic fixed-charge group. The effective membrane area and spacer thickness of the BPMED 
were 550 cm2 and 750 um, respectively. Nickel plates were used as electrodes. The tests were performed at 
25 °C and a constant current of 4.4 A. The electrode solution was 500 mL. At the start of the test, the salt, 
acid, and alkaline solutions contained 1 mol/L NaCl or Na2SO4 or 0.001 mol/L NaCl or Na2SO4. The electrode 
solution contained 1 mol/L NaOH. The concentrations of the acid, alkali, and salt solutions were obtained 
from the conductivity and mass change of each solution, and the current efficiency (�{) was calculated using 
Eq. (1). 
Results and discussion. Figure 1 shows the relationship 
between current efficiency and acid concentration generated 
by BPMED using the ASE and ACM membranes. At an acid 
concentration of 0.5 mol/L, �{ was 69% and 88% for the ASE 
and ACM, respectively, indicating that the ACM had higher 
current efficiency than the ASE. In the case of the ASE, some 
of the H+ ions generated by BPM permeated the AEM, which 
explains the lower acid current efficiency. However, when 
the ACM was used, H+ ion permeation was suppressed 
resulting in a higher current efficiency. 
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Fig.1 Relationship between currentefficiency 
and generated acid concentration. 
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Introduction.  
Ion-exchange membranes(IEMs) have been widely used for desalinating electrodialysis and energy 
conversion processes. Since the IEMs determine the efficiency of the above process, it is necessary to 
develop them with improved separation performance and durability. In composite-type membranes, 
polymer electrolytes are 
impregnated in porous polytetrafluoroethylene (PTFE), polyethylene (PE) or polycarbonate substrates [18�t
21]. 
These composite membranes offer the possibility to increase the mechanical strength and chemical 
stability and to reduce the preparation cost of original polymer electrolyte membranes. In particular, the 
crosslinking of the polymer electrolyte in the composite membranes are considered as an effective way to 
improve the electrochemical properties. In this study, composite-type anion- or cation- exchange 
membranes were prepared by using crosslinked sufonated polystyene into PTFE supports. 
 
Experimental/methodology.  
Composite-type anion- or cation- exchange membranes were prepared as follows; first, pore-filling of 
monomer mixtures (styrene/ divinylbenzene (DVB), vinylbenzylchloride(VBC/DVB)) and an initiator was 
done in commercial thin polytetrafluoroethylene(PTFE) porous films, respectively. Thermal polymerization 
was followed in high temperature oven for the formation of precursor membranes. Post-sulfonation was 
done with chlorosulfonic acid in methylene chloride to give -SO3H for the preparation of cation exchange 
membranes. Post-amination was performed in trimethylamine (TMA) in acetone to give -N+(CH3)3- for the 
preparation of anion exchange membranes. SEM analysis confirmed these membranes were successfully 
prepared the obtained membranes werer chacterized in terms of electrochemical properteis. 
 
Results and discussion.  
The electrochemical properties of the resulting membranes - ion exchange capacity, electric resistance and 
water content - were studied in terms of the ratio of dope compositions of monomers (Styrene/DVB, 
VBC/DVB). The composite membranes showed excellent electrochemical properties �t electric resistance, 
water content and IEC value - depending on the monomer dope compositions (Styrene/DVB ratio and 
VBC/DVB ratio). Thanks to porous PTFE supports, these composite membranes showed lower electric 
resistances, lower water contents and higher IECs than commercial membranes (CMX/AMX series, 
Neosepta, Tokuyama Co.  Japan). These results showed our composite membranes could be successfully 
applied to the desalinating electro-dialysis and energy conversion process. 
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Introduction. The increased use of wind and solar power has introduced the 
challenge of dealing with intermittent energy supply. Long-duration energy 
storage systems with scalable and decoupled power and energy, such as flow 
batteries, are an essential component in the overall energy transition. Within the 
category of flow batteries, acid-base flow batteries (ABFBs) offer the advantange 
to store energy using abundantly available and benign salts (e.g. NaCl), and 
thereby unlock the potential for charging and discharing energy over durations of 
multiple days.  
While the ABFB has been studied at lab scale and pilot stage, the power density 
and energy efficiency are still to be improved1-3. The key element to further 
improve power density and energy efficiency is the bipolar membrane (BPM), 
illustrated in Figure 1. When acid and base streams flow on either side of the BPM, a potential difference is 
established, which is harnessed by current to generate power and thus, extract energy from the acid and 
base solutions. However, crossover of ionic species cause additional salt ions in the acid and base solutions, 
and compromise the power density from the ABFB. In this work, we study the crossover of ionic species 
through bipolar membrames. 
 
Experimental/methodology. We used a 22 cm2 flow cell, equiped with bipolar membranes, cation 
exchange membranes and anion exchange membranes, in which the compartments are filled with acid 
(HCl), base (NaOH) and salt (NaCl) solutions. The concentrations of the solutions vary, representing a 5% 
SoC, 50% SoC and 95% SoC. We ran 12 hr cycling 
experiments, while we monitor the crossover of Cl- from the 
acid stream and salt stream into the base stream. We also 
monitor the effect of the background salt (Cl- contamination 
in the base) on the power density of the ABFB. 
 
Results and discussion. We observe that the gradual increase 
of Cl- in the base is linked to the state of charge of the ABFB. 
Figure 2 presents this comparison between a charged and a 
discharged battery. We hypothesize on the reason of this 
crossover and reflect on the mitigation strategies to prolong 
the cycling time of the ABFB. We also observe that the power 
density is strongly reduced when Cl- contaminates the base 
compartment. We conclude that design and operational 
strategies can mitigate this effect, and allow higher power 
densities in the acid/base flow battery. 
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Lithium recovery from wastewater of spent secondary batteries presents significant environmental and 
economic challenges. Among various lithium recovery technologies, direct lithium extraction has received 
considerable attention. This study explores efficient lithium recovery using Capacitive Deionization (CDI) 
technology, which selectively removes ions from aqueous solutions via electrochemical processes known 
for their high efficiency and cost-effectiveness in desalination applications. To enhance CDI performance, 
a hybrid configuration known as membrane capacitive deionization (MCDI) was developed by integrating 
semi-permeable ion-exchange membranes to facilitate selective ion migration and improve permeate 
quality. This study investigates efficient lithium recovery from spent secondary battery wastewater using 
CDI technology, emphasizing the utilization of sustainable coffee grounds as electrode materials. Coffee-
ground-based CDI electrodes offer enhanced environmental sustainability, energy efficiency, and cost-
effectiveness, addressing challenges in both resource conservation and waste management in lithium 
recovery. 
 
Various ratios of coffee grounds and activated carbon were employed to fabricate MCDI electrodes, and 
their performance in salt removal and lithium recovery was systematically evaluated. Through a series of 
experiments, the influence of different coffee grounds to activated carbon ratios on electrode salt removal 
efficiency was investigated. Optimal ratios were determined based on achieved salt removal efficiency, 
underscoring the importance of electrode composition in optimizing MCDI performance. Concurrently, 
optimal operational conditions were assessed based on ion removal efficiency and salt adsorption capacity 
(SAC) of the MCDI system. Furthermore, detailed structural and morphological analyses were conducted to 
gain insights into the physical and chemical properties of fabricated MCDI electrodes. These analyses 
provided valuable information for understanding underlying mechanisms governing salt removal and 
facilitated the identification of strategies to enhance both salt removal efficiency and lithium recovery 
performance in MCDI systems. 
 
Overall, this study contributes to advancing MCDI technology by exploring coffee grounds as sustainable 
electrode materials and elucidating their impact on lithium recovery. When combined with activated 
carbon, coffee grounds increased electric double layer adsorption capacity, resulting in over a 3-fold 
enhancement in lithium concentration efficiency of coffee grounds-based MCDI electrodes. These findings 
provide valuable insights for designing and optimizing coffee grounds electrodes, paving the way for 
developing more efficient and environmentally friendly desalination solutions. 
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Introduction. European Commission has identified hydrogen as the key element through which the 
European Union wants to reduce GHG emissions by 55% by 2030 [1] and achieve carbon neutrality by 
2050. The need of water for sanitation and drinking purposes is also a topic of fundamental importance, in 
accordance with the sixth UN Sustainable Development Goals [2]. Seawater and brackish water 
desalination is a valid solution to this tackle. With this respect, Electrodialysis (ED) has been proven to be 
one of the most convenient desalination technologies for the case of brackish water desalination. In this 
work an ED unit is investigated to produce simultaneously freshwater and green (if renewable electrical 
source is used to supply the unit) hydrogen. Traditionally, ED is constituted by only two electrodes and 
several repeating units (i.e. cell pairs) and the small amount of hydrogen produced has no worth. The 
inclusion of additional electrodes between the membranes constituting the ED unit can rise the intrinsically 
low hydrogen productivity, defining a new performed configuration, hereafter named Hydrogen 
Electrodialysis, HED. A techno-economic model was performed to estimate the profitability of HED by 
suitable performance parameters such as the Levelized Costs of Water and Hydrogen (i.e., LCOW and 
LCOH). 
Model. ED unit is constituted by two electrodes enclosing a repetition of Ionic Exchange Membranes 
(IEMs) and spacers where the feed flows. An external electrical field is applied and the separation of ions is 
promoted. As a consequence, a diluted stream (i.e. freshwater) is produced. At the electrodes, redox 
reactions occur and the hydrogen and oxygen evolution reaction take place. An existing validated semi-
empirical model for the ED [3] was adopted to estimate the main output of the system, such as the flow 
rates and the energy consumption. It was also further developed to take into account the voltage losses 
due to the electrolysis reaction. The system is fed by a brackish water of 5 g L-1 and the desalination is 
promoted up to a value of 0.5 g L-1. A total of 1000 cell pairs (where the cell pair is defined as two IEMs, 
one anionic and one cationic, and two spacers) was assembled into the HED stack, and an overall flow rate 
of 89.1 m3 h-1 is desalinated.  
Results and discussion. The results of the technical model are given as input to the economic model in 
order to assess the economic feasibility of the HED unit. The system was studied by varying the number of 
electrodes (Nel) added to the standard ED, and the corresponding LCOW and LCOH were calculated as 
performance indicators of the new configuration. Results show a LCOH of �ñ�X�í�î���¦�� �l�PH2

-1 for the highest Nel 
assembled, and in the case the produced water is not sold (i.e. given for free). Interestingly, a LCOH even 
lower can be obtained when a selling price is given to water �~�]�X���X���>���K�,���A���ï�X�ð�ï���¦�� �l�PH2

-1 when water is sold 
accordi�v�P���š�}�����������µ�Œ�Œ���v�š���u���Œ�l���š���À���o�µ�����}�(���ì�X�í�ð���¦���u-3

w). Additionally, the possibility of revamping a current ED 
unit into a HED technology was also investigated by a techno-economic analysis. The revamping consists of 
only the addition of electrodes (and of the end-membranes) in the ED stack. Promising results were found: 
in particular, a gain was always achieved when the hydrogen cost was �Z�]�P�Z���Œ���š�Z���v���ï�X�ð�ï���¦���l�PH2

-1 (setting the 
water cost at �ì�X�í�ð���¦���u-3

w). For example, the NPV was found equal to �î�X�ó���D�¦��when �Z�Ç���Œ�}�P���v���]�•���•�}�o�������š���ô���¦��
kgH2

-1 for the case of the highest Nel assembled. The performed economic analysis showed encouraging 
results which justify future more detailed investigations. 
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Introduction. The growing concern over micropollutants in aquatic ecosystems has motivated the 
development of electrochemical membrane reactors (EMRs) as a sustainable solution for environmental 
remediation [1,2]. Despite the great potential of EMRs in micropollutant degradation, the intricate 
interplay among adsorption/desorption dynamics, electrochemical reactions, and byproduct formation 
complicate the understanding of mechanisms of EMR for micropollutant elimination. This lack of clarity 
arises from the inability of current analytical tools to quantify these processes in complex environments. 
Experimental/methodology. The removal of 
isotope-labeled SH micropollutants within EMR 
equipped with a carbon nanotubes (CNTs) 
electrochemical membrane as flow-through 
anode was investigated. High-performance 
liquid chromatography-flow scintillator 
analyzer (HPLC-FSA) integrated with liquid 
scintillation counting (LSC) techniques was 
developed to unravel the underlying 
degradation mechanism of EMR system. 
Results and discussion. At steady-state, an E2 
permeate concentration below the LOD of 
about 2.5 ng/L was achieved, under conditions 
of SH concentration 1 µg/L, cell voltage 1.6 V, 
and water flux 150 L/m²h.bar.  It was found 
that, 78±10% of E2 was removed from the 
system, among which approximately 60±7% of 
the E2 was removed through electrochemical degradation, as identified by the combined UHPCL-FSA and 
LSC analytical tools. Two predominant byproducts were detected during the degradation process, which are 
hypothesized to be a ketone derivative and its further oxidized cleavage byproducts. Pre-adsorption of E2 
onto the membrane before voltage application neither improved nor reduced the efficiency of degradation, 
which is attributed to the high adsorption capacity of the CNT membrane and the quick desorption rate of 
the byproducts. n increase in cell voltage from 0.6 to 1.2 V consistently enhanced the proportion of 
electrochemical degradation to total mass removal, reaching a plateau with further voltage increase to 2.5 
V. This indicates that the electron-transfer rate at the membrane surface is a limiting factor for E2 
degradation at voltages below 1.2 V. Publication of results is in preparation [3]. 
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Figure 1. Schematic of electrochemical membrane reactor 
(EMR) for steroid hormone micropollutant removal [3]. 
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Introduction. Reverse electrodialysis (RED) power generation is a technology that converts salinity gradient 
energy (SGE) which occurs when two different salinity solutions, such as river water and seawater (SW), 
are mixed, into electricity. Compared to solar and wind power generation, a RED power generation has 
a higher availability and a smaller footprint. Our laboratory has conducted experiments with a bench-scale 
and a pilot-scale RED stacks with the aim of commercializing a RED power generation [1,2]. In the bench-
scale study, the energy efficiency of the RED power generation was analyzed at various flow rates. 
However, it is unclear how the energy efficiency fluctuates when various kinds of solutions are supplied to 
such large RED stacks. In this study, we performed a detailed energy analysis of the pilot-scale RED stack 
with various solutions. 
Experimental/methodology. Neosepta® CIMS and ACS-8T (ASTOM Corp., Japan) were used as the cation 
and anion exchange membranes. 299 pairs of CIMS/ACS-8T were used (total membrane area of 179.4 m2). 
Model SW (50 mS/cm NaCl solution), model RO brine (90 mS/cm NaCl solution), natural SW (46 mS/cm) in 
Okinawa, and natural RO brine (73 mS/cm) obtained from SWRO desalination plant in Okinawa were used 
as feed solutions. Outputs (Pgross) of the RED stack were measured at constant currents. From the inlet and 
outlet concentrations of the solutions ���v���� �(�o�}�Á�� �Œ���š���•�U�� �š�Z���� �^�'���� ���}�v�•�µ�u������ �]�v�� �š�Z���� �Z������ �•�š�����l�� �~�4USGE), the 
utilization of SGE (�{SGE�•�U�����v�����š�Z�������}�v�À���Œ�•�]�}�v�����(�(�]���]���v���Ç���(�Œ�}�u���4USGE to Pgross (�{gross) were calculated. 
Results and discussion.  Figure 1 shows the results of the 
���v���Œ�P�Ç�� ���v���o�Ç�•�]�•�� �(�}�Œ�� �À���Œ�]�}�µ�•�� �•�}�o�µ�š�]�}�v�•�X�� �PUSGE and Pgross of 
natural solutions were smaller than those of the model 
solutions. This will be due to a decrease in the open 
circuit voltage and increase in the internal resistance 
caused by the divalent ions in the natural solutions. Due 
to these effects, �{SGE of SW was 14 points smaller than 
that of model SW. Since the concentration of RO brine 
was lower than that of model RO brine, �{SGE of RO brine 
was larger than that of model RO brine. The results 
indicate that the composition and concentration of the 
solutions had a significant impact of �{SGE. �{gross of the 
natural solutions were 4-7 points lower than that of the 
model solutions. However, �PUSGE might be 
overestimated, and �{gross might be underestimated 
because �PUSGE was calculated assuming that the natural 
solutions were a NaCl solution. Correctly considering the 
composition and concentration of the natural solutions 
would yield �{gross of the natural solutions comparable to those of the model solutions, approximately 
35~40%. 
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Fig. 1 Results of the energy analysis of the RED 
power generation with variosu solutions. Flow 
rates of the high and low salinity solutions 
were 22 and 32 L/min, respectively. 
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Introduction. Currently, Ion-exchange membranes have been used in 
various applications other than seawater desalination and food 
desalination, such as reverse electrodialysis for power generation using salt 
solutions of different concentrations, and Donnan dialysis for desalination 
and concentration using salinity gradient as the driving force. In this study, 
anion-exchange membranes (AEMs) with different membrane structures 
were fabricated by ion-track graft polymerization, and the relationship 
between membrane structure and membrane properties was investigated.  
 
Experimental/methodology. AEMs were prepared by ion-track graft 
polymerization[1] of  chloromethylstyrene monomer and by quaternization 
with trimethylamine. A model diagram of the preparation process of the 
AEMs is shown in Fig. 1. In this study, AEMs were prepared under four 
different conditions by changing the graft polymerization time. The water 
content (H), membrane resistance (Rm), membrane charge density (Cx), and 
water permeability of the prepared membranes were measured by the 
previously reported methods[1, 2] and compared with a commercial AEM, 
Neosepta® ASE (ASTOM Corp., Japan). 
 
Results and discussion. Fig. 2 shows the relationship between 
membrane resistance and charge density, and water content. Both 
membrane resistance and membrane charge density decreased with 
increasing water content. The membranes prepared in this study 
showed higher values in the membrane resistance and charge density 
compared to the commercial AEM, ASE. Fig. 3 shows the relationship 
between water permeation flux (JW) and salt permeation flux (JS), and 
water content. Both water permeability and salt permeability increased 
with increasing water content. In particular, the maximum water 
permeation flux was about 1/3 times of that commercial membranes, 
and the maximum salt permeation flux was about 1/12 times of that of 
the commercial AEM. 
 
Acknowledgments  
The sample membranes in this study were produced at National Institutes for 
Quantum Science and Technology, Japan. We thank Dr. Tetsuya Yamaki, Dr. 
Hiroshi Koshikawa, and Dr. Shinichi Sawada for their cooperation. This study 
was partly supported by the Salt Science Research Foundation (No. 2018). 
 
References 
[1] Sawada, S. et al. Sep. Sci. Technol, 2020, 55, 2211-2216. 
[2] Higa, M. et al. Int. J. Hydrog. Energy, 2012, 37, 6161-6168.  

 
Fig. 1 Preparation 
process of an anion-
exchange membrane 
by ion-track graft 
polymerization. 

 
Fig. 3 Relationship between 
water flux,  salt flux and 
water content.    

 
Fig. 2 Relationship between 
membrane resistance, 
membrane charge density 
and water content.   
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Introduction. Growth factors (GF) are soluble proteins or polypeptides with the primary function of cellular 
proliferation and/or differentiation [1]. It was shown in the literature that GFs have high potential as 
a bioactive ingredient in a range of functional foods and several health-related applications, the main being 
the treatment of skin disorders such as psoriasis, as well as gut and bone health [2,3]. 
Experimental/methodology. An electro-based membrane process, electrodialysis with filtration 
membrane (EDFM), was used for the production of GFs enriched fractions from dairy solutions, namely 
serocolostrum and acid whey. This study was focused on the fractionation of Insulin-like Growth Factor I 
(IGF-I) and Transforming Growth Factor-beta 2 (TGF-�t�î�•�U�� �š�Z���� �u�}�•�š�� �����µ�v�����v�š��GFs in dairy solutions. The 
preconcentration of GFs by ultrafiltration was performed to increase their concentration in a product at a 
certain level to allow these compounds to migrate to the recovery compartment during EDFM. EDFM of 
serocolostrum was carried out at 4 different pH conditions: 4.25, 3.85, 3.45 and 3.05. In addition, based on 
the obtained results, the optimal pH condition (pH=3.05) was tested to also demonstrate feasibility of the 
production of GFs enriched fractions on a different product, an acid whey. EDFM cell of MP type in cationic 
configuration was used as GFs of interests were positively charged at all these pH conditions considered. 
To confirm the migration of GFs and proteins from feed to recovery compartment, ELISA and RP-UPLC-MS-
QTOF, respectively, were carried out. 
Results and discussion. As for the results of EDFM of serocolostrum, ELISA indicated that the migration of 
IGF-I and TGF-�t�î�� �]�v���Œ�����•������ �Á�]�š�Z�� ���� �������Œ�����•���� �]�v�� �‰�,�� �À���o�µ���•�� �•�µ�P�P���•�š�]�v�P�� �š�Z���� �‰�Œ�}���µ���š�]�}�v�� �}�(�� �'�&�•�� ���v�Œ�]���Z������
fractions in the recovery compartment. In addition, MS analyses demonstrated the migration, in low 
�‹�µ���v�š�]�š�Ç�U�� �}�(�� �}�v�o�Ç�� �š�Z���� �u���i�}�Œ�� �Á�Z���Ç�� �‰�Œ�}�š���]�v�•�� �r-�o�����š���o���µ�u�]�v�� �~�r-�o���•�� ���v���� �t-�o�����š�}�P�o�}���µ�o�]�v�� �~�t-lg), among the four 
proteins identified (�'�D�W�•�U�� ���^���U�� �r-�o���� ���v���� �t-lg), from feed to the recovery compartment during EDFM of 
serocolostrum. Consequently, it was found that the ratio of GFs of interest to total protein was 60X higher 
���š���š�Z�����‰�,���À���o�µ���•���ï�X�ì�ñ�����v�����ï�X�ð�ñ�U�����v�����C�í�ð�y�����v�����ó�y�����š���‰�,���À���o�µ���•���ï�X�ô�ñ�����v�����ð�X�î�ñ�U���Œ���•�‰�����š�]�À���o�Ç�U�����}�u�‰���Œ�]�v�P���š�}���š�Z���š��
of feed solution. Based on this result, the preferable pH at which the migration of IGF-I and TGF-�t�î�� �Á���•��
favored the most was at pH 3.05. Indeed, the highest migration of GFs was achieved at the lowest pH 
condition considered because of the synergistic effect of different phenomena: increased electrophoretic 
mobility of GFs of interest due to increase in their global net charge, and electrostatic interaction between 
charged GFs and membrane surface, thereby contributing to the facilitated migration through filtration 
membrane. This optimal condition of pH=3.05 during EDFM was also tested on acid whey. It was shown 
that the ratio of GFs to total protein in that case was 2.7X higher comparing to that of feed solution. In 
addition, UPLC-MS results demonstrated that �}�v�o�Ç���r-la migrated during the EDFM of acid whey. Thus, the 
results of this work demonstrated the potential application of EDFM technology to produce GFs enriched 
fractions in dairy industries. 
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Introduction.  
Whey protein concentrates (WPC) used in the food industry are often heat-treated. At higher 
temperatures, WPCs are prone to denaturation, which can lead to aggregation or gelation, which is 
undesirable. the thermostability of WPC mainly depends on the thermostability of the most represented 
whey proteins, �t-�o�����š�}�P�o�}���µ�o�]�v�� ���v���� �r-lactalbumin. A common industrial method for improving the 
thermostability of whey proteins is adding salts binding to free calcium (e.g. citrates and phosphates), 
which increases thermostability. �^�]�v������ �š�Z���� �š�Z���Œ�u�}�•�š�����]�o�]�š�Ç�� �}�(�� �t-lactoglobulin depends on the calcium 
content, while a high concentration of calcium reduces the thermostability, our method aims to reduce the 
calcium content without the direct addition of chemicals. The aim of the work was to increase the 
thermostability of whey protein concentrate (WPC) by changing the mineral profile using a special 
electrodialysis arrangement. 
 
Experimental/methodology.  
In order to ensure thermostable WPCs, electrodialysis with the partial exchange of cations was used. This 
type of electrodialysis with a special arrangement of the electrodialysis module (EDM) reduces the calcium 
content while maintaining the WPC solution's ionic strength, resulting in a thermostable product. EDM 
electrodialysis tests were performed on a laboratory electrodialysis unit. A 3-circuit laboratory scale 
electrodialysis module was used for this type of electrodialysis. The raw material for electrodialysis was 
prepared by diluting liquid WPC80 from an industrial ultrafiltration (UF) unit, containing 22.8 % dry matter, 
using RO filtrate in a weight ratio of 1:1. The Ca content in the raw material for ED is 487 mg·kg�t1, with 
a dry matter content of 11.4 % and a crude protein content of 9.1 %. The source of monovalent ions was 
a mixture of NaCl and KCl in a 1:1 molar ratio with a total concentration of 10 g·L�t1. The concentrations of 
Na+ and K+ in the monovalent salt source were approximately 1.7 g·L�t1 and 2.9 g·L�t1, respectively. The 
monovalent was demineralised to various levels, ranging from 40 to 80 % reduction of initial conductivity.  
Thermostability was tested after treating a larger amount of the sample by diluting it with water to 10 % 
dry matter and a pH value of 6.8�t7.3 using a 50% NaOH solution. Thermostability measurements were 
carried out with constant stirring while maintaining a temperature of 90 °C for 6 minutes. 
 
Results and discussion.  
The mineral profile of WPC was modified using electrodialysis for partial EDM ion exchange. With the 
monovalent source conductivity reduction of 40 and 50 %, the calcium concentration dropped from 25.1 
meq·L�t1 to a value below 12.5 meq·L�t1. A significant change in calcium concentration was not observed for 
higher reductions of monovalent source conductivity (50 % to 80 %). All products obtained from tests with 
monovalent source conductivity reduction from 40 to 80 % were thermostable, indicating calcium 
reduction to 15 meq·L�t1 at a total cation concentration of approximately 60 meq·L�t1 and the ratio of 
monovalent to divalent ions 2.9 is sufficient to obtain a thermostable product. 
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Abstract: Reverse electrodialysis (RED) is an electromembrane technology able to convert salinity gradient 
energy into electricity. For example, mixing 1 m3 of freshwater and membrane distillation brine can release 
17 MJ of renewable energy1. RED performance is, however, constrained by membrane fouling when 
exposed to natural water streams2,3. Hence, optimising the topography of ion-exchange membranes can 
significantly improve the performance of RED by minimising fouling and improving fluid dynamics, which 
further leads to increased net power density4,5. This study investigates the use of 3D printing as a method 
for designing and fabricating profiled ion-exchange membranes for improved RED performance. Our 
research aims at increasing ion transport and mechanical stability of membranes by optimising membrane 
composition and printing conditions. Thus, matrixes of thermoplastic polyethylene and styrene-co-
divinylbenzene have been studied to prepare 1.75 mm filaments by polymerisation and extrusion. The 
obtained polymer is then 3D printed as a membrane with the desired topography and further 
functionalised to obtain cation- (by sulphonation) and anion-exchange membranes (by amination). The 
preliminary results showed the feasibility of using 3D printing to produce such ion-exchange membranes, 
and the method is currently being optimised to improve ion transport without compromising mechanical 
stability. The development of novel membrane fabrication techniques opens doors for an easier way of 
preparing profiled ion-exchange membranes which can be used in energy recovery systems such as RED. 
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Introduction. Reverse Electrodialysis (RED) is a membrane-based technology that exploits the different 
salinity level between two salt solutions to produce green energy. Cationic and Anionic Exchange 
Membranes (CEMs and AEMs) are used to selectively allow the passage of only cations and anions. Several 
studies were focused on the process intesification of RED units aiming at maximizing the produced power 
density. An interesting strategy is the use of segmented electrodes. Specifically, each electrode is divided in 
more segments allowing the use of proper external resistances for each couple of them, thus, eventually, 
optimizing RED performance [1,2]. In the present work the performance of a RED pilot scale unit, equipped 
with segmented electrodes, was investigated to assess the influence of multiple external loads 
configurations. The activities were carried out in the framework of the SEArcularMINE European Project.  
Experimental/methodology. The active area of membranes was 10 cm x 80 cm. Fujifilm® type 10 CEMs 
and AEMs were employed. Deukum woven spacers, with a thickness of 270 �Pm, created the fluid channels 
between AEMs and CEMs. Solutions flowed in co-current configuration. Segmented electrodes (Titanium 
coated with iridium) were divided in 4 equivalent parts, each one covering 20 cm of the channel length. 
The influence of (i) NaCl content of concentrated solutions, employing synthetic and real brines; and (ii) 
the velocity of the solutions, from 0.5 to 2 cm/s, was investigated. In each test a 0.017 M NaCl solution was 
the diluted solution. Three electrode configurations were analyzed: (i) one external load connected to only 
the first segments of the electrodes, thus limiting to the first 20 cm of channels (exploitation of the 
maximum axial driving force); (ii) one external load connected to all the 4 segments of the electrodes 
(exploitation of the whole length of the stack); (iii) two external loads connected to the 4 segments. 
Results and discussion. Figure 1 shows the comparison between the maximum gross power density 
achieved for the three electrical arrangements. For the sake of brevity, only the results obtained at a flow 
velocity of 2 cm/s with synthetic solutions with different NaCl concentration are reported. 

 
Figure 1. Gross power density at a flow velocity of 2 cm/s. 

The use of the two external loads provided the maximum power density values. Starting from these results, 
several other investigated configurations will be reported to get insights on scale-up benefits.  
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Introduction.  
Recently, osmotically assisted reverse osmosis (OARO) was intensively investigated since it can up-
concentrate brines to > 200 g.L-1 NaCl by reducing concentration gradient through the membrane. While the 
system design, operational complexity and energy consumption could be the bottlenecks to implement this 
technology in practice. Inspired by OARO, we designed a novel electrodialysis stack (ladder electrodialysis, 
LED) which consisted one or several � l̂adder�_ compartment with higher salt concentration to diminish the 
gradient gap between the diluate and the concentrate. This work demostrated that the LED stack can easily 
concentrate NaCl to 300 g.L-1 with relatively low energy consumption. It is believed that the novel designed 
LED technology can be used in various applications such as saline wastewater zero discharge, lithium salt 
production from salt lakes and resource recovery from seawater desalination plants. 
 
Experimental/methodology. 
Sodium chloride solution were chosen to investigate the efficiency and energy consumption of LED in the 
potential applications on seawater valorization and lithium concentration from treated salt lake brines. The 
configuration of LED stack can be seen in Fig.1. 

 
Fig.1: LED stack with one (left) and two (right) ladder compertment(s). F-feed, T (T1, T2)-ladder, C-
cocentrate, E-electrode rinsing solution.  
 
Results and discussion.  
Results showed that the ordinary ED stack concentrated NaCl stream from 100 to 210 g.L-1, while the LED 
stack with one ladder compartment concentrated to 250 g.L-1 and with two ladder compartments reached 
310 g.L-1. It also demostrated that the current efficiency was above 80% with the energy consumption 0.38 
and 0.52 kWh.kg-1 NaCl from the lab-scale experiments.  

 
Fig.2: Concentrate concentration of ordinary ED (C-0T), LED with one ladder compartment (C-1T) and with 
two ladder compartments (C-2T); current efficiency and energy consumption of the process (right figure).  
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Introduction.  
Bipolar membranes (BPMs) are gaining increasingly more attention as they are essential for developing 
and optimizing electrochemical processes necessary to shift towards a more sustainable economy. In this 
context, it is required to develop BPMs with enhanced mechanical stability, high permselectivity, and low 
water dissociation resistance (RWD) in reverse bias. In this research, these goals are achieved by using 
electrospun BPMs with a layer-by-layer (LbL) assembled montmorillonite (MMT) clay-polyelectrolyte 
composite junction catalyst. 
 
Experimental/methodology.  
The BPMs are produced by wire electrospinning individual cation and anion-exchange layers, 
superimposing several electrospun mats (for mechanical stability), followed by hot pressing. In these novel 
BPMs, the innermost cation exchange mat is modified by LbL before stacking to introduce the clay 
composite catalyst in the junction. In particular, the focus is on the effect of the number of clay and 
polycation bilayers (three, six, and nine bilayers) and the polyelectrolyte strength (poly(ethylenimine) (PEI) 
as a weak polyelectrolyte and poly(diallyl dimethylammonium chloride) (PDADMAC) as a strong 
polyelectrolyte) on the BPM performance. All the BPMs are characterized by measuring their selectivity, 
water dissociation resistance, and electrochemical impedance spectra, among others.  
 
Results and discussion.  
Adding the multilayers to the BPM junction is a successful strategy to improve the BPM performance as it 
reduces the BPM reverse bias resistance from 560 Ohms�|���u2 �š�}���î�í���K�Z�u�•�|���u2 for the best-performing BPM. 
The number of bilayers was found to have limited influence on the overall membrane resistance, while the 
strong PDADMAC BPMs were observed to outperform the weak PEI BPMs due to higher polyelectrolyte and 
clay adsorptions. Electrochemical impedance spectroscopy shows that the junction capacitance increases 
by 1.4 fold from three to six bilayers for both polyelectrolytes since junctions with a larger number of 
catalytical sites can produce protons and hydroxide ions more quickly. On the other hand, the RWD is more 
dependent on the polyelectrolyte type. For the same number of bilayers, the RWD of PDADMAC BPMs is 
10% higher than the PEI BPMs due to the non-catalytic activity of the PDADMAC quaternary ammonium 
groups compared to the weak amine groups in PEI, which also function as water dissociation catalysts.  

Furthermore, the higher Donnan exclusion at the modified junctions improves the BPM permselectivity by 
threefold compared to the BPM containing no catalyst. Thus, adding MMT clay composite LbL catalysts to 
BPM junctions is a promising method to improve the efficiency and reduce the energy consumption of 
electrochemical processes that rely on BPMs. 
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Introduction. Membrane technology has attracted great interest in the industry due to its simple design, 
easy scale up and energy efficiency. Dynameric membranes combining rubbery organic frameworks (ROFs) 
and covalent organic frameworks (COFs) represent a novel class of membranes that can beat the stability 
and selectivity challenges of traditional polymeric membranes. They have proven to possess interesting 
permeability and controlled selectivity in ion and gas separation applications [1]. We aim to implement the 
constitutional dynamic chemistry - including the dynamic covalent and non-covalent chemistry [2]- to 
assemble different monomers through reversible imine bonds and form uncharged COFs-based 
membranes. 
Experimental/methodology. The dynamic assembly is initiated by the condensation of a connector center 
the benzene-1,3,5-tricarbaldehyde (BTA) with two diamino monomers: 4-benzenediamine (BDA) and 
Jeffamine D-2000 (Jeff D2000). Then COFs-ROFs films were obtained through the flow-evaporation 
technique at various BDA/JeffD200 molar fractions. Furthermore, the conductivity of these films was 
measured in a 4-electrode cell immersed in 18 M�
�� �G�H�L�R�Q�L�]�H�G�� �Z�D�W�H�U�� �L�Q�� �S�D�U�D�O�H�O�O�� �W�R water uptake 
measurements. 
Results and discussion. The FT-IR spectroscopy revealed a characteristic peak of the -C=N stretching 
vibration of aromatic imine bonds at 1694.4 cm-1 in COFs-0-BDA and at 1646 cm-1 in COFs-ROFs 
membranes. In addition, the peaks attributed to free amino and aldehydes groups disappeared in these 
membranes. Therefore, the membranes were successfully assembled into an extended network through 
imine reversible bonds. Scanning electron microscopy (SEM) images show a dense and homogeneous 
surface without micropinholes. The thermal properties of COFs-0 and COFs-ROFs membranes were 
examined by DSC. A glass transition temperature (Tg) was detected around -55ºC on DSC thermograms for 
all COFs-ROFs membranes, while free COFs show endothermic and exothermic peaks. This Tg is highly 
significant of the rubbery character induced by the long macromolecular chains of JeffD2000 that has 
a mobility greatly increased. Our findings highlight the formation of stable and elastic membranes with 
embedded COFs. COFs-ROFs membranes demonstrated very low water uptake of around 10% compared to 
AEM sastanion. Besides, a significant conductivity of 5.7 and 5.4 ms/cm at 80ºC was detected for 40% and 
60% wt. of BDA, respectively. Overall, these dynameric membranes made of uncharged COFs are good 
candidates for ion-solvating applications. 
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Introduction. Ion exchange membranes (IEMs) are used in sustainable energy conversion by 
electrochemical membrane processes like fuel cells and reverse electrodialysis. Also, low temperature 
water splitting for hydrogen production can be carried out using IEMs. However, the implementation of 
these processes on large scale still requires relevant progresses in critical components development, 
including the membranes themselves. Required properties for IEMs are high ionic conductivity and 
permselectivity, combined with adequate stability and costs. Polymerized ionic liquids (PILs) are materials 
potentially able to combine the unique conductivity properties of ionic liquids, with the advantages of 
a macromolecular crosslinked polymers stable in aqueous environment. This work presents a deep 
investigation of the structure�tproperty relationship of various phosphonium- and imidazolium-based PILs 
as innovative anion exchange membrane material.  
Experimental/methodology. Eight different phosphonium- and four imidazolium-based PILs containing 
a styrenic functionality were mixed with an acrylate monomer, a di-acrylate crosslinker and a photo-
initiator [2, 3] to produce by casting and successive photopolymerization (almost solvent free), dense, 
stable and flexible anion exchge membranes (AEMs). The influence of the alkyl chain length and anion type 
on membrane stability and electrochemical properties were evaluated and compared with benchmark 
AEMs.  
Results and discussion. The PIL membranes prepared were dense and flexible and completely stable after 
prolonged contact with aqueous alkaline and saline solutions. The crosslinking reaction avoided the 
dissolution of the polymer matrix in water, that represents the main limitation in the use of standard ionic 
liquid as membrane material. Electrochemical impedance spectroscopy and membrane potential 
measurements pointed out a trade-off relationship between the ionic conductivity and permselctivity. 
Membranes conductivity was higher and permselectivity was lower for PILs with shorted length of the alkyl 
chains. Moreover, the chemical feature of the counterions play a similar effect. It was observed that smaller 
anionic species favoured conductivity but reduced permselectivity.  These results are consistent with an 
effect of alkyl chain length and size of the counter ion on membrane microstructure in term of dimensions, 
tortuosity and interconnection of the hydrophilic channels, that influence membrane transport properties. 
Factors improving the membrane conductivity tended to reduce the permseletcivity. The main outcome of 
this research is the possibility to balance the low ionic resistance transport through the charged PILs, with 
a good stability in aqueous medium, tailoring the chemistry of these materials. The results obtained 
represent a further step toward the design and development of next generation of AEMs.  
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Hydrogen storage is vital for the development of the hydrogen energy industry. This study presents 
a hydrogen-capturing membrane made of polyurethane (PUR) nanofibers modified with palladium (Pd) 
nanoparticles via electrospinning. Hydrogen sorption capacity was assessed at room temperature and various 
pressures using Pressure Decay (PD) and dynamic Gas Chromatography (dGC). At 1 bar, the membrane stored 
207.7 ml/g (1.9 wt.%), and at 4 bar, 1173.3 ml/g (10.6 wt.%), indicating efficient hydrogen capture potential. 
Desorption tests confirmed stability under normal conditions. The membrane's self-supporting, air-
permeable properties enable integration into hydrogen storage systems. 
Introduction. Efficient hydrogen storage methods are crucial for the hydrogen energy industry, with 
adsorption-based approaches showing promise. Membranes incorporating palladium (Pd) offer high storage 
capacity but face challenges like brittleness [1]. This study aims to overcome such issues by developing a self-
supporting, breathable hydrogen-capturing membrane based on electrospun polyurethane (PUR) nanofibers 
decorated with Pd nanoparticles for practical hydrogen storage applications. This work is a continuation of 
our previous studies on the preparation of polymeric nanofibrous membranes for gas sorption [2, 3]. 
Experimental/Methodology. Polyurethane (PUR)-Larithane AL 286 served as the base material, with 
dimethyl-formamide (DMF) and tetrahydrofuran (THF) as solvents. Needle and edge electrospinning 
techniques were employed to optimise parameters like voltage and solution dispensing rate. PUR-based 
nanofibrous electrospun membranes modified with Pd NPs were prepared in two ways: one-step technology 
(i.e., Pd NPs dissolved in a spinning solution) and postspinning modification (PdNPs deposited on an 
electrospun UV-activated PUR membrane). The measurement of hydrogen sorption and desorption capacity 
was carried out by two methods: (1) Standard Pressure decay method (PD) and (2) Dynamic Gas 
chromatography (dGC) method, which simulates conditions in a gas mixture stream. Various characterization 
techniques assessed membrane properties and hydrogen sorption tests (XRD, HRSEM, Zeta potential, air 
permeability test). 
Results and Discussion. The PUR/Pd nanocomposite membrane, exhibiting significant hydrogen sorption 
properties, has been prepared with high capacity and stability under different pressures. Its self-supporting, 
air-permeable nature makes it suitable for hydrogen storage applications. This study successfully presents 
a hydrogen-capturing membrane with high sorption capacity and stability, promising practical hydrogen 
storage systems. 
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Introduction. Development of aninon exchange membranes (AEM) for AEM water electrolysis has become 
an emerging topic during recent years [1,2]. The properties of AEM are highly dependent on the balance 
between the membrane chemistry and morphology: the amount of charged sites and 
hydrophilic/hydrophobic nature of the polymer segments and their ordering both influence the 
performance of the AEM, moreover, the chemical structure of the backbone and the cationic centre are 
determining regarding the alkaline stability during continuous usage [3]. Recent publications revealed that 
ionene type polymers (contain ions directly in backbone) show both higher conductivity and higher 
prolonged alkaline stability [4,5]. The key requirements to AEM are  high ionic conductivity, low 
permeability to hydrogen, chemical and mechanical stability [2]. From this point of view, polyimides (PIs) 
can be considered as promising materials for the AEMs. PIs are used in various fields of industry due to 
their excellent thermal and mechanical properties, resistance to acidic and alkaline media and facile 
processability [6]. Regarding that thin polymer membranes should be prepared from the polymer solution, 
one of the crucial characteristics of the resulting polymer is its solubility. Considering that polymerization 
of 4,4`-oxydiphtalic anhydride (ODPA) and bisaniline P (BIS P) usually affords a soluble final product [7] 
these monomers were chosen for this work and combined with other diamines to synthesise cationic PIs. 
Experimental/methodology. To obtain ionene polyimides which could be applied as AEMs, we have 
chosen two strategies: postpolymerization modification of polyimides containing tertiary nitrogen in the 
main chain, and direct polycondensation of dianhydrides with cation containing diamines. 
Results and discussion. Following the strategy of postpolymerization modification a series of copolymers of 
ODPA and BIS P and diamino tertiary amine was synthesised and further quaternized. Besides, according to 
the direct polymerization strategy cationic diamine was synthesised and then copolymerised with ODPA 
and BIS P to afford a series of copolyimides with different content of charged sites (Fig 1).  

 

Fig. 1 The general scheme of synthesised coPIs 

Synthesised copolyimides were characterised by means of 1H NMR and FT infrared spectroscopy, their 
thermal properties were determined by thermal gravimetric analysis and differential scanning calorimetry, 
and their ionic conductivity was evaluated as well. 
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Introduction 
Alkaline water electrolysis (AWE) is a well-established method for hydrogen production. However, it suffers 
from gas crossover due to the porous diaphragm and exhibits low cell performance (< 0.2 A/cm2 at 1.8 V), 
which is insufficient for integration with renewable energy [1].  Research on anion exchange membrane 
water electrolysis (AEMWE) using AEMs is actively pursued to address these limitations. However, AEMs 
often suffer from low durability due to limited mechanical strength and thermochemical stability [2]. 
 
Experimental/methodology 
This study introduces a novel thin film assembled (TFA) membrane to improve AWE performance. The TFA 
membrane combines a para-polybenzimidazole (p-PBI), poly(dibenzyl-co-terphenyl piperidinium) (PDTP) 
membrane, and a commercial Zirfon diaphragm. these TFA membranes are prepared by using heat and 
pressure without additional solvents. The porous Zirfon diaphragm provides mechanical support, while PBI 
and PDTP offer high conductivity and gas barrier properties. 
 
Results and discussion 
The TFA membrane significantly reduced hydrogen permeability compared to the Zirfon diaphragm (over 13-
fold reduction). In a 30 wt% KOH solution at 90 �ƒC, the TFA membrane achieved a current density of 3.9 A cm-

2 at 2.0 V with platinum group metal (PGM) based catalysts (Pt/C and IrO2) and 2.2 A cm-2 at 2.0 V using PGM-
free catalysts. Furthermore, the TFA membrane exhibited excellent durability, operating stably at 2.0 A cm-2 
for 1000 hours and 2.5 A cm-2 for 500 hours at 90 �ƒC without interruption, all while utilizing the same 
membrane. This combination of high performance and long durability suggests that the TFA membrane has 
great potential for future hydrogen production technology. 
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Introduction.  
Growing concerns over climate change are driving research into hydrogen energy. Water electrolysis 
processes are gaining attention for environmentally friendly hydrogen production, with anion exchange 
membrane water electrolysis (AEMWE) emerging as a promising next-generation technology.[1],[2] 
Compared to the mature alkaline water electrolysis (AWE), AEMWE offers higher hydrogen purity and 
efficiency. Additionally, it is more economical than proton exchange membrane water electrolysis 
(PEMWE) due to the possibility of using non-precious metal (PGM) catalysts and equipment. However, 
AEMWE currently suffers from low ionic conductivity and alkali stability, limiting its performance and 
durability compared to PEMWE. In this study, we address these limitations by developing high-
performance and durable para-polybenzimidazole (p-PBI) membranes for anion exchange membrane 
water electrolysis (AEMWEs) using cerium nanofillers. 
 
Experimental/methodology. 
To understand the influence of cerium nanofiller content on the composite membrane's morphology and 
AEMWE performance, membranes were prepared with varying nanofiller concentrations (0-50 wt.%). The 
relationship between the composite membranes' physical properties (morphology, ion conductivity, 
mechanical properties, water uptake, and KOH mass transfer) and cerium nanofiller content was 
investigated. Additionally, the membranes were evaluated for their electrochemical water degradation 
performance under various temperatures and environments (KOH concentration, non-PGM catalysts, etc.). 
 
Results and discussion. 
Under optimal conditions, the AEMWEs achieved a high current density of 9.25 A cm-2 at 2.0 V. Finally, 
long-term stability tests were conducted at high constant current density and temperature (80 °C) to assess 
membrane durability. A new record of 1630 hours was achieved under asselated variation load current 
density conditions (at 2.0-3.0 A cm-2, 80 °C). 
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Introduction.  
The lithium metal anode is regarded as the most attractive candidate for rechargeable lithium batteries 
due to its high theoretical capacity of 3860 mAh g-1 and low electrode potential (-3.04 V vs. SHE). However, 
lithium tends to form uncontrollable dendrites and encounter serious volume expansion during 
electrochemical cycling, which not only reduce the coulombic efficiency, consume the electrolyte, but may 
also cause internal short-circuiting and cell explosion. Therefore, it is crucial to stabilize the lithium 
deposition and thus render lithium anode practical.   

 
Experimental/methodology.  
In this study, we explore the possibility of utilizing copper hydroxide (Cu(OH)2)/polyvinylidene difluoride 
(PVDF) composite membranes as the battery separator. A series of Cu-PVDF composite membranes with 
different Cu(OH)2 loadings are fabricated through the nonsolvent induced phase separation method.  

 
Results and discussion.  
It has been observed that the composite membrane, specifically with a 3 wt% loading of Cu(OH)2, exhibits 
the highest ionic conductivity of 1.29 mS cm�t1 and a transference number of 0.72 compared to membranes 
with different compositions. Moreover, the 3 wt% Cu-PVDF membrane demonstrates a remarkable cycling 
stability in Li/Li, Li/LiFePO4, and Li/Cu cells, revealing a promising potential as the novel separator design in 
lithium metal battery applications. 

 

 

Figure. Cycling tests for Li/Cu-PVDF/Cu cells under constant capacity loading of 1 mAh cm-2. 
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Introduction. Perfluorinated membranes such as Nafion comprise state-of-the-art (SoA) separators for 
Redox Flow Batteries (RFBs). However, the European Chemicals Agency has recently released a restriction 
proposal that could ban the manufacture and use of perfluorinated materials. Such initiative jeopardizes 
the future of SoA membranes and forces to seek alternative polymers. Sulfonated polyether ether ketone 
(SPEEK) stands as one of the most promising materials, considering its low cost, chemical and mechanical 
stability and ease of processing [1]. Yet, the ion transport efficiency of SPEEK membranes in complex 
electrolyte environments such as aqueous organic RFBs should be improved. This work shows a cost-
effective way to rise the ionic conductivity of SPEEK membranes without increasing the sulfonation degree. 
Experimental/methodology. SPEEK was dissolved in dimethylacetamide (DMAc) and casted on a glass 
plate. The solvent was completely removed in a vacuum oven and the membranes were peeled off. After 
equilibration in NH4Cl, the membranes were immersed in DMAc in water mixtures (40, 45, 50%) to induce 
the irreversible swelling of the polymer chains (i.e., widening of ion transport channels). Membranes were 
thoroughly characterized and tested in a single cell RFB using a symmetric configuration of organic-
organometallic aqueous electrolyte (Fig. 1a). 
Results and discussion. Solvent treatments induced the controllable swelling of SPEEK membranes. 
Increasing the solvent concentration strengthened the effect of the treatment and led to widening the ion-
transport channels. A comprehensive membrane characterization was conducted to verify this fact. Small 
Angle X Ray Scattering (SAXS) confirmed that the distance between the ionomer clusters was enlarged. 
Apparent porosity and proton conductivity were significantly increased. In concordance, single cell tests 
showed an improved energy efficiency of solvent treated SPEEK membranes, reaching higher energy 
efficiencies than the N212 commercial membrane (Fig. 1b). As widening the ion transport channels 
conducted to higher permeability of redox mediators, a medium a moderate organic solvent to water ratio 
is preferred to reach a good balance between the trade-off properties (i.e., ionic conductivity and 
permeability). In such a way, SPEEK45 solvent treated membrane yielded a stable efficiency over 300 cycles 
(Fig 1c). 

 
Figure 1. (a) Set up used for single cell symmetric RFB tests; (b) energy efficiency at different current densities; and 

(c) energy efficiency in long cycling tests. 
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Introduction. Recently, solid polymer electrolyte membranes are intensely investigated as polimeric 
materials to be used in the development of light-weight, flexible, compact and safer solid-state 
supercapacitors. Here, in this comunication, we report the development of solid-state supercapacitors 
based on cation exchange Aquivion electrolyte membrane combined with composite electrodes made of 
activated carbon (AC) for the negative and manganese oxide (MnO2) for the positive electrode.  
Experimental. A series of solid-state flexible supercapacitors were realized by contacting face-to-face Na+-
form Aquivion electrolyte membranes and 2 cm2 composite electrodes. These electrodes were prepared by 
coating process consists of applying a slurry (e.g. based on MnO2 or AC) on a glass plate. In particular, for 
the positive electrode, the slurry is consisting of 65 wt % of MnO2, 10 wt % of carbon black (CB), 5 wt % of 
CNF, 20 wt% of PVDF binder in DMAc solvent; whereas the negative electrode consists of 75 wt% of 
activated carbon Norit (AC); 5 wt % of carbon nanofibers (CNFs); 5 wt % of CB and 15 wt% PVDF in N,N 
dimethylacetamide (DMA) solvent [1, 2]. Each assembly of membrane and electrodes is loaded in a single 
cell of supercapacitor to be electrochemically characterized.  
Results and discussion. Solid-state supercapacitors (SCs) with an asymmetrical configuration present 
rectangular initial voltammograms and display high specific capacitances, up to 130 Fg-1 at 0.2 Ag-1, as 
shown in Fig. 1. These SCs can also perform a high energy density of 11.5 Wh kg-1 at a power density of 160 
kg-1. Moreover, in cell capacitor, the flexible Aquivion electrolyte membrane exchanged with 1 M Na2SO4 
demonstrates an excellent Na+-ion conductivity of 4.2 mS cm-1 at room temperature (~22-25°C) [1]. 
Furthermore, this hybrid solid-state supercapacitor is also capable of hold out severe stability cycles, 
combining galvanostatic charge/discharge and voltage-hold conditions (e.g. floating for 150 hours at 1.6 V) 
for 10,000 cycles, without compromising stability, even in a wide voltage window from 0 to 1.6 V in neutral 
aqueous environments. The synergistic effect of the excellent pseudocapacitance of positive MnO2 
electrode and the good electrical double-layer capacitance characteristics of negative carbon electrode, all 
combined with the high ionic conductivities of the Aquivion electrolyte membranes, make this technology 
very innovative and competitive for the development of high-performance flexible energy storage devices. 

 

Fig. 1. Comparison of cyclic voltammograms of the different investigated supercapacitors 
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Introduction. 
Anion exchange membranes (AEM) for hydrogen technology (fuel cells, electrolysis) have become the focus 
of research in recent years. The reason for this is a significant cost reduction because, on the one hand, nickel 
or silver catalysts can be used [1]. However, the ion exchange capacities of these membranes must be 
significantly higher than that of cation exchange membranes in order to achieve similar ion conductivities, 
which can lead to greater swelling and thus to an impairment of the mechanical properties. It is also known 
that quaternary ammonium groups (QA) generally have low stability at high pH values and at elevated 
temperatures. Among the diverse QA compounds, spirocyclic ammonium salts have proven to be particularly 
stable [2]. In this work we present a simple method to prepare AEMs with high IECs and low swelling and that 
contain spirocyclic ammonium groups. This is achieved on the one hand by preparing pore-filled membranes 
[3] and on the other hand through cyclopolymerization of diallyl- and tetrallylammonium salts (crosslinkers) 
[4]. 
 
Experimental/methodology.  
Di- and tetraallylammonium monomers are obtained by reacting the corresponding cyclic amines based on 
piperidine and pyrrolidine with allyl chloride. The membranes are prepared by filling the pore volume of 
a microfiltration membrane (MicroPES 4F, pore size 0.4 µm, 3M Germany) with a 50% (w/w) monomer 
solution in water/ethanol (20/80 v/v) and subsequent UV-initiated polymerization. The membranes are 
characterized using SEM/EDX, swelling/water uptake, conductivity and ion exchange capacity. The 
conductivity of the membranes stored at pH 14 and 80°C serves as an indicator of the membranes�[���•�š�����]�o�]�š�Ç. 
 
Results and discussion.  
Stable anion exchange membranes with high IEC were obtained by the pore-filling method. The porous 
matrix, here a microfiltration membrane, could be completely filled with an anion exchange material using 
optimized manufacturing parameters, and which is obtained by a photoinitiated inter- and intramolecular 
cyclopolymerization of di- and tetrallylammonium salts. The latter compounds act as crosslinkers. Depending 
on the degree of crosslinking and the type of diallyl monomer used, membranes with IECs between 2.49 and 
1.85 meqiv. g-1 received. Despite the high IECs, the membranes exhibit moderate water absorption and low 
swelling, which decreases as the degree of crosslinking increases. The conductivities at 90°C (95% r.h.) are in 
the range of 30 - 50 mS cm-1. The membranes have a relatively high stability in alkaline conditions at elevated 
temperatures, which is reflected in a decrease in conductivity of approx. 5% after 336 hours of storage in 2N 
NaOH at 80 ° C 
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Introduction. The rising global demand for clean energy solutions, driven by climate change concerns and 
finite fossil fuel resources, underscores the importance of Proton Exchange Membrane Fuel Cells (PEMFCs) 
as an eco-friendly electricity production alternative. However, widespread adoption hinges on addressing 
technological hurdles such as optimizing component performance and durability, cost reduction, and 
streamlining manufacturing processes. The core component of PEMFCs is the Catalyst Coated Membrane 
(CCM), consisting of a membrane and two electrodes. Newer commercial membranes, made of proton 
conducting polymer named ionomer, include a micron-level layer of PTFE reinforcement, while porous 
electrodes consist of platinum nanoparticles on mesoporous carbon particles bound in ionomer. The semi-
crystalline perfluorinated sulfonic acid ionomer undergoes phase separation associated with an ionomer 
peak in small angle X-ray scattering (0.1-0.3 Å-1). The ionomer significantly influences fuel cell efficiency 
and durability due to its proton and gas transport properties, which are temperature and humidity-
dependent [1]. The current industrial-scale CCM production method involves decal transfer by hot pressing 
to establish a continuous membrane-to-electrode interface. Innovations in CCM assembly, such as our 
proposed ultrasound method, aim to streamline the process, saving time and cost [2]. Both assembly 
methods affect the ionomer's structure within the membrane and electrodes, which remains poorly 
understood despite its significant impact on performance and durability. 
Experimental/methodology. Combination of direct space techniques (Scanning and Transmission Electron 
Microscopy SEM and TEM) and reciprocal space techniques (Small and Wide Angle Scattering SAXS-WAXS) 
�]�•�� �µ�•������ �š�}�� �µ�v�����Œ�•�š���v���� �š�Z���� �]�}�v�}�u���Œ�[�•�� �‰�Œ�}�‰���Œ�š�]���• (water sorption, proton conductivity) measured by 
Dynamic Vapour Sorption (DVS) and Potentiostatic Electrochemical Impedance Spectroscopy (PEIS). Single 
cell tests (1.8 and/or 20 cm²) allowed comparison of electrochemical performance between ultrasound-
assembled CCMs and conventionally hot-pressed ones, under similar PEMFC stack conditions. 
Results and discussion. SEM analysis revealed a decrease in the thickness of PTFE reinforcement when 
stress and energy were increased with the ultrasound process. SAXS/WAXS measurements indicated 
variations in the intensity of ionomer and PTFE scattering peaks in the dry membrane with ultrasound 
parameters. DVS analysis highlighted that the mean water capacity of the membrane and catalyst layer 
after ultrasound treatment corresponds to that of a CCM assembled by ultrasound. PEIS measurements 
showed that the conductivity of ultrasound-treated CCMs is lower than that of hot-pressed and commercial 
CCMs at low relative humidity. However, at over 60 % relative humidity, the conductivity of ultrasound-
assembled CCMs is similar to the others. These promising results suggest potential enhancements for fuel 
cell operations. 

   
Figure 1: a) Ionomer peak intensity evolution with ultrasound exposure in membranes b) Water sorption capacity of 
ultrasounded membrane, catalyst layer, and CCM as a function of water activity c) Conductivity comparison among 
commercial, hot-pressing, and ultrasound-assembled CCMs at different relative humidity levels 
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Energy storage has become a key enabling technology for climate neutrality given its capacity to integrate 
more renewables into our energy systems and their ability to green the industry and transport sectors. As 
stated by the Green Deal � ênergy storage is vital for carbon neutral EU�_. So far, lithium (Li)-ion batteries 
have satisfied soc�]���š�Ç�[�•��desire for energy usage but unfortunately, they cannot achieve the required 
transformative scale of improvement required because of the: (i) limited geographical supply of Li (thus 
increase in cost), (ii) scarcity of cobalt and (iii) limited energy storage capacity. Sodium-air/O2 Batteries 
(NaBs) directly address these issues due to: (i) the large abundance of sodium (Na) and its low cost (~30 
times cheaper than their Li counterparts), (ii) the lack of requirement for cobalt, and (iii) their high 
theoretical energy density as a result of using a lightweight air cathode. NaBs present ca. 5�t10 times higher 
theoretical capacities than that of Li-ion and Na-ion batteries (1,605/1,108 vs 100�t265 and ~150 Wh kg-1, 
respectively) since the active material is taken from the surrounding environment (O2) [1-3]. The research 
community has focused on improving the electrodes and understanding battery processes, especially 
studying the electrode materials extensively, while giving less attention to electrolytes in NaBs compared to 
cathode materials and have predominantly focused on liquid electrolytes. This research gap presents two 
significant challenges: (1) O2 crossover from the cathode to the anode, leading to anode passivation, and (2) 
the instability of traditional liquid electrolytes when in contact with Na metal and reactive species like O2

-, 
resulting in undesirable parasitic reactions and battery failure.   
To address these challenges, the oral presentation will give an overview on how to overcome the O2 
crossover and mitigate side reactions by designing and developing more stable solid-state electrolytes 
based on a highly porous conducting membrane separator. Furthermore, special focus will be given on the 
chemistry of discharge products and O2 crossover, exploring the relationship between electrolyte 
properties, the stabilization of NaB chemistry and Na+ transport. The main goal is to enable the 
development of high-energy-density batteries and deepen the understanding of fundamental mechanisms 
in NaBs using this kind of membranes, an area that remains largely unexplored as a solid-state electrolyte 
for NaBs. Overall, this talk aims to identify and demonstrate solid state polymer electrolytes to achieve 
stable and high-performing solid-state NaBs to advance the commercialization of emerging NaB 
technologies and strengthen the impact of research and innovation.  
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Introduction. Global climate change challenge is re-shaping our societal development, spanning in science, 
technology, politics. CO2, the culprit of global climate change, can be captured and converted powered by 
renewable electricity to valuable chemical products, e.g. syngas. Syngas is one of the most important 
platform chemicals produced at large scale in the chemical industry and presents significant carbon 
emission through current methane steam reforming and coal gasification process [1]. High-temperature 
solid oxide electrolysis is identified as one of the key routes to sustainable syngas production with CO2 and 
H2O as raw materials in the future [2-3].  
 
Experimental/methodology. Micro-structured hollow fiber solid oxide electrolysis cell (SOEC) was 
manufactured by multi-step approaches, involving controlled hollow fiber spinning, dip-coating, sintering 
and so on. The SOEC cell was evaluated by IVIUMStat electrochemical workstation to present I-V curve, EIS, 
long-term stability. The offgas composition coming from the cell is analyzed by GC with TCD. Various 
characterizations, including morphology (SEM), gas-tightness, mechanical strength were conducted. 
 
Results and discussion. Here we design the novel micro-structured SOEC device as shown in Figure 1, 
conduct relevant structure optimization and conceive sustainable process design with renewable energy 
source and cycling raw materials for syngas production. Specifically, the innovative micro-structured SOEC 
device is systematically evaluated by IV curves, EIS analysis, catalysis, techno-economics, and 
environmental analysis in terms of syngas production from H2O and CO2. The results shows that innovative 
micro-structured SOEC can achieve more than 2.4 A/cm2 current density, and stable operation at 1.0 
A/cm2 for more than 110 hours, and presents the advantages of much more compact design and cost-
effective system etc. over other conventional SOEC designs. Moreover, combined techno-economics and 
environmental analysis shed some lights on the future directions in comparison with commercial syngas 
systems. 

 

Figure 1. Innovative micro-structured hollow fiber SOEC 
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Introduction. The enhancement of separation processes and electrochemical technologies such as water 
electrolysers, fuel cells, redox flow batteries and ion-capture electrodialysis depend on the development of 
low-resistance and high-selectivity ion-transport membranes[1]. The transport of ions through these 
membranes depends on the overall energy barriers which are imposed by the collective interplay of pore 
architecture and pore-analytes interaction[2]. However, it remains challenging to design efficient, scalable 
and low-cost selective ion-transport membranes that provide ion channels for low energy-barrier 
transport. 
Experimental/methodology. We report a new family of all-rigid polymer framework membranes which 
contain well-confined ion channels[3]. Our structural design combines 1) the isolation of absorbed water 
inside microcavities from the hydrophobic backbone framework to facilitate selective ion transport at the 
robust sub-nanometre confinement and 2) multiple interactions between ions and pore walls to 
synergistically approach the diffusion limit of ions based on coordination mechanisms. We exemplify this 
concept via the fabrication of covalent triazine frameworks (CTF) membranes whose channel size as well as 
channel chemistry can be well-tuned. 
Results and discussion. The near-frictionless ion flow is synergistically fulfilled by robust micropore 
confinement and multi-interaction between ion and the membrane, which afford, for instance, a Na+ 
diffusion coefficient of 1.18×10-9 square meter per second, close to the value in pure water at infinite 
dilution and an area-specific membrane resistance as low as 0.17 Ohm square centimeter. We demonstrate 
the highly efficient membranes in fast-charging aqueous organic redox flow batteries that deliver both high 
energy efficiency and high capacity utilization at extremely high current densities (up to 500 milliampere 
per square centimeter), while avoiding crossover-induced capacity decay (Figure 1). This membrane design 
concept may be broadly applicable to membranes for a wide range of electrochemical devices and for 
precise molecular separations. 
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Figure 1. The triazine framework membrane enables fast charging of aqueous alkaline quinone flow battery. 
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Vanadium flow battery (VFB) is one of the most promising large-scale energy storage technologies, and 
the membrane with high vanadium resistance and proton conductivity is the key to prepare high-
performance VFB. Here, a two-dimensional (2D) MFI-type zeolite flow battery membrane was 
prepared based on 2D zeolite nanosheets. On the one hand, the straight channels of the zeolite layer, 
which are consistent with the direction of proton transport, provide a pathway for the rapid transfer 
of protons; on the other hand, the sub-nanometer windows of the zeolite effectively inhibit the 
penetration of the vanadium ions through the size exclusion effect. Finally, the membrane exhibited 
excellent vanadium barrier (0.07 mmol L-1 h-1) and proton conductivity (0.16 S cm-1). The VFB equipped 
with 2D MFI zeolite membranes showed a self-discharge time for 116.2 h, which was much better than 
that of commercial perfluorosulfonic acid membranes (45.9 h), and exhibited a Coulombic efficiency 
of 93.9%, a voltage efficiency of 87.6%, and an energy efficiency of 82.3% at the current density of 40 
mA cm-2. In addition, the cell performance remained stable during 1000 long-cycle tests (>1500 h), 
which proved that the 2D MFI zeolite membrane is a very promising ion-conducting membrane for 
application. 
 

 

�£ 1 Mechanism of two-dimensional MFI zeolite membranes in VFB applications. 
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Introduction. A huge chemical potential difference exists between the acid mine drainage (AMD) and the 
alkaline neutralization solution, which is wasted in the traditional AMD neutralization process. 
Experimental/methodology. This study reports, for the first time, the harvest of this chemical potential 
energy through a controlled neutralization of AMD using H+-conductive films.  
Results and discussion. Polyamide films with controllable thickness achieved much higher H+ conductance 
than a commercially available cation exchange membrane (CEM). Meanwhile, the optimal polyamide 
nanofilm had an excellent H+/Ca2+ selectivity of 63.7, over two orders of magnitude higher than that of the 
CEM (0.3). The combined advantages of fast proton transport and high proton/ion selectivity greatly 
enhanced the power generation of the AMD battery. The power density was 3.1 W m-2, which is over one 
order of magnitude higher than that of the commercial CEM (0.2 W m-2). Our study provides a new 
sustainable solution to address the environmental issues of AMD while simultaneously enabling clean 
energy production. 
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High-temperature proton exchange membrane fuel cells (HT-PEMFCs) are promising for clean and efficient 
energy conversion in various transportation and power generation sectors. They offer advantages such as 
reduced noble metal catalyst usage, improved resistance to CO poisoning, and enhanced thermal 
management, making them suitable for environments where conventional fuel cells struggle to operate 
efficiently [1-2]. The proton exchange membrane in HT-PEMFCs facilitates proton transport while 
maintaining structural integrity under high-temperature conditions. Phosphoric acid (PA) doped 
polybenzimidazole (PBI) is commonly used as the membrane material for HT-PEMFC due to its excellent 
thermal and chemical stability and high proton conductivity at elevated temperatures without any 
humidification. However, a key challenge lies in maintaining durability over long operational periods, as 
phosphoric acid leakage can occur [3-5]. Minimizing phosphoric acid content in the polymer membrane while 
preserving its properties without compromising ion conductivity is essential. Developing polymer 
membranes capable of forming strong bonds with PA is crucial to prevent leakage. The ammonium groups 
exhibit strong alkalinity, facilitating complete deprotonation of PA and enabling robust interactions. The 
molecular interaction energy between benzyl trimethylammonium (BTMA) and phosphate anions (151.7 kcal 
mol-1) is higher than observed in other PBIs, suggesting the potential to address HT-PEMFC limitations 
through ion bonding [6]. 
The nature of the acid present in PBI-type membranes after routine PA doping has yet to be extensively 
studied. This research focuses on phosphoric acid (PA) adsorption as a protic electrolyte on various polymers 
and anion exchange membranes. The study involved fabricating membranes using film casting to prepare PBI 
and anion exchange membrane QPP-6F (which has a quaternary ammonium functional group). These 
membranes underwent controlled drying and conditioning processes. Fumatech's Fumasep (FAA-3-50) was 
used as a reference membrane. The membranes were immersed in a phosphoric acid solution and carefully 
monitored the acid doping parameters. The results showed that PA-QPP-6F exhibited the lowest PA content 
yet higher ion conductivity than other membranes. However, its actual ion conductivity was relatively low, 
suggesting potential improvement by increasing the polymers' ion exchange capacity (IEC). Increasing the 
functional groups may lead to higher PA content and increased ion conductivity. PA-PBI membranes 
demonstrated the highest PA content and ion conductivity (121.2 mS/cm at 180°C). Comparisons under the 
same PA conditions revealed slightly higher conductivity in PA-QPP-6F, indicating its potential for enhancing 
thermal stability and minimizing phosphoric acid leakage in HT-PEMFCs. The advancements in polymer 
membranes promise to overcome HT-PEMFC challenges, contributing to sustainable energy solutions.  
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Introduction. 
Fuel cells are crucial as sustainable and environmentally friendly alternatives to fossil fuels. In proton 
exchange membrane fuel cells (PEMFCs), developing effective proton exchange membranes (PEMs) is vital. 
PEMFCs often use polyperfluorosulfonic acid (PFSA) membranes, like Nafion, due to their excellent proton 
conductivity, strength, and stability in both chemical and thermal environments. However, Nafion's high 
cost and reduced stability at high temperatures limit its widespread use. This study focuses on 
environmentally friendly, cost-effective alternatives to non-fluorinated membranes made from sulfonated 
polyvinyl alcohol (S-PVA) and polyether block amide (PEBAX 1657) with TiO2SO4 as a nanofiller to improve 
PEM performance in PEMFCs. 
Experimental/methodology.  
Novel blend membranes containing 10% S-PVA and 3% PEBAX 1657 with a blend ratio of 8:2 were 
prepared. Titanium Dioxide Sulphate (TiO2SO4) in ratios of 0%, 3%, 5%, and 7 as a nanoparticle filler was 
added. The membranes were fabricated using the solution-casting technique. Our goal was to investigate 
the interaction between the TiO2SO4 Nano filler and the blend polymer matrix.  
Results and discussion. 
The thermogravimetric analysis (TGA) results indicate that Titanium Dioxide Sulphate (TiO2SO4) is an 
effective nanoparticle filler for composite membranes, particularly at 7% concentration. The composite 
membrane with 7% TiO2SO4 exhibits an acceptable swelling degree of 31.08% and the highest water uptake 
of 50.88%, making it promising for fuel cell applications. At ambient temperature, this membrane shows 
the highest ion exchange capacity at 1.03 meq/g. Figure 1 demonstrates that the SPP 7% TiO2SO4 
membrane achieves the highest current and power density among the tested membranes, with 186.97 
mA/cm² and 46.15 mW, respectively. The excellent dispersion of TiO2SO4 enhances its suitability for PEMFC 
applications. 

 
Figure 1.Polarization curves and power density curves for SPP blend membranes with and without different TiO2SO4 
content. 
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Introduction.  
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increasing energy demand and exponential growth in greenhouse gas emissions. The electrolysis of water 
for hydrogen production using low-grade water sources, such as saline and wastewater, operated with 
renewable resources is an attractive green alternative to current technologies. Nowadays commercial 
anion exchange membranes (AEMs) show low ion conductivity and fail to achieve long-term durability due 
to degradation under alkaline conditions [1]. In the present work novel AEMs were developed by 
incorporating anion exchange polymers with new head groups into a fluorine-free nanofibers support to 
achieve improved mechanical strength and resistance to radical attacks without significantly compromising 
OH- ion conductivity.  
 
Experimental/methodology.  
The nanofiber mats were applied as porous host matrixes to produce reinforced anion exchange 
membranes. The electrospinning technique was used to produce the nanofiber mats, which is a technique 
that uses electrostatic forces on a polymeric solution to produce a nanofiber type of non-woven structures. 
Different polymer types or polymer blends were applied for the fabrication of the nanofiber mats, e.g. 
Sulfonated PEEK, polyethersulfone (PES), and Nylon 6.6 (PA66). The SPEEK polymer was obtained via 
sulfonation of commercially available polyether ether ketone (PEEK). Nanofiber mats of pure SPEEK having 
different sulfonation degrees as well as blended with PA66 were produced [2]. Different types of anion 
exchange polymers were incorporated into the nanofiber mats using a pore filling process. Post-treatment 
strategies such as hot-press were evaluated to avoid membrane shrinkage and increase mechanical 
strength. The membranes were benchmarked against AEM membranes fabricated using commercial 
porous PTFE substrates using a pore filling process. 
 
Results and discussion.  
Nanofiber mats of SPEEK and SPEEK/PA66 with high porosities (>80 %) were obtained. Increased 
mechanical strength of the SPEEK nanofiber mats was achieved via hot pressing up to 5 layers resulting in 
a significant reduction in thickness and loss in porosity (below 25%). SPEEK nanofibers with the ion 
exchange polymer reached a mechanical strength of 18 MPa and elongation at break of around 65 %. 
Future research will focus on increasing the nanofiber thickness to improve mechanical properties while 
retaining high porosity. With the final objective of fabricating easily scalable, fluorine-free, cost-effective 
polymeric membranes with excellent �u�����Z���v�]�����o���•�š�Œ���v�P�š�Z���H�í�ñ���D�W���U���š�����Œ���‰�Œ�}�‰���P���š�]�}�v���Œ���•�]�•�š���v�������E�õ�ì���P�l�u�u��
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Introduction. Polymer electrolyte membrane fuel cells (PEMFC) are promising energy converters for 
automotive application due to their high efficiency, zero emissions and low operating temperature. To 
guarantee their high ion conductivity and lifetime, polymer electrolyte membranes have to be kept moist, 
whilst too much water (flooding) would restricts the access of hydrogen and oxygen. The water 
management of PEMFCs is therefore an important issue, whereby this task is usually performed by 
membrane humidifiers. 
 
Experimental. Several test benches were set up to characterize membranes under realistic conditions. The 
devices enable the testing of complex driving cycles. Both commercially available and self-produced hollow 
fiber and flat sheet membranes [1] are tested for water transfer, air leakage, mechanical, temperature and 
chemical stability [2]. 
 
Results and discussion. The most important parameter in terms of membrane performance is the specific 
water transport. As space is limited in mobile applications, we used the measured data to calculate the 
water vapor flux in relation to the installation space (see Fig. 1). However, in order to arrive at an objective 
evaluation of the available membranes, a holistic approach was necessary. Limit values were defined for 
each of the above-mentioned parameters, which had to be achieved. In summary, it can be said that none 
of the membranes tested fully met all the requirements and therefore there is still a need for new 
membranes. 
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Figure 1: Water vapor flux of 3 different hollow fiber membranes scaled up to 1 liter constructions space taking the 
fiber diameter in account @ 90 °C, 90 % RH, p dry side 0.5 bar, p wet side atm. 
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Introduction. This study focused on increasing oxygen diffusion at the cathode by inducing steric structures 
such as cardo-type fluorenyl groups (FL-SPES) instead of the flat structure of biphenyl groups (BP-SPES) to 
increase the free volume in the chemical structure of SPES. In addition, our study determined how oxygen 
diffusion affects fuel cell performance through a single-cell test by comparing MEA with BP-SPES and FL-
SPES as a cathodic binder.  
Experimental/methodology. F-terminal BP-SPES with biphenyl groups were synthesized by 
�‰�}�o�Ç���}�v�����v�•���š�]�}�v�� �Á�]�š�Z�� �ð�U�ð�[-dihydroxybiphenyl (DHBP). FL-SPES with fluorenyl groups instead of biphenyl 
groups was polymerized with 9,9-bis(4-hydroxyphenyl fluorene) (HPFL)(TCI, Japan) using a similar 
procedure. The preparation of the cathodic binder solution using Nafion ionomer as a reference 
was the same as that used for the anodic binder solution. However, for BP-SPES and FL-SPES, polymers 
such as BP1, BP2, FL1, and FL2 were first dissolved in N,N-dimethylacetamide (DMAc)(Sigma-Aldrich, USA) 
at 10wt% and mixed with IPA : deionized water ratio of 1:1 to prepare cathodic binder solutions. The MEAs 
were fabricated by spaying binder solutions to obtain an active area of 25 cm2 evenly on both membrane 
sides. Subsequently, the Pt loading on each side of the membranes was maintained at 0.4 mg cm-2. Fuel 
cell performance using the prepared MEAs was measured with hydrogen as a fuel (0.4 L min�t1) and air as 
an oxidant (1.5 L min�t1) at 80 °C and RH 100 %. 
Results and discussion. In this study, the maximum power density by using the membrane electrode 
assembly (MEA) prepared with FL-SPES of a low ion exchange capacity (IEC) of 1.33 meq. g-1 was 520 mW 
cm-2, which is over twice higher than that (210 mW cm-

2) of BP-SPES having typical biphenyl groups with a 
similar IEC. At higher IEC such as 1.55 meq. g-1, the 
power density by using BP-SPES is improved to 454 
mW cm-2, but still lower than that of FL-SPES. 
Additionally, although IEC, swelling degree, and 
specific resistance are similar to each other, the gas 
permeability of FL-SPES exhibits approximately three 
times improved compared to BP-SPES. The steric 
structure by cardo-type of FL-SPES increases the free 
volume between the polymer backbones, leading to an 
increase in gas transfer. Consequently, oxygen 
diffusion is promoted at the cathode, resulting in 
improved fuel cell performance. 
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Figure 1. 1H-NMR spectra of BP-SPES and 
FL-SPES. 
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Introduction. This study investigates the effects of physical defects, such as pinholes and scratches, that 
occur during the manufacturing and handling processes of fluorine-based reinforced composite 
membranes used in proton exchange membrane fuel cells (PEMFCs). These defects are critical as they 
potentially compromise the membra�v���[�•�� �]�v�š���P�Œ�]�š�Ç�U�� �š�Z���Œ�����Ç�� ���(�(�����š�]�v�P�� �š�Z���� �}�À���Œ���o�o�� �‰���Œ�(�}�Œ�u���v������ ���v����
durability of the fuel cells.  
Experimental/methodology. The investigation was focused on membranes with two different thicknesses 
(12 �…m & 17 �…m) to understand how defect size and membrane thickness influence the membranes' 
mechanical and chemical durability. Physical defects, specifically pinholes around 200 �…m in size, were 
artificially introduced into these membranes. Subsequently, a single cell with an active area of 5 x 5 cm2 
was assembled using these membranes to conduct OCV holding and wet/dry cycling durability tests. 
Results and discussion. The results indicated that the chemical durability of the membranes was not 
significantly affected by the presence of pin-holes approximately 200 �…m in size. However, the mechanical 
durability, as assessed through wet-dry cycling tests, indicated that physical defects substantially influence 
membrane integrity. This suggests that the mechanical stress associated with hydration and dehydration 
cycles exacerbates the impact of physical defects, leading to accelerated degradation. Furthermore, thicker 
membranes (17 �…m) demonstrated slightly better resistance to chemical degradation under accelerated 
stress tests, implying that increased membrane thickness could potentially offset some of the negative 
effects of physical defects. However, this thicker 
membrane still showed vulnerability to mechanical 
stresses introduced by defect presence during wet-dry 
cycles. The study confirms that physical defects such as 
pinholes and scratches significantly influence the 
durability and performance of fluorine-based reinforced 
composited membranes in PEMFCs, particularly under 
mechanical stress conditions. These findings emphasize 
the need for improved manufacturing processes to 
minimize defect formation and for the development of 
more robust membrane materials capable of resisting 
the operational stresses encountered in fuel cell 
environments. This research not only contributes to the 
fundamental understanding of membrane degradation 
mechanisms but also has practical implications for 
enhancing the reliability and efficiency of PMEFCs.  
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Introduction. The escalating use of fossil fuels has exacerbated climate change, prompting increased 
attention towards renewable energy sources for mitigation. This study undertakes research aimed at 
developing anion exchange membranes for the application of anion exchange membrane water 
electrolysis, a key method in green hydrogen production among renewable energy sources. 
Experimental/methodology. In this research, we aimed to mitigate the drawbacks of anion exchange 
membranes by fabricating crosslinked pore-filling anion exchange composite membranes. The 
experimental procedure involved synthesizing DMA-PPO and Br-Hex-SEBS, followed by their crosslinking in 
solution to produce pore-filled anion exchange membranes. Various strategies were devised to facilitate 
the pore-filling process of the cross-linking solution. The manufactured crosslinked pore-filling anion 
exchange membranes underwent evaluations for morphology, mechanical strength, ion conductivity, ion 
exchange capacity, swelling ratio, and water uptake. Furthermore, cell tests were conducted to assess their 
applicability in practical anion exchange membrane electrolysis. 
Results and discussion. The produced cross-linked pore-filling anion exchange membrane exhibited 
tendencies of lower ion conductivity and ion exchange capacity compared to the pore-filling anion 
exchange membrane. However, enhancements were observed in mechanical strength, swelling ratio, and 
water uptake. In the cell testing, utilizing a gas diffusion layer (GDL) on the anode side showed 
performance trends similar to commercial membranes. However, employing a porous transport layer (PTL) 
in further cell testing resulted in a performance improvement to 591 mA/cm², marking a 126 mA/cm² 
enhancement over the GDL configuration. 
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Introduction.  
Over the last ten years, there has been considerable interest in the research and development of vanadium 
redox flow batteries (VRFBs) due to their potential application as energy storage systems. VRFBs offer 
several advantages, including affordability, durability, and high capacity [1,2,3]. Among the crucial 
components of VRFBs are ion exchange membranes (IEMs), which facilitate proton conduction while 
preventing crossover between the positive and negative electrolytes. Achieving optimal proton 
conductivity, minimal vanadium-ion permeability, and excellent chemical stability simultaneously in VRFBs 
poses a significant challenge [4]. Recently, acid-doped polybenzimidazole (PBI) membranes have emerged 
as promising candidates for VRFB IEMs due to their low vanadium crossover, high selectivity, affordability, 
and exceptional cycling stability [5,6]. In this study, we present the development of a tri-directional 
poly(2,5-benzimidazole) (T-ABPBI) membrane using a direct casting method.  
Experimental/methodology.  
Tri-directional ABPBIs (T-ABPBIs) were synthesized via the condensation polymerization of 3,4-
diaminobenzoic acid and 1,3,5-benzenetricarboxylic acid at various mole ratios in PPA, as previously 
reported [7]. The PBI membranes were fabricated using two methods: (1) direct casting and (2) general 
solution casting.  
Results and discussion.  
The direct-cast T-ABPBI (D-T-ABPBI) membrane was prepared by modifying the microstructure of the 
membrane while preserving the chemical structure of ABPBI. The D-T-ABPBI membrane showed lower 
crystallinity and an expanded free volume in comparision to the general solvent-cast T-ABPBI (S-T-ABPBI) 
membrane, leading to enhanced hydrophilic absorption capabilities. The enhanced hydrophilic absorption 
capability of the D-T-ABPBI membrane led to a decrease in specific resistance compared to the S-T-ABPBI 
membrane (the area-specific resistance of S-T-ABPBI and D-T-�����W���/�� �u���u���Œ���v���� �]�•�� �í�X�ó�ñ�� ���v���� �ì�X�õ�ô�� �O���u2, 
respectively). Furthermore,  the D-T-ABPBI membrane exhibited lower vanadium permeability (3.40 × 10�>7 
cm2 min�>1) compared to that of Nafion 115 (5.20 × 10�>7 cm2 min�>1) due to the Donnan exclusion effect. Due 
to the combined effects of these characteristics, the VRFB assembled with D-T-ABPBI membrane showed 
equivalent or higher coulomb efficiencies (>97%) and energy efficiencies (70�t91%) than Nafion 115 at 
various current densities (200�t40 mA cm�>2). Moreover, the D-T-ABPBI membrane showed stable 
performance for over 300 cycles at 100 mA cm�>2, indicating its remarkable chemical stability against the 
highly oxidizing VO2+ ions during practical VRFB operation. These results suggest that the newly fabricated 
D-T-ABPBI membranes are promising candidates for VRFB application.  
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Introduction. UiO-66 metal-organic framework (MOF) nanofillers have attracted significant attention 
recently for high-temperature proton exchange membrane fuel cell (HT-PEMFC) applications because of 
their excellent effectiveness in enhancing the performance of proton exchange membranes (PEMs) based 
on phosphoric acid doped polybenzimidazole (PBI). The ordered porous structure of UiO-66 nanocrystals 
allows them to accommodate excess phosphoric acid and construct additional rapid pathways for 
facilitating proton transport within PEMs. On the other hand, the interfacial compatibility between 
nanofillers and polymer matrix plays a crucial role. However, little attention has been paid to the effect of 
interfacial compatibility on the physiochemical properties of MOF-containing nanocomposite membranes 
for HT-PEMFCs. Hence, we made an effort to tailor the affinity of UiO-66 toward the PBI polymer matrix by 
covalent functionalization to improve the interfacial compatibility. 
Experimental/methodology. In this work, amine-functionalized UiO-66 (UiO-66-NH2), imidazole-
functionalized UiO-66 (UiO-66-IM), and sulfonated UiO-66 (UiO-66-S) nanocrystals were synthesized and 
used as nanofillers, incorporated into a solvent-soluble hexafluoroisopropylidene-containing PBI (6FPBI) to 
prepare nanocomposite membranes. The membrane properties in terms of proton conductivity, acid 
doping level, thermal stability, oxidation stability, and mechanical strength were systematically 
investigated. Morphological analysis of nanocomposite membranes was performed using scanning 
electron microscopy (SEM). The membrane properties and the interfacial compatibility of the 
nanocomposite membranes comprising polybenzimidazole and functionalized UiO-66 nanocrystals were 
compared. The fuel cell performance of the PEM with optimal interfacial compatibility was also evaluated 
to demonstrate the feasibility of its application. 
Results and discussion. The chemical and porous crystalline structures of these nanofillers have been 
confirmed by EDS, WXRD, BET, XPS, and FTIR analyses. The results suggested that all the functionalized UiO-
66 nanocrystals can simultaneously improve the tensile strength, oxidative stability, and proton 
conductivity of the 6FPBI-based PEMs. The ordered porous structure of functionalized UiO-66 nanocrystals 
allows them to accommodate excess phosphoric acid and construct additional rapid pathways for 
facilitating proton transport within PEMs. Compared to UiO-66-NH2 and UiO-66-S, UiO-66-IM exhibited 
better interfacial compatibility with the polymer matrix for the nanocomposite membrane with the 10 wt% 
filler content, likely due to the strong affinity arising from the structural similarity between imidazole of 
UiO-66-IM and benzimidazole of 6FPBI. Meanwhile, the good wettability and interfacial adhesion between 
UiO-66-IM and 6FPBI resulted in uniform filler dispersions and remarkable improvements in the membrane 
properties such as tensile strength, oxidative stability, acid doping level, and proton conductivity. In 
particular, the proton conductivity at 170°C and the maximum power density of the fuel cell were 
respectively increased by 113% and 249% for the acid-doped 10 wt% UiO-66-IM/6FPBI membrane in 
comparison to the acid-doped pristine 6FPBI membrane. 
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Introduction 
Bipolar membranes are attracting great attention as they can be used for pH control and acid-base 
production due to their ability to dissociate water into protons and hydroxide ions under an electric field. 
Nevertheless, its application is limited due to its high overpotential and performance stability. In this study, 
a dual-electrospinning method was used to form a 3D junction area that expands the surface area where 
water splitting occurs. Furthermore, water splitting could be effectively accelerated by introducing NH2-
MIL-101(Fe) catalysts into the 3D junction layer.  
Experimental/methodology 
A 3D-junction layer was formed by a dual-electrospinning method, and the sample was marked as 3D-BPM. 
Next, MOF catalysts were synthesized through hydrothermal reaction and were incorporated into the 
junction layer via spraying. The 3D-BPM with MOF catalysts was marked as 3D-CBPM. The final product 
(3D-CBPM) was electrochemically characterized, and its performance was compared with a commercial 
BPM (Fumatech bipolar membrane, FBM) and 3D-BPM. 
Results and discussion 
According to the I-V curve (Figure 1), a 3D-CBPM revealed a potential of 0.8854 V at 100 mA/cm2, which 
was about 2 times lower than the 3D-BPM�[�•�� �‰�}�š���v�š�]���o�� �~�î�X�ñ�ð�� �s�•. Even compared to the commercial ���W�D�[�•��
potential (1.02 V), the 3D-CBPM showed a 24.4% lower 
potential, demonstrating the high feasibility of the as-
prepared MOF catalysts. 
As for the long-term operation, the 3D-CBPM was 
confirmed to maintain its membrane potential for 100 h at 
50 mA/cm2, which was similar to the FBM experiencing only 
a 2.4% increase in the membrane potential. The 3D-�����W�D�[�•��
stable long-term performance was assumed to arise from a 
larger water-splitting area in the 3D junction. 
Meanwhile, in light of the first limiting current density, the 
3D-CBPM (5.08 mA/cm2) could prevent co-ion leakage 
comparable to the FBM (4.86 mA/cm2). 
Lastly, the 3D-CBPM displayed a current efficiency of 85%, 
an energy consumption of 3.99 kWh/kg, and satisfactory acid-base production performance in the 
electrodialysis experiments.  
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Introduction. Currently, alkaline water electrolysis has the disadvantage of having a large stack and low 
efficiency while cation exchange membrane water electrolysis has the disadvantage of using expensive 
platinum-based catalysts. To overcome the shortcomings of alkaline water electrolysis and cation exchange 
membrane water electrolysis, anion exchange membrane water electrolysis is attracting attention as an 
alternative. However, to date, no commercial AEM has been developed that has excellent mechanical 
strength while maintaining high conductivity 
Experimental/methodology. In this study, an AEM membrane with high durability, thermal stability, and 
excellent conductivity was prepared using a PBI/QPPO blend with high durability and excellent properties. 
In order to conduct a water electrolysis test using this anion exchange membrane, various characteristics 
such as ion conductivity, ion exchange capacity, TGA, swelling ratio, and water uptake were evaluated. 
Results and discussion. Whether the blend was good was confirmed by photographing the membrane 
through FESEM and through TGA, it was confirmed that the thermal properties increased as the 
concentration of PBI increased, and the mechanical strength also increased. The performance of the anion 
exchange membrane was confirmed by measuring ionic conductivity and ion exchange capacity. And finally, 
a water electrolysis cell test was conducted to confirm performance 

Figure 1. Water electrolysis cell test of PBI Blend membrane 
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Introduction.  
Proton Exchange Membrane Fuel Cells (PEMFCs) are power generation devices that efficiently convert 
chemical energy into electrical energy and are being investigated as power sources for portable and 
vehicular applications. A critical component of PEMFCs is the Proton Exchange Membrane (PEM), which 
functions as a proton conductor and gas separator. In recent developments, reinforced membranes that 
maintain high performance while minimizing resistance have become essential. These reinforced 
membranes are fabricated by impregnating a highly durable, porous Polytetrafluoroethylene (PTFE) with 
an electrolyte. Although the fluoropolymer Nafion membrane has been extensively employed as an 
electrolyte due to its superior proton conductivity and chemical stability, it is expensive and poses 
environmental concerns. Hydrocarbon-based electrolytes are promising alternatives, but they exhibit 
limited compatibility with PTFE, necessitating further research to address this issue. 
 

Experimental/methodology.  
In this study, we investigated the method of using PTFE as a reinforcement material. PTFE is well known for 
its chemical resistance and mechanical stability, but its inherent hydrophobicity limits compatibility with 
hydrocarbon-based electrolytes. To achieve uniform oxidation, an effective method was applied to 
increase the hydrophilicity of PTFE through chemical treatment. The wettability of pretreated PTFE was 
analyzed using Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy, contact 
angle measurements, and Scanning Electron Microscopy (SEM) analysis. Additionally, the durability of the 
membrane electrode assembly (MEA) with the reinforced membrane was evaluated through an OCV 
combined wet-dry cycling test. 
 

Results and discussion.  
The chemical treatment significantly improved the wettability of PTFE, as evidenced by ATR-FTIR 
spectroscopy showing an increase in hydrophilic functional groups on the surface. Contact angle 
measurements indicated a substantial reduction in hydrophobicity, and SEM analysis confirmed that the 
pore structure remained stable after treatment. When integrated with hydrocarbon-based electrolytes, the 
treated PTFE membrane demonstrated enhanced chemical durability in single cell evaluations compared to 
untreated PTFE membranes. 
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Introduction.  
In recent years, ion exchange membranes have received increasing attention in view of their potential 
application in electrochemical devices, such as fuel cells and electrolysers. The interest is mainly focused 
on polymers with lower cost than the benchmark polymer Nafion®, high chemical and thermal stability, 
and sufficiently high conductivity. The polymers that have been investigated most extensively for this 
purpose include polysulfones, poly(ether ether ketone)s and polymeric ionic liquids. An interesting 
candidate is PEEK-WC, a glassy poly(ether-ether-ketone) with a cardo group in the backbone, which is 
soluble in various common organic solvents. In this study, we will discuss a simple and straightforward 
chemical modification of PEEK-WC[1,2] to yield anion exchange membranes (AEMs) for possible use in 
alkaline AEM fuel cells and electrolysers. 
 
Experimental/methodology.  
Amine-functionalised PEEK-WC membranes were prepared by the reaction of the polymer with di- or 
multifunctional amines at different temperatures and in multiple solvents. The reaction conditions were 
optimised by a systematic series of experiments at different amine/polymer ratios, reaction times and 
temperatures. The pure gas and vapour transport parameters were determined in a fixed-volume/pressure-
increase instrument, employing the time-lag method to determine the gas permeability, P, diffusivity, D, 
and (indirectly) solubility, S.[3] The physicochemical properties were evaluated by ATR-FTIR and DSC 
analysis. Mechanical properties were determined at room temperature by means of tensile tests. 
 
Results and discussion and outlook.  
We have successfully prepared chemically stable amine-functionalised poly(ether ether ketone) 
membranes. Under the proper conditions, a low conversion between the amine and the cardo group of 
PEEK-WC took place and the polymer remained soluble in the reaction mixture. After film casting and 
evaporation of the solvent, the films became insoluble at the highest amine/PEEK-WC ratios. This 
demonstrates that the cross-linking reaction continues in the concentrated or solid phase. 
ATR-FTIR and DSC analysis as a function of the reaction time and membrane casting temperature 
confirmed a higher conversion (and presumably higher degree of cross-linking) with increasing reaction 
times and temperatures. Future experiments will focus on the quaternization of the unreacted amine 
groups and to the analysis of the ion conductivity. 
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Introduction 
The need for the world to find to a new energy system is increasingly more pressing. Renewable energies 
have an important role in this transition; however, their intermittent nature is a challenge, leading to the 
necessity of storing them. Vanadium redox flow batteries (VRFBs) offer several advantages over other energy 
storage devices, such as ambient operating conditions, fast response times and easy scalability.[1] Nafion is 
the most common membrane used in the system because of its high proton conductivity; however it suffers 
from vanadium crossover, which over charge/discharge cycles, reduces the capacity and eventually requires 
the electrolyte to be replaced. A strategy to reduce the crossover is the incorporation of filler materials, in 
particular 2D materials, within the matrix polymer leading to a mixed matrix membrane (MMM), acting as 
a barrier material but at the same time not reducing the proton conductivity. Graphene Oxide (GO) 
functionalised with APTS has been reported as filler material for membrane distillation technologies, 
enhancing the salt rejection and the hydrophilicity of PVDF [2,3]. In this work, GO-APTS has been successfully 
incorporated within Nafion structure to reduce vanadium crossover in VRFBs to enhance performance and 
lifetime of this electrochemical energy devices. 
Experimental 
GO was functionalised with APTS, by heating at 80 �•  under reflux using a DCC catalyst. Composite 
membranes were casted by dissolving appropriate amounts of GO-APTS and Nafion in DMF to produce 0.1 
wt.%, 0.2 wt.% and 0.3 wt.% GO-APTS loadings MMM. All membranes had a thickness of approximately 40 
µm. After appropriate pre-treatments, the membranes were then evaluated within an in-house diffusion cell 
to measure the permeability of vanadium-ions across the membranes and within a VRFB under 200 
charge/discharge cycles and a self-discharge test. Proton conductivity of the membranes have been 
evaluated by Electrochemical Impedance Spectroscopy (EIS) at the beginning and the end of the cycles. 
Results are compared against a plain recast Nafion membrane and commercial Nafion 212 membrane.  
Results and discussion 
The incorporation and homogeneous distribution of GO-APTS into the Nafion membrane have been proved 
by water contact angle and EDX. Permeability tests show vanadium crossover decreases with the addition of 
GO-APTS, up to 0.2 wt.% which is showing to be the favourable loading, with a 13.7% reduction in vanadium 
crossover compared to plain Nafion. VRFB cell tests show that using a composite membrane reduces the rate 
of vanadium crossover and slows the capacity fade, all while having a lower Rohm when compared to the plain 
Nafion membranes. 
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Introduction.  
Anion exchange membranes (AEMs) are widely used in electrochemical energy conversion and storage 
devices, including fuel cells, water electrolyzers, electrodialysis, and redox flow batteries. For AEMs, the 
number of water molecules per ionic head group (hydration number) is critical in determining the anion 
transport performance. The anion exchange membranes (AEMs) occurs through a combination of vehicular 
transport (diffusion and convection) and hopping (Grotthuss hopping and surface site hopping) through 
the hydrogen-bonded water network solvated by polymer side groups.[1] Poly(aryl piperidinium) (PAP) 
membranes are a new generation of high-performance AEMs with excellent chemical stability, produced 
by grafting alkaline-stable piperidinium cationic groups on ether-free aryl polymer backbones [2,3]. 
However, traditional PAP polymers usually have low ion conductivity due to the dense packing of polymer 
chains.  Therefore, this work aims to develop AEM polymers with high internal free volume to enhance the 
ion conductivity and hence the performance of water electrolysers. 
 
Experimental/methodology. In this work, rigid and contorted monomers were introduced into the PAP 
polymer design to regulate the hydration number while maintaining a similar IEC. The membranes were 
characterized with a wide range of techniques to understand the relationship between the free volume 
and the water transport properties. The hydroxide transport properties were measured by electrochemical 
impedance spectroscopy.  
 

Results and discussion. The rigid and three-dimensional monomer efficiently increases the free volume of 
the original PAP polymer, thereby increasing its water uptake and hydration number. Due to the increased 
hydration level, the new PAPmembrane achieved high hydroxide ion conductivity (194 mS/cm at 80 °C) and 
a current density of 17 A/cm�á under 2 V at 80 °C in an AEM water electrolyzer. 
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Introduction. In line with the current goals of the EU, USA, and Japan to ban perfluorinated or poly-
fluorinated alkyl substances (PFAS), there is a rising need for alternative membrane chemistries to be used 
in fuel cells and electrolyzers. 
Experimental/methodology. Therefore, we targeted the development of fluorine-free aromatic 
hydrocarbon-based polymers. During polymer synthesis we explored the use of a block copolymer strategy 
and obtained copolymers based on a hydrophilic sulfonated poly(aryl sulfone sulfide) block and 
a hydrophobic poly(aryl ether ketone) block (BCP, Figure 1). Block copolymers help to limit the water 
uptake and swelling properties of hydrocarbon PEMs while maintaining good ionic conductivity as a result 
of the nanophase separation between the hydrophilic and hydrophobic blocks.  
Results and discussion. The BCP blend showed appreciable in-plane conductivity (Figure 1). In the next 
stages of the project we used both aromatic hydrocarbon-based and PFAS-type proton exchange 
membranes to prepare catalyst coated membranes (CCM) using two types of high surface area carbon 
supports in the catalyst layer, amorphous carbon and highly durable partially graphitized acetylene black. 
To study the durability of the novel CCMs, we subjected them to accelerated stress tests in the hydrogen 
fuel cell under three different AST conditions that selectively target the catalyst, carbon support, and 
membrane, respectively.  
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Figure 1. Left: structure of the novel block copolymer (BCP), Right: in-plane conductivity data at various temperatures 
for the BCP copolymer blend and commercial proton exchange membranes, Nafion 115 and sPEEK, respectively. Data 
was recorded in a Scribner 4-probe cell using a Gamry potentiostat. 
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Introduction. A key component of a proton exchange membrane water electrolysis (PEMWE) cell is the 
proton exchange membrane (PEM), which conducts protons from the anode to the cathode and prevents 
the permeation of produced hydrogen to the anode side. The current state-of-the-art membrane material 
�]�•���W�&�^���U���•�µ���Z�����•�����µ�‰�}�v�š�[�•���E���(�]�}�v�U�����µ�����š�}���]�š�•�����Æ�����o�o���v�š proton conductivity and chemical stability for PEMWE 
applications. However, there are concerns about the use of PFSA membranes in PEMWE operations at 
temperatures above 90 °C in fully hydrated conditions, as their mechanical properties weaken due to their 
low alpha-transition temperature [1]. In the world of electrochemical applications, PFSA membranes are 
commonly used but are expensive. Researchers have been exploring cheaper and more adaptable 
alternatives, such as hydrocarbon-based membranes. Here, the introduction of a naphthalene unit based 
on a fused pair of benzene rings into hydrophobic poly(arylene Ether Ketone) oligomers has been explored 
to enhance p-p interactions. This modification results in improved hydrophilic-hydrophobic phase 
separation and physical properties. 
 
Experimental/methodology. The multi-block copolymers in this study were prepared through the Ni(0)-
catalyzed coupling reaction of 3-sulfonated-2,5-dichloro benzophenone (SDCBP) and Cl-terminated 
naphthalene-based poly(arylene Ether Ketone) (Cl-NBP, 6.4 kDa). 1H- and 19F-nuclear magnetic resonance 
(NMR) spectra of the synthesized polymers were measured using 500 MHz DRX300 spectrometer with 
dimethylsulfoxide-d6 and chloroform-d. The inherent viscosities (�{inh) of polymer solutions in NMP were 
measured at a concentration of 0.05 g dL-1 containing 0.05 M lithium bromide (LiBr) at 25 °C using 
a viscometer. The IEC values of the SPPNBP membranes were measured using a Metrohm 794 Basic Titrino 
Compact Titrator via titration method. The details of the MEA preparation are described in the previous 
our publication [2]. With a MEA and a PTL, a PEMWE single cell was assembled, and its performance was 
recorded at 80 °C using a PEMWE station (CNL Energy). 
 
Results and discussion. The polymers were successfully synthesized with an ion exchange capacity (IEC) 
ranging from 1.10 meq g�>1 to 2.49 meq g�>1, using a Ni(0)-catalyzed coupling reaction. To achieve high IEC 
values to compete with commercially available PFSA membranes, the input ratios of 1:3 and 1:5 were 
chosen as the optimal sets with a polymerization yield of over 50%. 
introducing naphthalene units into the hydrophobic oligomers, the 
dimensional changes in liquid water, hydrogen gas barrier property, 
and mechanical toughness were improved, even with their high IEC 
values. Specifically, SPPNBP_5 membrane had higher proton 
conductivity at 0.2 S cm-1, but lower hydrogen permeability at 31.7 
barrer than Nafion 212 at 80 °C. These improved properties resulted in 
3.6 times higher proton selectivity to hydrogen gas than Nafion 212. 
The PEMWE single cells using SPPNBP_3 and 5 membranes performed 
well with current densities of 4.8 and 5.5 A cm-2 at 1.9 V and 80 °C, 
which was a higher performance than Nafion 212 (4.75 A cm-2) under the 
same conditions. 
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Introduction. Anion exchange membranes have a wide range of applications in laboratory and industrial 
settings. These applications include electrochemical desalination of seawater and brackish water, 
separation of electrolytes from non-electrolytes, purification of pharmaceutical preparations, use as solid 
electrolytes, and other processes. Anion exchange membranes are typically produced by 
chloromethylating cross-linked polystyrene or by grafting styrene or vinylbenzyl chloride onto a porous 
membrane, followed by chloromethylation. The chlorine atom in the chloromethyl group is replaced with 
trialkylamine, resulting in the formation of a quaternary tetraalkylammonium functional group[1][2]. 
  
Experimental/methodology. In contrast to previous practices, the anion exchange membranes in our case 
are composed of a block copolymer of poly(styrene-block-ethylene-stat-butylene-block-styrene) (SEBS) 
with covalently bonded quaternary 1,1-dimethylpyrrolidinium groups to the benzene core via its methyl 
group. The SEBS copolymer undergoes chloromethylation, and the membrane is cast before undergoing 
a nucleophilic reaction with 1-methylpyrrolidine.  

Chlormethylation

 
 
Results and discussion. The functionalized anion exchange membranes retain the excellent mechanical 
properties of the starting copolymer. At 30°C, their ionic conductivity is 42.3 mS cm-1 and their ion 
exchange capacity is 1.50 mekv g-1 [3]. 
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Introduction. 
The growing demand for sustainable energy solutions has driven significant research and development in 
fuel cell technologies. Polymer electrolyte membrane fuel cells (PEMFCs) have received considerable 
attention due to their high efficiency, low operating temperature, and potential for automotive and 
stationary power generation applications. The key component that determine the performance and 
durability of PEMFC is the polymer electrolyte membrane, which acts as a proton conductor and fuel and 
oxidant separator. Traditionally, perfluorosulfonic acid (PFSA) membranes like Nafion have dominated the 
market due to their excellent proton conductivity and mechanical stability. However, PFSA membranes 
face challenges such as high cost, environmental concerns, and performance degradation at elevated 
temperatures and low humidity. This has sparked interest in developing alternative materials, particularly 
hydrocarbon polymer membranes. Hydrocarbon polymers offer a promising alternative due to their lower 
cost, ease of modification, and environmental friendliness. However, there are still some drawbacks such 
as poor mechanical and chemical stability. The fabrication of reinforced composite membrane can 
significantly improve the mechanical stability while maintaining  or even enhancing chemical stability. 
 
Experimental/methodology. 
The reinfoced composite membrane was fabricated with polyethylene porous substrate and sulfonated 
aromatic polymers.  Surfactants were used to improve the impregnation rate of the polymer electorlyte. 
Hazeness and cross-sectional images were analyzed to confirm whether the reinforced composite 
membrane was well manufactured. Proton conductivity and fuel cell performance were measured to 
investiage the electrochemical performance, while water uptake, swelling ratio, elongation, and tensile 
strength were evaluated to assess mechanical properties. 
 
Results and discussion.  
A uniform three-layer structure of a hydrocarbon polymer based reinforced composite membrane was 
fabricated by introducing a surfactant and optimizing the impregnation process. Due to the low porosity of 
the porous substrate used in the fabrication of the reinforced composite membrane, its proton conductivity 
was slightly lower than that of the homogeneous membrane. However, the reinforced composite 
membrane exhibited lower water uptake and swelling ratio compared to the homogeneous membrane, 
while demonstrating superior tensile strength and elongation. This confirmed that the fabrication of the 
reinforced composite membrane can enhance the mechanical durability of hydrocarbon polymer 
electrolytes. 
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Introduction. Fuel cells (FCs) are promising new tools, transforming chemical energy directly into 
electricity. Using hydrogen as fuel there is no greenhouse gas emission [1]. Due to their relatively low 
operation temperature, high power density, short start-up, and high efficiency, proton exchange 
membrane fuel cells (PEMFCs) represent a very important group of FCs which is favorable for mobile 
applications. The electrocatalyst, most frequently carbon supported platinum is one of the key components 
responsible for the performance, longevity and price of PEMFCs.  
Experimental/methodology. Gas diffusion electrodes (GDEs) were prepared by an own designed spray-
coating robot. Active area of the membrane electrode assemblies was 16cm2. MEAs with different Pt 
loading were directly measured by cyclic voltammetry (CV). Combined measurements were carried out by 
polarization with electrochemical impedance spectroscopy �t EIS [2]. Measurements were autothermal 
1A/10min steps without external heating and they were aquired by thermocamera. 
Results and discussion. Catalyst layer thickness optimization was carried out by the spray-coating robot. 
Voltammograms showed linear connection between current of H-desorption peak and Pt loading of 
cathode. Autothermal UI-GEIS measurement let us to determine the current density dependence of R1, R2 
and C2 values. 

 
Figure 1 Spray-coating robot for GDE preparation 
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Introduction  
Carbon-free H2 production is an important goal and water electrolys is a promising approach for green 
hydrogen production. The improvement of this tecnology is continuously advancing and ion exchange 
membranes (IEM) play a key role [1]. 
IEMs should fulfill a series of requirements such as high conductivity, ion exchange capacity (IEC), 
permselectivity and good chemical, mechanical and thermal stability. Moreover, green and low-cost 
membrane materials should be used for their production. In this work, we present new mixed matrix 
membranes combing a nanocellulose material called CytroCell and a polymerizable ionic liquid (PIL), 
namely CytroCell@PIL. CytroCell, micronized cellulose produced in large quantity at ultralow cost from 
lemon processing waste [2], has been embedded in the membrane mix using green solvents like CyreneTM 

and Polarclean® [3].  
The combination of the green nanomaterial with the conductive properties exibithed by the PIL [4], 
allowed to produce robust and conductive ion exchange membranes using fast, low-cost and 
environmentally friendly routs.  
 
Experimental/methodology  
Assembled in a four electrodes cell, Cyclic voltammetry (CV) and Electrochemical Impedance Spectroscopy 
(EIS) techniques were used to investigate the conductivity of the produced IEMs and a scanning electron 
microscopy investigation to characterize the morphology of such IEMs.  
 
Results and discussion  
Ion exchange membranes based on PIL, were produced using easy and green way. IEMs showed good 
performances and stability. Among them, environmentally friendly CytroCell combined with the conductive 
PIL, allow to reach good conductivity combined with high stability. 
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Introduction. Redox flow batteries (RFBs) are promising technologies for grid-scale storage of renewable but 
intermittent energy sources. RFBs offer superior lifetimes, design modularity and the ability to decouple 
power from capacity. Ion exchange membranes are critical components in RFBs. Their function is to minimize 
the crossover of redox active species whilst allowing fast conduction of charge-balancing ions. 
Perfluorosulfonic acid polymers, such as Nafion, are expensive ($500/m2) and based on highly polluting 
polyfluoroalkyl substances (PFAS), which is limiting the widespread use of RFBs. 
Experimental/methodology. To overcome the challenges of high cost and low-selectivity posed by Nafion 
membranes, we replaced the phenyl groups in poly (ether ether ketone) (PEEK) with bridged bicyclic 
triptycene, to introduce free-volume into the polymer matrix based on our previous work.1,2  Sulfonated 
PEEK polymers with triptycene backbones (sPEEK-Trips) were successfully cast into mechanically robust 
membranes. Membrane structural and physical properties were characterized with a variety of techniques. 
The membranes were used in a range of flow battery chemistries, including aqueous organic flow batteries 
and alklaine zinc-iron flow batteries. Computational modelling was peformed to study the fundamental 
polymer structures and ion transport mechanism. 
Results and discussion. Ionic conductivity and ionic selectivity are critical parameters in flow batteries. Ionic 
selectivity determines the lifetime of the battery, where capacity is determined by the quanitity of redox 
species in the respective half-cells. High ionic conductivityenables low resistance which enables higher 
efficiencies and cost reductions. However, increasing the ionic conductivity often results in a selectivity 
penalty owing to higher membrane swelling endowed by the higher hydrophilicity.  sPEEK-Trip membranes 
have higher ionic conductivities  (20.1 mS cm-1 vs 10.5 mS cm-1 in 1 M KCl)  at the same ion exchange capacity 
and show no increase in redox species permeability (10-9 cm2 s-1). The measured redox flow battery 
performance surpasses all reported membranes in a neutral pH aqueous organic and an alkaline zinc-iron 
system.3 The membrane design will inspire the development of high-performance ion exchange membranes 
for electrochemical energy storage and conversion. 

  
Figure 1- Sulfonated membranes for aqueous redox flow batteries b) Upper bound plot for ferrocyanide permeability 
vs. ionic conductivity b) energy efficiency vs. current density in the alkaline quinone redox flow battery c) peak power 
density vs. open circuit voltage of this work and state-of-the-art RFB systems 
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Flow batteries require ion conductive membranes (ICMs) with high ion selectivity to achieve efficient 
energy conversion. Herein, we engineered a cysteine-modified covalent organic framework (Cys-COF) by 
a Thiol-ene click reaction. As a promising proton carrier, the innovative material was then incorporated 
into sulfonated poly(ether ether ketone) (SPEEK)  to fabricate advanced ICM that tailored for vanadium 
flow batteries (VFBs). Benefiting from the zwitterionic groups anchored on the channel walls, Cys-COF 
achieved highly proton-selective transport. As a result, the optimized membrane demonstrated 
synchronized improvements in coulombic efficiency (95.01%-98.84%), voltage efficiency (95.15%-77.84%) 
and comprehensive energy efficiency (90.41%-76.94%) ranging the current densities from 40 to 200 mA 
cm-2. Regarding long-term stability at the constant current density of 120 mA cm-2, it also achieved 
exceptional energy efficiency (~84.3%) over 1100 cycles and 500 hours, outperforming both pure polymer 
membrane and commercial Nafion 212. 
 
Acknowledgments 
The authors gratefully acknowledge the research funding provided by National Key R&D Program of China (Grant Nos. 
2021YFB3801301), Shanghai Pilot Program for Basic Research (Grant Nos. 22TQ1400100-4), and National Natural 
Science Foundation of China (Grant Nos. 22075076). 

References 
[1] Xu, W.Y. et al. Adv. Funct. Mater. 2023, 33, 2300138. 
[2] Wu, Y.L. et al. Angew. Chem. Int. Edit. 2023, 62), e202313571. 
[3] Li, C. et al. Nat Commun. 2022, 13, 7894. 
 

mailto:zhixu@ecust.edu.cn


 

 

 

Membrane contactors, 
membrane condenser, 

membrane dryer 

T2 

Lectures 



Recovering Ammonia from Anaerobic Digestion Effluent with an Anti-
Fouling Janus Membrane in a Membrane Contactor 

 
H.W. Jeon, A. Jang* 

 
Department of Global Smart City, Sungkyunkwan University (SKKU), Suwon-Si, Gyeonggi-do, 16419, 

Republic of Korea 
*Corresponding Authors E-mail address: amjang@skku.edu  

 
Keywords: Anaerobic digestion effluent, Electrospinning, Resource recovery 
 
Introduction. Membrane contactors can selectively recover ammonia through hydrophobic membranes. 
However, the hydrophobic components can lead to membrane pore blocking or narrowing due to the 
combined effect of electrostatic repulsion and hydrophobic-hydrophobic interactions [1]. In an effort to 
mitigate these issues, Janus membranes, characterized by a dual-layered structure, have been recently 
introduced. These membranes possess an asymmetric design with a hydrophobic surface coated with 
a hydrophilic layer, effectively addressing membrane fouling challenges. Consequently, the focus of this 
study is to utilize electrospun Janus membranes to enhance the management of fouling and wetting 
phenomena in the context of ammonia recovery through membrane contactors. 
Experimental/methodology. The synthesis of the Janus membrane involves a two-steps: (1) modification 
of a commercial PVDF membrane to achieve superhydrophobicity using 1H, 1H, 2H, 2H-
Perfluorodecyltriethoxysilane, and (2) coating the modified membrane with a hydrophilic layer through 
electrospinning using a Polyvinyl alcohol solution . The resulting Janus membrane is subsequently applied 
to treat anaerobic digestion effluent for the recovery of ammonia, and the fouling during the process is 
monitored. 
Results and discussion. As shown in Figure 1, the contact angle of the superhydrophobic membrane 
�•�]�P�v�]�(�]�����v�š�o�Ç���]�v���Œ�����•�������š�}���í�ñ�î�£�����}�u�‰��red to �š�Z�����À�]�Œ�P�]�v���u���u���Œ���v�����~�í�í�ð�£�•�X��Notably, the contact angle of the 
hydrophilic layer was unmeasurable, as the testing liquid was rapidly absorbed by the hydrophilic coating, 
affirming the successful fabrication of the membrane. The ammonia recovery test results indicate that for 
the pristine membrane, the mass transfer coefficient (MTC) was 0.0437 m/h when tested with the 
ammonia solution. However, when the anaerobic digestion effluent served as the feed, the MTC dropped 
to approximately 0.0159 m/h, signifying a 36% reduction in ammonia flux. In contrast, the Janus membrane 
exhibited a slightly lower MTC in an ammonia solution, measuring at 0.0273 m/h. Nevertheless, it is 
anticipated that the Janus membrane will effectively recover ammonia from raw wastewater by sustaining 
flux over an extended period, particularly in wastewater containing organic matter. 

 
Figure 1. SEM image of (a) superhydrophobic and (b) hydrophilic layer, (c) contact angle of Janus membrane, (d) 

ammonia flux of the pristine membrane in the ammonia solution and anaerobic digestion effluent. 
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Introduction. In response to the imperative of addressing sustainable energy and mitigating climate 
change, wastewater is increasingly recognized as a valuable resource with diverse applications. Particularly 
noteworthy is the recovery of ammonia and bioenergy generation through microalgae cultivation using 
anaerobically digested wastewater (ADW). However, cultivating microalgae in actual ADW poses significant 
challenges due to elevated concentrations of ammonia nitrogen (TAN), refractory substances, diverse ions, 
and turbidity. This study seeks to address the hurdles associated with high TAN concentrations in actual 
ADW, aiming to establish optimal wastewater conditions for bioenergy production. The membrane 
contactor (MC) is employed to recover high-concentration TAN, utilized as an energy source. 
Simultaneously, the ozone process is employed to control refractory substances and turbidity. This 
research is anticipated to develop a sustainable and high-performance method for energy production. 
Experimental/methodology. The MC experiments were conducted employing a hydrophobic flat sheet 
polyvinylidene fluoride (PVDF) membrane with a pore size of �ì�X�î�î���…�u. The pH of the ADW was adjusted to 
10, and a stripping solution of 0.5 M sulfuric acid was utilized. Ozone (Ozonetech, LAB-S, Korea), generated 
at a rate of 5.0 mg/min, was produced using high-purit�Ç���}�Æ�Ç�P���v���~�H�õ�õ�9�•. 
Results and discussion. Figure 1. (a) illustrates the relative concentration changes of substances within the 
ADW during the MC process. The hydrophobic porous membrane forms an air layer inside, allowing only 
gaseous forms to permeate. Consequently, there were no variations in the concentrations of nitrate (NO3-), 
chemical oxygen demand (COD), phosphate (PO4

3-), and nitrite (NO2-). However, ammonia (NH3) effectively 
permeated through the membrane, exhibiting a permeation rate of 73.4% over 24 hrs. Total nitrogen (TN) 
also showed a reduction of 75.56%, indicating that the majority of nitrogen nutrients in ADW exist as 
ammonia nitrogen. As NH3 disappeared from the feed solution, it was successfully recovered in the 
stripping solution (figure 1 (b)). The ozone oxidation mechanism in the process led to a 51.9% reduction in  
COD over 24 hrs, effectively transforming refractory organic carbon into biodegradable form. Although 
ammonia decreased by 72.9% due to oxidation, it resulted in the conversion of NO2

- and NO3
- to 

concentrations 12.5 and 98.6 times higher than the initial levels. Therefore, while ammonia can be reduced 
through the ozone process, it cannot be recovered as a useful resource. Furthermore, the oxidation 
process generates oxidized substances of NO2

- and NO3
-, highlighting the necessity of incorporating the MC 

process at the front end to reduce high-concentration nitrogen and maximize resource recovery. 
 

 
 

Figure 1. (a) Variation of compounds relative concentration via MC in the feed solution, (b)  Variation relative 
concentration via ozone treatment, (c) comparison of ammonia removal and recovery rates in MC. 
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Introduction.  
About 1.3 billion tons of waste originate annually from food, contributing to economic losses and 
environmental damage [1]. However, the nutrients and organic matter content of fermented foodwaste 
(FFW) is suitable for producing volatile fatty acids (VFAs) and bio-based fertilizer. Nonetheless, the 
complexity of fermentation media and low nutrient concentrations hinder the optimal concentration, and 
selective separation. Exploring electrodialysis (ED) and membrane contactor to overcome such limitations is 
crucial for selectively separating VFAs from nutrients in fermented media, and increasing the nutrients and 
VFAs potential for bio-based fertilizers and chemical platforms. In this study, ED was first applied to 
concentrate nutrients (NH4+, K+, NO3

-, and PO43-) and VFAs (acetic, propionic, and butyric acids) from FFW, 
after which a hydrophobic membrane contactor (HMC) was applied to refine the ED concentrate by 
selectively separating the VFAs from the nutrients. The recovery, and concentration factor of nutrients and 
VFAs via ED, as well as selective separation of the VFAs from the nutrients via HMC were determined. 
Experimental/methodology.  
Electrodialysis of industrial FFW was performed maitaining initial diluate:concentrate volume of 5:1 to 
target a concentration factor (CF) of 5. A 6.25 mA/cm2 current density was applied to eleven cell pairs of 
cation and anion exchange membranes in ED stack (PCcell ED64004, Germany). Following the ED, HMC was 
applied for 24 h to selectively separate the VFAs from the nutrients in the ED concentrate (Figure 1). 

 

Figure 1 ED and hydrophobic membrane contactor for 
VFAs and nutrients separation from FFW. 

Results and discussion.  

With the ED only, high VFA and nutrient CF 
values 2.5�t3.9 were achieved, but with poor 
selective separation, corresponding to 
a VFA:nutrient mole ratio of 1:2. Thus the ED 
was only efficient for concentrating the 
nutrients and VFAs. However, following the ED 
with HMC, 17�t44-times higher selective VFA 
separation from nutrients was attained, 
corresponding to VFA:nutrient mole ratio of 
34:1. Thus, 98% of the concentrated nutrients 
were maintained in the ED concentrate 
whereas 94�t96% of the concentrated VFAs 
were selectively separated to the HMC 
permeate. The results suggest that applying 
HMC after ED of fermented food wastes can 
provide highly concentrated and selectively 
separated VFA and nutrient streams with high 
purity, which can be valorized for bio-based 
fertilizers and chemical platforms.  

  
References 
[1] FAO-News Article Food wastage: Key facts and figures. https://www.fao.org/news/story/en/item/196402/icode/. 

mailto:francis.kotoka@ugent.be
https://www.fao.org/news/story/en/item/196402/icode/


Further Improvements in Lactic Acid Membrane Extraction: Introducing 
Deep Eutectic Solvents for an Emulsion-free, Non-toxic Direct Extraction 

 
A. �W� �Œ���Ì1*, P. Demmelmayer2, M. Kienberger2, W. Riedl1 

 
1University of Applied Sciences and Arts Northwestern Switzerland FHNW, School of Life Sciences, Muttenz, 

Switzerland 
2Graz University of Technology, Institute of Chemical Engineering and Environmental Technology, Graz, 

Austria 
*alan.perez@fhnw.ch 

 
Keywords: Lactic acid, Membrane Extraction, Deep Eutect Solvents 
 
Introduction: Lactic acid (LA) is a carboxylic acid with extensive applications in industries such as food, 
cosmetics and pharmaceuticals, driven in particular by the demand for polylactic acid [1,2]. LA is mainly 
produced by fermentation (over 90% worldwide) and significant research has been done in recent years to 
find disruptive ways to improve the production process of LA [3,4]. It is reported, that both capturing and 
purification of LA from fermentation works with the use of liquid-liquid extraction [5]. However, the 
formation of stable emulsions and the toxicity of solvents are drawbacks of this downstream processing 
technology. Membrane extraction (ME) prevents from emulsion formation and reduces the impact of 
solvents to the fermentation broth [5]. Using �^�P�Œ�����v���•�}�o�À���v�š�•�_�������•�������}�v���������‰�����µ�š��ctic systems, the impact 
of the solvent can be further reduced and triggers the attraction of  liquid-liquid extraction as technology for 
the direct extraction of carboxylic acids in general and LA in particular.   
Experimental/methodology: This work evaluates the performance of LA ME from several LA sources using 
a preliminary studied solvent based on tri-octylamine and decanol [5], and a green solvent alternative based 
on a thymol-menthol deep eutectic solvent (DES) [6]. The design of experiments  and optimization lead to 
systematically identified operating conditions (in terms of solvent composition and temperature) that 
improve the performance of LA membrane extraction. The membrane area required to apply the ME 
technology for in situ LA ME is calculated from the performance evaluation of the two solvent systems, 
TOA/decanol and TOA/DES.  
Results and discussion: Optimized conditions for LA ME were identified with 10 wt% TOA in the DES (60 mol% 
thymol and 40 mol% menthol) at an operating tempera�š�µ�Œ�����}�(���ñ�ì���£���X The overall mass transfer was obtained 
for both solvents and multiple sources of LA as shown in Figure 1. The green solvent showed a lower 
performance, resulting in a higher membrane area required for its application for in situ LA extraction. As for 
the ME of LA with TOA/decanol, also the use of TOA/DES as solvent did not result in any formation of 
emulsion and delivered clear LA containing extracts at any time. 

 
Figure 1. LA ME performance evalaution for batch operation. A = 1.38 m2, initial LA concentration = 21 g/L, volume = 
0.75 L (solvent) and 1.5 L (feed).  
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Introduction. The main problem affecting aeration is the limitation of the mass transfer at the gas/liquid 
interface due to the low solubility of oxygen in water [1]. The efficiency of the entire process is impacted by 
the bubble size, which influences the contact area between the gas and liquid phases and the bubble's 
residence time. The dimension of the bubbles is mainly affected by the surface properties of the solid porous 
material releasing the bubble in the liquid phase. Low adhesion force makes hydrophilic membranes more 
appealing than hydrophobic ones. However, hydrophilic membranes are affected by water flooding in the 
pores. Janus membranes which combine one hydrophilic outer surface with hydrophobic membrane pores 
and second outer surface could be an interesting alternative to overcome this drawback. The present work 
aimed to obtain such Janus membranes to improve the performance of the hydrophobic commercial 
microfiltration membranes applied in bubble aeration. The ambition was to obtain a membrane with a thin 
hydrophilic layer on one external surface side while maintaining a hydrophobic structure below. 
 
Experimental/methodology. The surface modification was carried out on both flat-sheet and hollow fiber 
polypropylene microfiltration membranes. The method chosen for the preparation of the hydrophilic layer 
was the co-deposition of polydopamine (PDA) and polyethyleneimine (PEI). The method for the modification 
was optimized to obtain a very thin layer on top of the hydrophobic porous matrix. The membranes were 
characterized by using GDLP (gas-liquid displacement porometry) and scanning electron microscopy (SEM) 
to obtain the pore size distribution and morphological information, respectively. Contact angle 
measurements in sessile drop mode performed with water were crucial for the characterization of the final 
product. Finally, these membranes were applied in bubble aeration of water.  
 
Results and discussion. The modification was successful and the most important variables to control for good 
hydrophilization were identified. In two hours of contact with the modification solution, the contact angle 
decreased �(�Œ�}�u�� �í�ð�ì�£�� �š�} �ò�ì�£��or �ô�ñ�£, respectively, with or without pretreatment in ethanol during the 
preparation. The elimination of the prewetting stage prevented the penetration of the dopamine/PEI 
solution into and through the pores and allowed to obtain a thin hydrophilic layer on one outer surface. After 
�ð���Z�}�µ�Œ�•���}�(���u�}���]�(�]�����š�]�}�v���š�Z�����u�����v���‰�}�Œ�����•�]�Ì�����������Œ�����•�������(�Œ�}�u���ì�X�ð���…�u���š�}���ì.�ï���…�u���d�Z�]�•���Á���•���v�}�š���}���•���Œ�À�������Á�]�š�Z���š�Z����
prewetting in ethanol, probably because the PDA/PEI accumulated only on the outside of the membrane. 
The Janus membranes show smaller air bubble dimensions and higher mass transfer coefficients than non-
modified polypropylene membranes. 
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Introduction. Modelling gas-liquid contact membrane processes is extremely challenging for simultaneous 
reaction of two or more species with a liquid solvent, especially when different mass transfer enhancement 
factors are involved at the gas-liquid interface. Furthermore, although the integration of the membrane into 
an intensified process offers many advantages modelling-wise, such as by distinguishing computationally the 
gas and liquid flows by distinct conservation equations in the two compartments, fiber and shell, it also 
introduces a degree of uncertainty due to liquid intrusion into the membrane porous network, considerably 
diminishing the membrane flux [1]. The notion of partially-wetted membrane pores stems from the 
discrepancy of the observed experimental values and the hitherto developed mass transfer models and 
correlations [2].  
Methodology. The model is tested with the aid of a reactive case, which consists of the effluent from 
a supercritical water gasification process mixture (CH4, H2, CO2, H2S) flowing in the fiber side of a 3M Liqui-
CelTM 1.7x5.5 mini-module, from which CO2 and H2S are simultaneously separated by reaction with DEA 1M 
flowing in the shell side. The overall model consists of a 2-D representation of a single fiber where the gas 
mixture flows at ambient conditions, and an 1-D model with axial convection in the shell side where a third-
order reaction between CO2 and DEA takes place, while equilibrium reactions between H2S and DEA are 
considered. The unknown wetting extent is calculated by assuming a resistance-in-series concept and 
comparing the experimental data with the postulated model and literature shell-side mass transfer 
correlations [3]. 
Results and discussion. Experimental data reveal that complete removal of both CO2 and H2S can be achieved 
with a gas-to-liquid flowrates ratio of 2.8. It is shown that the wetting values are concentrated close to each 
other mainly depending on the liquid flowrate, a decisive 
factor for the justification of the postulated model. 
Another wetting-pattern may be discerned, 
characterized by smaller wetting values with increasing 
liquid flowrate, as also indicated in the work by 
Pantoleontos et al. [1].  
The overall model underestimates H2S mass transfer 
through the membrane pores predicting higher fiber exit 
concentration. This discrepancy might be attributed to 
non-inclusion of any enhancement in the liquid-filled 
part of the pores, which should otherwise have 
decreased mass transfer resistance for H2S. Still, the 
overall model can interpret certain aspects of the gas-
liquid reactions in a membrane module and can be used 
as a stepping stone for parametric analysis, experiment 
design and up-scaling correlations. 
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Introduction 
Membrane contactors are a versatile and efficient technology for bubble-free gas-liquid interactions, 
providing bidirectional gas transport into or out of liquid phases. They are in use for CO2 transfer into soft-
drinks [1] or for the removal of oxygene from brewing water. Using Polytetraflourethlyen-Membranes 
(PTFE) with an increased (chemical) stability [2], the fields of applications can be expanded to more 
challenging gases like bubble-free ozon transfer as well [3].  
 
Experimental/methodology  
This work focuses on the performance evaluation of a PTFE membrane contactor module for water 
ozonation and water deoxygenation (using N2 as stripping gas). The influence of operating conditions such 
as (gas and liquid) flow rate, liquid phase temperature and liquid composition are investigated on the 
O2/O3 mass transfer. 
 
Results and discussion  
In water ozonation, the PTFE membrane contactor demonstrated precise control of the ozonation process, 
enabling tailored oxidation reactions in wastewater treatment. 
For water deoxygenation, our studies provided insight into the specific mass transfer rate, which provides 
us to pre-calculation of the required membrane area for numerous bubble-free membrane-supported gas 
transfer applications. With this data, a scale-up of factor 300 could be successfully carried out.  

  
Figure 2. Water deoxygenation using a) CO2 (1 L/min, A = 0.0047 m2) and b) N2 (5 L/min, A = 0.0358 m2) as striping gas 
ina PTFE membrane contactor. 
These results underscore the adaptability and efficiency of the PTFE membrane contactor in facilitating 
controlled gas-liquid mass transfer for environmental and industrial applications. 
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Introduction.  
Produced water (PW) is the largest by-product generated in oil and gas industries with a global estimated 
3:1 volume-to-product ratio [1]. Over the past decades, membrane distillation (MD) technology has 
attracted significant interest in the treatment of oily wastewater. MD technology has been shown to be 
able to achieve high salt and organic carbon rejections even during hypersaline PW treatment [2]. The 
ability of MD to treat high salinity feed water up to super-saturation has been well exploited in membrane 
crystallization (MCr) process [3], employed for simultaneously recovering fresh water and high-quality 
saline products from saturated solutions. 
In the present study, the impact of oil and surfactant contained in a synthetic PW solution on the MD 
performance using two different hydrophobic membranes was investigated. For a clear comparative study, 
a synthetic solution without oil and surfactant was prepared based on the salts that compose actual PW. 
Moreover, the capacity to simultaneously recover fresh water and high-quality saline products was 
explored by the MCr process. Oil and surfactant effects on the crystallization kinetics and on the 
characteristics of the final product were also studied. Additionally, studies on the fouling tendency of the 
selected membranes were performed. 
Experimental/methodology.  
Polypropylene (PP) and Hyflon AD40H/polyvinylidene fluoride (PVDF) composite membranes were tested 
in MD process while MCr experiments were conducted with only PP membrane. The tests were carried out 
in direct contact configuration using two synthetic feed solutions: the first one without oil and surfactant, 
and the second one with oil and surfactant. 
Results and discussion.  
The achieved results showed a permeate flux reduction of 20 and 40% for PP and AD40H respectively in 
membrane distillation and of 35% in membrane crystallization. These results may be attributed to the 
interaction between the salts and surfactant, which led to the deterioration of the membrane performance. 
Despite this, high salt rejection factors greater than 99.9% and total carbon rejections ranging between 80-
90% indicated the good potential of membrane distillation technology for the treatment of produced 
water. Moreover, good quality crystals and high total water recovery factor (97%) were achieved using the 
membrane crystallization process. Nevertheless, the presence of oil and surfactant in the feed caused an 
increase in the induction time compared to the system without oil and surfactant. In addition, in the 
performed experiments, simple physical cleaning with distillate water was sufficient to recover the initial 
trans-membrane flux of the membranes. 
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Introduction  
In response to the pressing need for optimized waste management and sustainable resource utilization, 
membrane distillation (MD) emerges as a promising technology for recovering valuable nutrients, 
particularly nitrogen (N) and phosphorus (P), from waste streams. This study aims to optimize direct 
contact membrane distillation (DCMD) for the simultaneous recovery of both P (as struvite) and N (as 
liquid ammonium fertilizer). By investigating the impact of operating conditions and various waste stream 
compositions, the ultimate objective is to define optimal conditions for different stream compositions in 
order to enhance process efficiency while ensuring that the resulting products meet quality standards for 
use as fertilizers. 
 
Experimental/methodology  
The investigation was conducted utilizing a cross-flow lab-scale system equipped with a plate-and-frame 
membrane cell housing a PVDF commercial membrane with an active area of 140 cm2. The DCMD process 
was assessed under different operating conditions, including feed and distillate temperature, feed and 
distillate pH. Various synthetic feed solutions, with diverse P and N concentrations and compositions, as 
well as a real aquaculture wastewater were investigated. On the distillate side, different acids (e.g., H2SO4, 
HNO3, H3PO4, and CH3COOH) were evaluated for ammonia capture. Response surface methodology (RSM) 
was applied to identify the contribution of the operating parameters and optimize the process, considering 
the stream composition as well. Total nitrogen (TN) was quantified using a Shimadzu TOC/TN analyzer, 
while total ammonia nitrogen (TAN) and phosphate content were determined spectrophotometrically. 
Additionally, X-ray diffraction (XRD) was utilized for struvite crystals characterization.  
 
Results and discussion  
The results showed the possibility to recover both nutrients, concentrating phosphates and other non-
volatiles in the feed side while collecting volatile ammonia in the distillate side. While N was predominantly 
recovered as liquid ammonium fertilizer, P was recovered as struvite by adding MgCl2 into the retentate at 
a molar ratio of ~1.3. Adjustments to the ammonia-to-water vapor selectivity were made for each solution 
to achieve varying ammonia recovery rates (ranging from roughly 10 to 70%), while targeting the critical 
P content required for struvite precipitation. The use of H3PO4 in the permeate allowed for struvite 
recovery also in the distillate, although at the expense of ammonia recovery compared to the use of H2SO4 
or HNO3, thus necessitating further concentration for struvite precipitation. Through RSM, pH and 
temperature gradients were identified as the primary factors influencing process performance, while the 
selected acid was found to have a minimal impact on ammonia capture. Nonetheless, since the final 
product is a liquid ammonia fertilizer, the type of fertilizer being targeted remained a major factor in the 
selection of the appropriate acidic solution. Despite feed composition complexity, the quality of recovered 
struvite and liquid ammonium fertilizer were adequate, demonstrating the process efficacy and technical 
feasibility. 
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Introduction.  
Technologies and methods for purifying water at lower cost and with less energy, minimising the use of 
chemicals and the impact on the environment have been the focus of research in recent years [1]. Owing to 
the existing problems, developing advanced technologies to obtain freshwater has become one of the main 
objectives of technical progress [2]. One of the alternatives under consideration is Membrane Distillation 
(MD), for which different configurations have been modeled at a pilot scale [3]. In this work, an innovative 
Vacuum Multi-Effect Membrane Distilation (VMEMD) unit has been evaluated in order to develop an 
accurate model to predict the performance of the system under different operating conditions. Developing 
these models plays a crucial role in designing industrial applications of this technology, as illustrated by the 
proposed case study of this study.  
 
Experimental/methodology.  
The Response Surface Methodology (RSM) was used to characterise experimentally the VMEMD system. 
The Box-Behnken design was used to determine the experiments to be performed in order to obtain the 
experimental data required for the development of the model. The model inputs were the outlet 
temperature of the hot heat exchanger (heat supply), the flow rate through the hot heat exchanger, and 
the salt concentration in the feed tank, while the response parameters were the permeate flux and the 
Specific Thermal Energy Consumption (STEC). 
To simulate the process of designing a real application coupled with solar energy, it is necessary to 
implement the appropriate conditions for switching between the different operating modes: stopped, solar 
only, MD only, and both solar and MD. Furthermore, the parameters of the solar field and the storage tank 
must be defined. 
 
Results and discussion.  
The mathematical models presented for each response, representing the behaviour of the VMEMD unit, 
showed good fit results with R2 close to one. The proposed case study illustrates how this technology can 
be used to supply the amount of water required in limestone mining in Puerto Colombia (Colombia) using 
solar energy. A yearly simulation performed with the model is presented, and it is used to calculate the size 
of the required solar field and the thermal storage tank. The resulting design of the real solar-powered 
desalination plant is presented. 
 
Acknowledgments 
This work is a result of the Project PID2021-122560OB-I00 funded by MCIN/AEI/10.13039/501100011033/, 
by ERDF A way to do Europe�U�� ���v���� ���Ç�� �/�v�š���o�Á���š�š�� �‰�Œ�}�i�����š�� �(�µ�v�������� ���Ç�� �š�Z���� ���µ�Œ�}�‰�����v�� �h�v�]�}�v�[�•�� �,�}�Œ�]�Ì�}�v�� �î�ì�î�ì��
research and innovation programme under grant agreement No 958454. 
 
References 
[1] Greenlee, L.F. et al. Water Reseach 2009, 43, 2317-2348. 
[2] Mekonnen, M.M.; Hoekstra, A.Y. Science Advances 2016, 2, 1-76. 
�€�ï�•�����v���Œ� �•-�D���y���•�U���:�X���X�����š�����o�X��Desalination 2022, 528, 115490. 

mailto:alejandro.bueso@psa.es


Nitrogen recovery from anaerobic digestate by membrane distillation  
 

J. Canellas*, R. Pich, S. Casas, X. Martinez,  
 

Eurecat, Centre Tecnològic de Catalunya, Water, Air and Soil Unit. P. de la ciència, 2, 08243 Manresa, Spain 
*Judit.Canellas@eurecat.org 

 
Keywords: Nutrient recovery, membrane distillation, nitrogen  
 
Introduction. Typical wastewater treatment approaches use conventional activated sludge (CAS) processes 
to transform reactive nitrogen (Nr) into nitrogen gas (nitrification-denitrification), which is energy 
intensive (40 MJ of energy per Kg of nitrogen; [1], [2]). Synthetically, the Haber-Bosch process fixes 
nitrogen gas to transform it into Nr, however, its production was found to exceed sustainable boundaries 
by a factor of 5 (1-2 �9�� �}�(�� �Á�}�Œ�o���[�•�� ���v���Œ�P�Ç�� ���}�v�•�µ�u�‰�š�]�}�v�V�� �ð-8 tons of CO2/ton fertiliser produced, [3]; 
Membrane distillation is a promising membrane technology with excellent performance in wastewater 
treatment which mechanism is based on a thermal driven separation process to intensify mass transfer 
hence, recovering volatilized nitrogen from an effluent through a hydrophobic membrane [4]. 
Experimental/methodology.  
Membrane distillation (SolarSpring GmbH, Germany) in an Air Gap Membrane Distillation (AGMD) 
configuration, was used to distillate ammonia nitrogen (NH4-N) from real wastewater generated from the 
liquid fraction of the digested liquors in Rincón de León wastewater treatment plant (Alicante). The water 
had an NH4-N concentration of approximately of 600 mg   L-1 and it was filtered using ultrafiltration 
membrane with a surface area of 0.33 m2 (CUT, Germany) to remove suspended solids before entering the 
membrane to avoid fouling. In order to reduce the energy consumption and reuse the heat generated by 
the digestors, all the experiments were developed to work on an initial temperature of 50oC. Experiments 
were conducted at 200 L h-1. The ammonia removal fraction, r, was calculated as de fraction between the 
mass of nitrogen in the feed solution by the mass of the initial solution.  
Results and discussion 
The efficacy of NH4-N recovery using membrane distillation is mainly driven by pH, temperature, and 
concentration [5]. When the pH is between 10 and 11 the NH4-N and NH3-N equilibrium is displaced 
towards the production of NH3-N and hence its evaporation results favorable. For instance, the recovery 
ratio increased over 40% when the pH increases from 3 to 10. Another parameter that was evaluated was 
the impact of temperature. Here, �4�ds of 2, 10 and 20 were evaluated. The flux increases as the �4�d 
increases, however, less selective the process is for ammonia. For instance, at �4�d of 2 oC the pressure vapor 
(Pv) for water is 0.27 kPa and it increases to 0.45 kPa when the �4�d is 20oC, hence, favoring the water 
evaporation and competing with NH3. Best results were obtained when �4�d was 10oC and pH was adjusted 
to 10 (Figure 1). Here, over 60% recovery was achieved after treating the wastewater for 60h.   

 

Figure 1 Removal fraction at �4�d���}�(���í�ì��oC, Q=200 L h-1 and pH of 10 
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Introduction 
Membrane Distillation (MD) is a process that can be successfully used for the treatment of industrial 
wastewater, but the membranes employed must have specific requirements in order to avoid problems of 
interaction between the feed species and the membrane surface, and consequently wetting phenomena. 
This aspect becomes particularly important when the membranes used are prepared with solvents defined 
� ĝreen�_ to replace the traditional toxic solvents. Based on the above considerations, the work presents 
a study on the performance of membrane distillation, in terms of distillate flux, when flat PVDF 
membranes, prepared via phase inversion with a specific �P�Œ�����v�� �•�}�o�À���v�š�� �~�v-Valerolactone-GVL) and using 
a particular coating (to reduce wetting issues), are employed. A comparison with the performance of PVDF 
commercial membranes (both coated and uncoated) is also included. 
Experimental/methodology 
Contact angle measurements on PVDF lab made/commercial uncoated/coated membranes with pore size 
ranging from 0.2 to 0.8 µm were carried out and a comparison in terms of distillate fluxes was made. In 
particular, the experimental tests were conducted in Direct Contact Membrane Distillation (DCMD) 
configuration using deionised water as feed at the following operative conditions: membrane area of 40 
cm2, feed/distillate inlet pressure of 1 atm, feed flow rate (Qfeed) of 66 L/h, feed temperature (Tfeed) around 
60°C, distillate flow rate (Qdist) of 42 L/h and distillate temperature (Tdist) of 20 °C.  
Results and discussion  
The results have shown a significant enhancement of the hydrophobicity for coated membranes together 
with an improvement of the repellency in case of tests with a specific wastewater produced in 
a membrane manufacturing plant. The data of permeate flux for 0.2 �Pm coated membranes have 
highlighted a significant reduction of flux with respect to uncoated ones, probably due to partial occlusion 
of the pores and a lower porosity.  
Subsequently, to obtain higher permeate fluxes, further DCMD tests, at the same operating conditions, 
were conducted on coated lab and commercial membranes with bigger pore size (around 0.45 and 0.8 
µm). The coated membranes still led to a decrease in flux when compared to the uncoated ones, however, 
these fluxes were higher than those registered for the 0.2 coated membranes, thus leading to a higher MD 
productivity. 
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Introduction 
The exponential growth of the global population and industrialization has spurred a pressing need for 
sustainable sources of raw materials. Consequently, the scientific and technological community is 
increasingly turning its attention towards circular economy approaches to extract value from industrial 
streams by recovering valuable materials and water resources, of which waste brines can serve as 
a potential source. Waste brines pose significant environmental challenges, including heightened salinity, 
discharge of chemicals, and heavy metal contamination. Despite these obstacles, there's a growing interest 
in repurposing waste industrial brines as alternative mineral sources to mitigate their environmental 
impact. Among the minerals present in waste brines, magnesium stands out as particularly valuable, 
designated as a critical raw material by the European Commission due to import dependence [1]. Various 
industries, including mining, desalination, and water softening plants, contribute to the generation of 
waste brines. Recently, there has been a perceptible shift in how brines are perceived: from being treated 
as simple waste to being considered potential resources for salt extraction, raw materials, and energy [2]. 
Technologies like reverse osmosis and electrodialysis are commonly employed for desalination, producing 
brine as a byproduct. This brine can be treated using membrane crystallization to extract valuable 
minerals, offering both environmental and economic benefits. Thus, the exploration of industrial brines 
presents an opportunity to address environmental concerns while tapping into a potential resource for 
various industries. 
Experimental/methodology 
Batch crystallization experiments were carried out with a small-scale hollow fiber ion-exchange membrane 
module, which contained single fiber (MemBrain s.r.o.) with length of 150 cm spirally wounded on 
a custom 3D printed holder, which was immersed directly in the crystallizer. Crystallization tests were 
performed with model solutions of MgCl2 and NaOH with the aim to study the effect of process parameters 
on the kinetics of crystallization, yield of crystals in the suspension and particle size distribution. Possible 
increase of the yield of crystals in the suspension was examined in the experiments with the addition of 
HCl to the lumen side of the membrane, osmotic water permeation and aeration. 
Results and discussion 
Results of the experiments show that it was possible to control the rate of crystallization with the 
precipitant concentration and its theoretical excess, which also impacts the resulting particle size 
distribution implying that with these parameters it can be controlled. However, due to scaling of the 
crystals their amount in the suspension was low because most crystals had been formed on the surface of 
the membrane. Increasing the yield of crystals in the suspension is possible with the combination of the 
tested techniques, which could be further used in semi-continuous mode of membrane crystallization for 
the periodic cleaning of the membrane. 
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Introduction. In agro-industry, citrus fruits are globally significant, with 60% of total production coming 
from China, Brazil, India, Turkey and Spain1. Citrus fruits contain phenolic compounds such as flavonoids, 
characterized by their antioxidant, antidiabetic, anticancer and anti-inflammatory activity. Pectins, also 
found in citrus, serve industrial purposes as safe food additives with benefits such as cholesterol lowering 
and anti-inflammatory effects2. Orange juice production yields significant quantities of orange peel waste, 
with phenolic compounds and pectins that can be recovered by extraction. Similarly, canned citrus 
segment production produces substantial wastewater. The valorization of high-value compounds found in 
citrus waste opens avenues for new business ventures in the food, pharmaceutical, and cosmetics sectors. 
Since Bodell's pioneering paper on membrane distillation (MD) in 1963, significant advancements have 
propelled this field forward. Continued research has rendered MD more competitive and appealing, 
especially given the potential for alternative energy sources amid fossil fuel sustainability concerns3. 
Among MD configurations, direct contact membrane distillation (DCMD) stands out for its simplicity and 
extensive study. While DCMD has been applied to wastewater4, further research is necessary to enhance 
its efficiency. This study aims to investigate the concentration of phenolic compounds using DCMD. 
Experimental/methodology. Two commercial membranes (Sterlitech) were studied for the concentration 
of phenolic compounds from citrus waste, using both model solutions (370ppm phenolic compounds, 5.4 
g·L-1 sugars) and wastewater. Both membranes have polytetrafluoroethylene (PTFE) active layer; M1, with 
pore size of 0.2 µm, has a polypropylene (PP) network support layer, while M2 has a non-woven PP 
support layer and a pore size of 0.1 µm. M1 and M2 were fully characterized, and then tested in DCMD 
mode under the same conditions (feed flow rate of 250 mL·min-1 with temperature between 50-55°C; 
permeate flow rate of 100 mL·min-1 fixed at 10°C, 4 hours of test).  
Results and discussion. Both membranes managed to concentrate phenolic compounds. At low 
temperatures, M1 presented a more unstable permeate flux, which decreased with time (at 50°C, initial 
flux of 10.47 ± 0.42 L·h-1·m-2, decreasing to 8.95 ± 0.42 L·h-1·m-2 at the end of the test). While at the highest 
temperature permeate flux was greater and remained stable (at 55°C, the flux started at 14.01 ± 0.5 L·h-

1·m-2 and decreased to 13.11 ± 0.74 L·h-1·m-2). M2 presented stable permeate flux independent of the 
temperature tested. However, M2 presented a negligible increase in permeate flux with increasing 
temperature (average flux value of 8.58 ± 0.81 L·h-1·m-2 at 50°C and 9.09 ± 0.77 L·h-1·m-2 at 55°C during the 
4 hours test). Although once the tests were completed, both membranes managed to recover their initial 
permeability by 90% (pure water at 50°C for 1 hour), M2 presented greater fouling, requiring double 
cleaning. Additionally, a mathematical model was developed to predict the permeate flux. 
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Introduction. Desalination is the only sustainable technology that promises long-term solution for the 
increasingly water-stressed world caused by the growing world population, industrialization, climate 
change and increasing water-sources contamination. Altough reverse osmosis (RO) is the dominant 
technology for seawater desalination, that accounts for over 60% of the global capacity, RO membranes 
suffer of fouling, that results in decreased water productivity and necessity for cleaning. This extant 
problem requires an immediate shift to smart separation approaches with self-cleaning capability for 
enhanced efficiency and prolonged operational lifetime [1].  
Experimental/methodology. Hydrophobic polyvinylidenefluoride (PVDF) membranes were functionalized 
with a thin layer of polyvinylalcohool, polymerized by glutarahaldeyde, comprising different amounts of 
thermo-responsive particles [3] of 1,2,4,5-tetrabromobenzene (TBB), a compound that is known to 
undergo a TS phase transition only from the stable �t���‰�Z���•�� �š�}���]�š�•���v���‰�}�o�Ç�u�}�Œ�‰�Z�����š���ï�õ�t46 °C with a vigorous 
mechanical response. Membranes were characterized by contact angle, zeta potential and variable-
temperature X-ray diffraction, and tested in omotic distillation plants with 0.5 M NaCl solution and in 
membrane distillation using hypersaline solution at 228 g/L as feed. 
Results and discussion. In this work, we developed a conceptually new approach for the design of a class of 
smart hybrid membranes with gating capability where a dynamic and thermally-responsive functionality is 
added to the surface layer [2].  

We demonstrate a gating effect in the resulting smart dynamic membranes, whereby mechanical instability 
caused by rapid mechanical response of the crystals to heating slightly above room temperature activates 
the membrane and effectively removes the foulants, thereby increasing the mass transfer and extending its 
operational lifetime. By this approach, we demonstrated that the resulting hybrid membranes are capable 
of self-cleaning during osmotic distillation process operated slightly above room temperature, thus 
effectively removing the foulants and thereby increasing the mass transfer and extending its operational 
lifetime. We report a substantial enhancement in mass transfer by more than 43% for optimized membrane 
composition and extended operational lifetime at favorable ion rejection ability, properties that qualify 
these new materials as distinct and prospective new class of membranes for a variety of separation 
applications [3]. 

The approach proposed here sets a platform for the development of a variety of energy-efficient hybrid 
membranes for water desalination and other separation processes that are devoid of fouling issues and 
circumvents the necessity of chemical cleaning operations.  
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Introduction. The growing demand for clean water and sustainable wastewater management necessitates 
innovative technologies that address limitations of conventional methods, such as high energy consumption. 
Membrane Distillation Crystallization (MDC) emerges as a promising solution, combining membrane 
distillation with controlled crystallization to recover valuable salts from wastewater and high-salt solutions 
at moderate temperatures. Notably, seeded MDC with in-situ crystallization within the classifier creates 
a closed-loop system, eliminating the need for a separate crystallizer. Our research investigated the use of 
heterogeneous silica seed crystals to study the effects of various factors on crystallization efficiency in highly 
concentrated salt solutions, including supersaturation levels, temperature dependence, and seed crystal 
size. 
 
Experimental/methodology. Initially, different salt solutions were prepared, and seeding crystals of varying 
concentrations (0.1 �t 0.5wt%) and sizes (50 �t �ï�ì�ì���…�u�•���Á���Œ�������Z���Œ�����š���Œ�]�Ì�������µ�•�]�v�P���u�]���Œ�}�•���}�‰�Ç before being 
introduced into these solutions. The suspension was then transferred to the MDC plant, where it underwent 
treatment at various operating conditions: feed temperatures ranging from 50 - 65°C and flow rates between 
1.2 �t 1.8 L/min. These conditions were chosen to investigate their impact on crystal size distribution and 
permeate flux. The plant operates with a tubula�Œ���‰�}�o�Ç�‰�Œ�}�‰�Ç�o���v�����u���u���Œ���v�����Á�]�š�Z�������‰�}�Œ�����•�]�Ì�����}�(���ì�X�î���…�u�X���t�]�š�Z�]�v��
the plant, crystals grow on the seeds and are subsequently separated in the classifier. The heart of the 
classifier is a settling tube. The tube's variable diameter, ranging from 12 - 32 mm, influences the flow 
velocity within, enabling the separation of crystals by size and weight. 
 
Results and discussion. This study demonstrates the effectiveness of membrane distillation crystallization 
(MDC) for treating high-salinity solutions (>20 wt% NaCl). The process achieves salt precipitation within 
a metastable supersaturation range (S = 1.003 ± 0.02 for 210-�ï�ì�ì���…�u���•�����������Œ�Ç�•�š���o�•�����v�����^���A���í�X�ì�ï���F���ì�X�í���(�}�Œ���ñ�ì-
�í�î�ñ���…�u���•�����������Œ�Ç�•�š���o�•�•�����š���u�}�����Œ���š�����š���u�‰���Œ���š�µ�Œ���•���~�ð�ñ-55°C) investigated in this study. This approach enables 
the selective recovery of various individual salts with high purities (92%) due to their differing solubility limits. 
A temperature increase of 5°C ± 1°C within the chosen operating range resulted in a 15% ± 2% increase in 
crystal size, suggesting a potential for temperature control to influence crystal growth. Continuous crystal 
separation through sedimentation within the classifier facilitates efficient downstream processing. 
Additionally, the study highlights the potential for optimizing salt separation based on solubility products by 
adjusting key parameters like temperature, seed concentration, and crystal growth, as investigated here. 
These findings pave the way for developing efficient fractional crystallization techniques for diverse salt 
mixtures utilizing MDC. 
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Introduction. MEloDIZER is a European project, funded by the European Union under the Horizon Europe 
program, with the aim of implementing high-performance membranes and modules in strategic membrane 
distillation (MD) applications [1]. The overall goal of MEloDIZER is to provide the necessary step to 
transform membrane distillation (MD) into products that benefit industry and society. 
To do this, the heart of the research will focus on the production of components (such as polymers, 
solvents, materials for functionalization, etc..) for membrane distillation that can be used on a large scale 
but at the same time are sustainable (by replacing current potentially harmful materials with non-harmful 
ones and following the principles of green chemistry) [2]. The best design of this technology, when 
combined with the most appropriate mix of renewable energy resources, will be the key to its effective 
application in different fields, both in industry and on a domestic or community scale.  
Experimental/methodology. Three different paths were followed in the creation of new membranes. The 
first involves creating PVDF-based flat membranes through the use of non-toxic instead of classic solvents 
solvents (e.g. N-butylpyrrolidone with the commercial name Tamisolve). The second path involved the 
study of coating of commercial PVDF membranes in order to improve the MD performance. As coating, 
fluorolinated oligomer (PFPE), with the commercial name Fluorlink� �U�� �Á���•�� ���Z�}�•���v. A dip-coating followed 
by UV polymerization technique of the green solvent PVD membrane was used.  Fluorolink have been 
selected thank to its high chemical resistance, water-oil repellence, tendency to enhance the 
hydrophobicity and chemical enertness and low suface tension [3]. Finally, the procedure for the creation 
of PVDF membranes was also optimized through the use of green solvents. 
Results and discussion. The performance of PVDF membranes was evaluated in MD devices in which 
different salt concentrations were used as feed. Specifically, Direct contact and vacuum membrane 
distillation were used to test the membranes with and without coating. When the PFPE coating is present 
on the PVDF membranes an improvement in hydrophobicity has been achieved. For example, in the case of 
PVDF comemercial membrane, the contact angle increases from 132 to 150�£�X��These results  indicate an 
improvement in the resistance to wetting of the membranes during long-term MD tests (membrane tested 
for 60 hours without wetting). In fact, in the case of 0.6M NaCl solution as feed, the flux obtained with the 
coated membrane appear more stable respect the membrane without the coating (average flux of 8,42 and 
8,14 L/m^2*h, respectively). Moreover the salt rejections range from 99.99 to 100% for the membrane 
without coating and of 100% for the membrane with coating. The results obtained, within the Melodizer 
project, encourage implementation of high-performance membranes and modules in strategic membrane 
distillation applications, thus providing the decisive step for the success of MD. 
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Introduction.  Crystallisers used for precipitation are typically limited in their control of crystallization 
kinetics, as the poor mixing of reactants leads to the misregulation of supersaturation which is the driving 
force of nucleation and crystal growth. Membrane contactors offer distinctive and controllable mixing at 
microscopic level, since each pore at the membrane surface acts as a mixing point. It has been proposed 
that nucleation can be further controlled through membrane surface properties such as roughness and 
hydrophobicity [1]. In this study, hydrodynamics and membrane properties in a membrane-assisted 
reactive crystallization (MARC) were characterised to elucidate the potential mechanisms of nucleation 
control. MARC was applied to the recovery of phosphorus as vivianite which required significant 
supersaturation to initiate nucleation and was therefore representative of a challenging system in which to 
control both nucleation and growth in an environmentally significant application. 
Experimental/methodology. Nucleation kinetic of vivianite was evaluated by crystallisation tests in which 
Fe2+ was dosed into a phosphate solution using a 40-cm2 flat sheet membrane module. These tests were 
conducted under different hydraulic conditions (Reynold [Re] = 105 - 395), using several polymeric porous 
membranes (polyvinylidene fluoride, polypropylene, and polytetrafluoroethylene) with different porosities 
(�x = 60 �t 91 %) and water contact angles (WCA = 33 �t 154 °). Nucleation kinetic was evaluated based on the 
direct determination of induction time (tind, onset of particle precipitation) by means of turbidity 
measurements in-line of the bulk solution, which has been rarely reported. 
Results and discussion. The formation of solid particles in the phosphate solution was evidenced by the 
continuous increase of the turbidity during a crystallization test. This parameter was also found useful to 
determine the tind which ranged from 10.5 ± 0.7 to 26.0 ± 5.7 min as Re increased. The precipitates 
presented a spherical shape with a mean particle size of ~35 nm. Membrane properties, namely WCA and 
�x, also presented a significant influence in reducing the tind, especially at WCA and �x values higher than 119 
° and 65 %, respectively. �d�Z�����v�µ���o�����š�]�}�v���l�]�v���š�]�����Á���•���u�}�����o�o�������µ�•�]�v�P���š�Z�����^���v�P�Á���o�[�•���‰�}�Á���Œ���o���Á�������•�������}�v���š�Z����
classical nucleation theory [2], obtaining nucleation rates (r�[) ranging from 3.4 to 5.7 mg L-1 min-1 as the tind 
decreased. This kinetic analysis showed that a higher r�[ was associated to a lower vivianite supersaturation 
which was attributed to an ion-dependent collision mechanism [8] in that the higher supersaturation rates 
promote greater mixing and a higher ion collision probability, reducing the activation energy requirement 
for nucleation even at low supersaturation degrees. Hence, r�[ was related to the boundary layer and mixing 
conditions, which allows a strict control of the nucleation as a function of the operational condition set. 
Thus, experimental results suggested that low Re values increased the r�[ due to the higher residence time 
which promoted the ion collision and local supersaturation. Likewise, high WCA and �x values seemed to 
promote micromixing. In conclusion, MARC can ease the prospect of phosphorus recovery as vivianite to 
release benefits to cost and yield at large-scale process, while also obtaining a homogeneous crystal quality. 
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Abstract: Membrane wetting is the bottleneck of membrane distillation (MD) in real applications. 
However, rare information is attainable on the spatial inhomogeneity and temporal instability of local 
wetting behavior along the membrane. In current study, the influences of operating conditions (i.e., feed 
temperature, velocity, and concentration) and membrane hydrophobicity on the spatio-temporal 
progression of local wetting along the membrane were evaluated using a non-invasive and online 
monitoring technique �t ultrasonic time-domain reflectometry (UTDR). UTDR measurements could 
successfully distinguish local wetting dynamics and were validated by the off-line characterization of the 
wetting layer thickness via a scanning electron microscopy with energy-dispersive x-ray spectroscopy. 
Observations showed that the local wetting depth decreases along the feed flow direction. This wetting 
heterogeneity would be impaired with increasing surfactant concentration, feed temperature, and 
crossflow velocity. However, enhancing membrane hydrophobicity obviously reduced the rate of local 
wetting but hardly affected its nonuniform distribution. The wetting heterogeneous propagation at 
different locations is dominated by the nonuniform mass and heat transfer characteristics along the 
membrane based on the computational fluid dynamics (CFD) simulation. Localized wetting prevention near 
the module inlet is therefore critical to ensure stable MD operation. 
 

 
UTDR for monitoring membrane wetting progression and the proposed mechanism for the wetting heterogeneity 
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Wastewater remediation is a challenge encountered in numerous industrial sectors. Water treatment 
methods are constantly the subject of studies to accomplish objectives such as water recovery, 
reclamation, and reuse. Water treatment process might also enable the recovery of substances of 
industrial interest present in the wastewater. 
Ammonia nitrogen (TAN) can be found into wastewater and industrial effluents in different concentrations 
as an ionized specie (NH4

+) and non-ionized form (NH3). Depending on the effluent source, total ammonia 
nitrogen can be in the effluent from low concentrations (<100 mg TAN L-1) to higher concentration 
solutions (2 g TAN L-1)[1]. Some authors [2] have studied different separation technologies for a selective 
recovery of ammonia, and they have pointed the challenge while treating low ammoniacal nitrogen 
concentration effluents (less than 100 mg TAN L-1)[3] at a pH below the pka. Stripping is an industrial 
mature technology, nevertheless, a technology like air stripping requires large process units to ensure the 
correct phase contact area (air and water) and electricity for the compressors to feed the air[4]. 
Membrane technologies are considered as an alternative technology to decrease the process unit size and 
the energy requirement. More specifically, membrane distillation is emerging as an alternative based on 
a thermal separation principle but improving the contact between two phases using a membrane [5]. This 
application still needs further studies to identify the operating parameters to achieve the desired 
performances. 
This work intends to present a comparison of two membrane distillation modules to treat ammoniacal 
solutions. The results were obtained using an experimental set-up to measure the ammoniacal nitrogen 
concentration evolution of a synthetic aqueous solution using sweep gas membrane distillation. 
A series of tests of different effluent compositions (pH and ammoniacal nitrogen) and operating conditions 
(inlet temperature) was conducted to calculate the overall mass transfer coefficient of ammonia (in non 
ionized form NH3) for each membrane module. Therefore, a tailor-made simulation code for membrane 
distillation was developed to compute an estimation of the local mass transfer coefficient for each 
material, considering the selective effects induced by the thermodynamic solution properties. 
As a general result, the experimental results enable to achieve a systematic sensitivity analysis of ammonia 
removal by membrane distillation, allowing to identify the influence of the different parameters on the 
overall process performance. Even if the NH3 mass transfer coefficient is improved, especially thanks to 
new materials, the ammonia flux is shown to be limited by the operating conditions, especially a limited 
driving force due to polarisation phenomena. 
This variation in the mass transfer performance can cause difficulties to treat low concentration 
ammoniacal effluents. The results offer the opportunity to perform further studies about the influence and 
optimization of operating parameters not only for the feed flow but also for the sweep gas using the 
existing commercial materials. 
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Introduction. Membrane distillation crystallisation (MDC) can facilitate process intensification for brine 
management through uniquely enabling both concentration and crystallisation within a single unit process 
[1]. While the boundary layer formed adjacent to the membrane has been presumed to control 
crystallisation within MDC, there is to date only limited analytical evidence for how mass and heat transfer 
mechanisms within this discrete region of the process controls supersaturation which is the driving force 
for nucleation and crystal growth [2]. This study therefore introduces non-invasive techniques to provide 
amongst the first measurements of induction time, nucleation rate and crystal growth in real time that 
make it possible to relate how boundary layer properties can be used to modify nucleation and crystal 
growth, as a basis for enhancing MDC design. 
 
Experimental/methodology. A highly polished perspex cell is employed for membrane distillation, and is 
complemented with focused beam reflectance measurement (FBRM) and a digital microscope which 
enable the non-invasive measurement of induction time, nucleation rate and crystal size in the bulk 
solution, and on the membrane (scaling) in real-time to provide unique mechanistic insight.  
 
Results and discussion. Direct evidence is presented for how boundary layer supersaturation sets the 
nucleation kinetics for crystals formed in the bulk solution. While crystal size was evidenced to be 
controlled through T or �P�d, modifications do not consistently align to CNT and were explained by relating 
morphological differences to complex mass and heat transfer processes set within membrane distillation by 
T. Scaling was only evidenced when the boundary layer was extensively supersaturated. The mechanism for 
scaling was shown to be distinct from that for the formation of crystals recovered in the bulk solution, 
which contradicts hypotheses within the current literature, and was readily explainable through CNT. 
A modified power law relation between supersaturation and induction time establishes for the first time 
a basis with which to mitigate scaling and control the morphological characteristics of the produced crystal 
phase. The broad range of operational characteristics that can be controlled within MDC, offer considerably 
greater control over crystallisation than with existing unit processes, and can be fully described by the 
unique analytical framework set out within this study. 
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Introduction.  
Moringa oleifera has found interest in the food industry because of the dietary nutrients it possesses. It is 
characterized by flavonoids, isothiocyanates, phenolic acids, and tannins [1]. Also, it possesses proteins, 
fibers, minerals, and a balanced composition of amino acids [1]. Based on previous studies, bioactive 
molecules from moringa act as microbial agents, and antioxidants, thus demonstrating their potential use 
in the food industry [2]. On one hand, Moringa presents various medicinal properties including reduction of 
sugar level in from the level, thus combating diabetes [3]. However, with these health benefits it possesses, 
Moringa is liquid form, thus presenting high probability of spoilage. Therefore, the high nutritional and 
medical version of this product requires enabled handling through production of powdered form.  
 
Among other technologies, membrane distillation (MD) emerged as a promising technology, capable of 
recovering high quality water from various solutions including wastewater. The solvent and solute 
separation is influenced by the vapour pressure gradient induced by the temperature difference across the 
membrane interface.  When integrated to a conventional crystallization, the MD can produce crystal salts, 
giving rise to a process named membrane distillation crystallization. Despite its excellent separation and 
purification capabilities, the MDC is rarely reported in plant extracts separations. The current study report 
for the first time, the formation of powdered Moringa from its extract through MDC. Various parameters 
including the feed temperature were evaluated to establish their impact on Moringa powder formation.  
 
Materials and chemicals 
To do total phenolic analysis, a Folin-Ciocalteu reagent, Na2CO3 purchased from Sigma Adrich (Germany). 
A commercial polypropylene (PP) module consisting of 40 hollow fibre membranes (length of 50 cm and 
surface area of 0.1 m2) was purchased from Microdyn-Nadir (MD020CP2N). The membrane has overall 
porosity of 73 %, average pore size of 0.2 µm and thickness of 450 µm. Moringa oleifera flowers were 
obtained from a farm at Haamskraal in South Africa. The flowers were washed with distilled water 
immediately after harvest and left to air dry in an arid environment in shade. 
 
Stirred Batch Method 
Moringa flowers were crushed and added to deionized water to prepare 6% (w/v). The mixture was stirred 
for 30 min at 85-90 °C followed by filtration.  
 
Total Phenolic Content (TPC) 
A Folin- Ciocalteu assay was used to determine the Total phenolic contents in the extracts. This method is 
used to quantify polyphenols in plants extracts, drinks, and food. The Folin- Ciocalteu reagent is composed 
of sodium molybdate, sodium tungstate and acids such as phosphoric acid and concentrated hydrochloric 
acid. Briefly, 200 µl of the extract was mixed with a freshly prepared solution of 750 µl of Folin-Ciocalteu 
reagent (1:10 v/v) and 2 ml of 7,5% sodium carbonate solution. The final mixture was diluted using de-
ionised water to the mark of 7 mL with ultrapure water. Samples were incubated for 2 h in the dark and the 
absorbance was measured at 765 nm using UV/Vis spectrometry (Varian, Cary 50 Conc, Darmstadt, 
Germany). The total phenolic content was expressed as mg gallic acid equivalent (GAE) per gram (mg 
GAE/g). The following equation was used to calculate the total phenolic content. T= C x (V/M). Where T is 
the total phenolic content in mg/g of the extracts as GAE. C is the concentration of gallic acid established 



from the calibration curve in mg/ml, V is the volume of the extract solution in ml and M is the weight of the 
extract solution in ml and M is the weight of the extract in (g). 
 
Membrane Distillation Crystallization (MDC) 
A hollow fiber direct contact membrane distillation crystallization was used to perform the carried 
experiment. A counter current configuration with a crossflow velocity of 15,5 mL/sec for both feed and 
permeate sides driven by a peristaltic pump was used. The feed temperatures were set at 55°C, 65°C, and 
80°C while the permeate temperature for all the tests was set at 15°C. The temperature of the feed and 
permeate (inlet and outlet) were monitored during the experiment. At the set temperatures 80, 65 and 55 
ºC the feed inlet and outlet temperatures were 53 ºC and 49 ºC, 50 ºC and 47 ºC, 45 ºC and 42 respectively. 
While for the permeate the inlet and outlet temperature for conditions at 80, 65 and 55 ºC were at 19 ºC 
and 23 ºC, 19 ºC and 22 ºC, 19 ºC and 21 ºC. 
 
Results and discussion.  
The MDC process performance was evaluated at various temperatures, precisely, 55, 65 and 80 °C where 
moringa extract was used as the feed solution. The MDC process performances presented greater flux at 
higher temperature, precisely 80 °C (Figure 1a).  As per deltaT plots, the vapour pressure gradient was 
higher at high feed temperature, thus increasing the rate of water recovery (Figure 1c). Also, the process 
remained relatively stable until supersaturation where recovery factor of 75% was recovered (Figure 1b). In 
various membrane processes such as reverse osmosis and nanofiltration, the process evaluation beyond 
50% recovery factors become challenging due to concentration polarization caused by particle 
accumulation on the membrane surface. However, the MDC process stability at high recovery factors 
enables recovery of powdered minerals such as moringa and mineral salts. It worths noting that, the flux 
and change in temperature difference were recorded different time, markedly 16, 21 and 27 hours at 55, 
65 and 80 °C. This is because, the rate of water recovery was higher at high feed temperatures, thus 
reaching the highest recovery factors and supersaturation at shorter periods.  

 

 
Figure 1: The rate of water recovery from Moringa extract as a function of (a) time, (b) recovery factor and temperature 
gradient with time. 
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An optical microscope was used to determine the particle size distribution after 20 minutes at different 
temperatures. Moring powders were formed at high recovery factors above the saturation point in 
solution. Firstly, the nucleus was formed on the interface of the membrane followed by particle formation 
and growth. Therefore, the powder formation and growth were influenced by temperature variation. As 
seen previously, the rate of water recovery was higher at high feed temperatures, causing rapid particle 
growth rate. The growth rates of the powders were 3.51, 6.57, and 9.01 µm/h at 55, 65 and 80 °C 
respectively. Also, the particle size distribution was narrow at low feed temperatures, specifically due to the 
slow rate of particle growth. At higher feed temperatures, the size distribution broadened due to rapid 
growth of the particles. Similarly, the size distribution broadened at high recovery factors due to variation 
in size of the powder particles. Various results supporting the research findings are currently in place and 
will therefore be presented in the final conference paper. These includes the scanning electron microscope, 
X-Ray Diffraction, metal ion concentrations, flavonoids, phenolic content, and oxidative nature of the 
moringa powders. Also, the pure water flux, membrane rejection capacities will be reported in the 
conference paper. 
 

 

 
Figure 1:  The particle size distribution of moringa powder at (a) 55 °C, (b) 65 °C, (c) 80 °C and (d) the particle growth rate as 
a function of time.  
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Introduction.Strategic drivers such as water and energy are crucial for sustainable global growth. Water 
scarcity is a severe issue in different regions of the planet [1]. Desalination processes have contributed to 
addressing, in part, the water scarcity. Around 70% of the global desalination capacity is covered by SWRO. 
However, the relative recovery (~50%) and energy consumption (3-5 kWh/m3) drive the search for 
alternatives to address SWRO issues. Membrane distillation (MD) is an attractive alternative to recover water 
and solvents and is attractive not only for desalination but also for other fields like the mining industry [2]. 
The improvement of MD performance could be explored from the study of different membrane 
characteristics (materials) as well as the effect of the operating conditions and the interaction between them. 
This work studies the effect of membrane pore size, materials, and operating conditions on membrane 
performance. 
Experimental/methodology. This study used synthetic brine mimicking the retentate brine typically obtained 
from the SWRO process. The laboratory setup includes the control of temperature and flow rates, as well as 
balances in each solution tank to register the evaporated water. The experimental runs were operated under 
a counter-flow configuration for 180 min. In the first step, two flat-sheet membranes (0.014 m2) with 
different pore sizes (0.10 and 0.22 µm) and materials (Polyvinylidene Fluoride-PVDF and 
polytetrafluoroethylene-PTFE) were tested to select the most suitable membrane for the optimization in 
terms of evaporated flux and rejection of salts and boron. The operating conditions in this step were fixed at 
1050 mL/min for the brine and stripping water streams, 55°C for the brine stream, and 20°C for the stripping 
water stream. In the second step, the selected membrane was used to evaluate the effect of operating 
conditions using a Box-Behnken design with 27 experimental runs, including three central points. The studied 
factors include brine stream temperature (40-70°C), striping water temperature (15-25°C), and brine/striping 
water stream flow rates (700-1400 mL/min). Response variables comprise evaporated water flux and 
rejection of salt and boron.  
Results and discussion. Results showed that among the PVDF membranes, the membrane with 0.22 µm had 
the highest evaporated flux (8.3 kg/m2h) and rejection values (85.0 % for salts and 67.1% for boron) 
compared to that of 0.10 µm with an evaporated flux of 7.2 kg/m2h, and rejections of 83.3% and 66.4% for 
salts and boron, respectively. Similarly, PTFE membranes showed the same performance as PVDF 
membranes; this means that 0.22 µm membrane showed the highest values of evaporated flux (9.4 kg/m2h) 
and rejections of salts (99.9%) and boron (78%) in comparison with the 0.10 µm membrane (8.0 kg/m2h for 
evaporated flux, 99.9% of salts rejection and 74.7% for boron rejection). The selected membrane was the 
PTFE of 0.22 µm based on the results. In the second step, the study of operating conditions showed that all 
the studied factors did not significantly affect the rejection of salts, that in all the experimental runs was 
higher than 99%. On the other hand, the temperature of the brine stream was the most significant factor for 
the evaporated flux (p=0.0008) and the rejection of boron (p=0.0451). The multiple optimizations showed 
that it could achieve a maximum evaporated flux of 28.9 kg/m2h and rejection of boron of 99.1% operating 
at 1314.5 mL/min, 843.9 mL/min, 69.9°C and 18.6°C for the brine flow rate, striping water flow rate, brine 
temperature, and striping water temperature, respectively. 
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Introduction. Membrane Distillation (MD) holds promise in intensifying the desalination process by treating 
the brine generated from Reverse Osmosis plants, thereby increasing the water recovery factor. Its 
extension to water recovery above the supersaturation conditions, known as Membrane Crystallization 
(MCr), facilitates the extraction of dissolved minerals from seawater and brine. However, the industrial-
scale implementation of MD-MCr has been hindered by significant energy consumption.The emergence of 
photothermal materials, particularly noble metal nanoparticles acting as hotspots under UV-light, has 
spurred the development of self-heating membranes [1]. These membranes aim to reduce energy 
consumption, enhance thermal efficiency, and elevate the overall performance of the MD-MCr process by 
reversing the temperature polarization. Nevertheless, the use of thermoplasmonic materials, featuring 
resonances in the solar-light spectrum and synthesized through cost-effective methods would be better 
suited for Photothermal MCr-MD applications [1].  
Our previosus comprehensive investigation, encompassing both theoretical and experimental approaches, 
has highlighted the potential of NiSe and CoSe nanoparticles for thermoplasmonic applications in MD [2]. 
This study explored their distinctive electronic and optical properties, paving the way for their practical 
utilization in solar-driven seawater mining via MCr [3]. 
Experimental/methodology. Photothermal composite membranes consisting of a thin microporous layer of 
polydimethylsiloxane (PDMS) loaded with NiSe or CoSe nanoparticles (NPs) supported on polyvinylidene 
fluoride (PVDF)  were prepared via spraying [2]. The solar-induced thermoplasmonic effect of NiSe and 
CoSe was harnessed to enhance the evaporation of water from NaCl brine (5 M) in MCr experiments. 
Results and discussion. The efficient photothermal capabilities of CoSe (2.5wt%) harvest heat locally at the 
PDMS coating, reaching temperatures of 61.7 °C under sunlight irradiation [2]. This results in an 
evaporation flux from brine of 0.608 L·m�>�î·h�>�í, four times greater than that achieved by the bare PDMS 
coating (0.145 L·m�>�î·h�>�í, with a surface temperature of 31.5 °C) [3]. Similarly, the PDMS coating 
incorporating 2.5 wt% NiSe reached a surface temperature of 51.9 °C under sunlight irradiation, resulting in 
a water evaporation rate of 0.445 L·m�>�î·h�>�í from NaCl brine [3]. Importantly, the rapid vaporization 
observed for PDMS/2.5%wt CoSe reduced the time needed to achieve supersaturation conditions in NaCl 
brine by 62.5% compared to blank PVDF.  
The adoption of the photothermal membranes also led to enhancements in crystal quality. Specifically, the 
uniform membrane surface temperature ensured by nanoscale thermal hotspots created consistent 
conditions for nucleation and crystallization, leading to the production of high-quality crystals (with 
a coefficient of variation of 29% for PDMS/2.5%wt CoSe). Additionally, kinetic studies verified that the 
elevated surface temperature induced by photothermal effects facilitated the nucleation phase. Finally, the 
feasibility was demonstrated by extracting NaCl (with a purity exceeding 99%) from actual seawater. 
In summary, this research highlights the potential of photothermal MD-MCr, which could have significant 
economic, energetic, and environmental implications. 
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Introduction: Magnesium (Mg) is a key cation in waste brines, valued for its industrial importance and 
abundant oceanic reserves, with over a million tons per cubic km. It has diverse uses, from medical 
treatments for cardiac issues and migraines to agricultural fertilizer1. Membrane Distillation Crystallization 
(MDCr) is increasingly favoured for mineral recovery from different solutions, owing to its energy efficiency 
and versatility2. This study explores magnesium sulphate heptahydrate (MgSO4.7H2O, epsomite) 
crystallization through MDCr by mimicking the nanofiltration brine sourced from seawater reverse osmosis 
brine.  
Experimental/methodology: A lab-scale MDCr setup consisting of a hollow fiber membrane module 
containing 20 fibres (polypropylene) was used. The effect of various parameters including temperature (40, 
50 and 60 vs 200C), flow rate (1.32, 0.72 and 0.38L/min), and solution composition (9.25-18.5g/L NaCl, 5-
10g/L KCl) on epsomite crystallization and crystal properties (size and shape) has been evaluated.  The 
concentration for epsomite (546.26g/L) was kept constant and high.  
Results and discussion: Observations at various temperatures (60, 50, and 40°C vs. 20°C) and flow rates 
(1.32, 0.72, 0.38 L/min) revealed that temperature impacts MDCr performance and epsomite crystallization 
more than flow rate. On the other hand, it was found that a lower flow rate is sensitive towards the 
initiation of surface and bulk crystallization and can provide an overview for both on the basis of flux 
decline. Epsomite crystal size varied with temperature (123.2-�í�ñ�ò�X�ï�ô�� �…�u�•�� ���v���� �(�o�}�Á�� �Œ���š���� �~�í�ï�ì�X�ð�ï-156.38 
�…�u�•�X  

         Fig.1 Epsomite crystal obtained duing MDCr process  
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and lowest CV values obtained with different conditions are presented in Table 1. 
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Condition CV (%) 

Feed temp (500C) 19.74 
Flow rate 0.38L/min 17.23 

18.5g/L NaCl with epsomite 31.24 
10g/L KCl with epsomite 27.65 

9.25g/L NaCl + 5g/L KCl with 
epsomite 

31.61 

Table.1. Presents lowest coefficient of variation (CV, %) values.  
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Introduction. Globally, water shortage has emerged as a major issue and it has been estimated that by 
2050 a total population of about two billion people will likely suffer from water scarcity. To create more 
usable water, membrane distillation (MD) has gained relevance as a desalination technology [1].  
The main disadvantages of current membranes for membrane distillation are their relatively low vapor 
permeation flux and the fact that they contain fluorine. Silicone nanofilaments (NF) coated membranes 
appear as an interesting alternative to be applied on this field. This coating, completely fluorine free, 
provides superhydrophobicity to the porous membrane. At the same time, the obtained coated 
membranes exhibit large vapor permeation flux [2].  
NF growth is a consequence of trichloromethyl silane hydrolysis and condensation on an active surface 
immersed in toluene.  For upscaling the coating procedure, several constraints need to be addressed. In 
principle, it is necessary to use solvents of lower toxicity than toluene and to increase the size of the 
samples without resigning the coating features. Therefore, the aim of this work is to explore different 
experimental conditions leading to a coating process adaptable for larger scale production. 
Experimental/methodology. The coating comprises the plasma activation of the substrate membrane for 
obtaining �tOH groups, followed by hydrolysis and condensation of trichloromethylsilane (TCMS). Usually, 
this procedure is conducted overnight using toluene as the solvent. In this work, different solvents and 
substrates were tested. 
Results and discussion. Figure 1 shows the typical NF structure obtained. Fabrication of A4 size fluorine-
free superhydrophobic membranes using a non-aromatic solvent was accomplished. The effect of TCMS 
concentration, room humidity and the structure of the substrate were evaluated. An increase in the 
coating density was obtained when increasing TCMS concentration, while differences in the wetting 

properties were found when preparing the coating at two 
different humidity values. Polypropylene (PP), 
polyethersulfone (PES) and cellulose acetate (CA) were tested 
as different substrate membranes. NF coating grows on 
hydrophilic substrates like PES and CA, while scarce filament 
growth was observed on non-woven PP membranes. The PES 
and CA were tested in AGMD with permeation fluxes higher 
than the ones obtained with standard PTFE membranes and 
the salt rejection was close to 100%. Regarding the chemical 
resistance, the membranes did not resist highly acidic 
solutions but they exhibited good wetting resistance against 
low surface tension liquids. The coated membranes present 
good properties for application in MD technology and this 

study represents a valuable step forward for upscaling the coating procedure. 
 
Acknowledgments 
This project is funded by European Union: Grant agreement ID: 101099381.  

References 
 [1] Dhakal, N.; Salinas-Rodriguez, S.G.; Hamdani, J.; Abushaban, A.; Sawalha, H.; Schippers, J.C.; Kennedy, M.D. 
Membranes 2022, 12, 381. 
[2] Hou Y., Shah P., Constantoudis V., Gogolides E., Kappl M., Butt H-J. Nat. Commun 2023, 14, 6883. 

Figure 1. Silicone nanofilament coating. 
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Introduction.  
Conventional desalination processes have considerable limitations with regard to strong ion concentrations 
due to high osmotic pressures and corrosion [1]. For the treatment of industrial wastewater and process 
water with increased salt contents up to the saturation limit, membrane distillation (MD) with ceramic 
membranes can be a promising alternative, especially for the combination with crystallization processes.  
 
Experimental/methodology.  
Functionalized ceramic membranes of different pore and layer characteristics have proven their ability to 
treat saline waters by membrane distillation [2]. In the focus of ongoing investigations is the optimization of 
the water extraction process from highly saline mixtures, close to the point of saturation. Furthermore, the 
membrane coating process is scaled up to multichannel geometries with membrane lengths of 0.25 m and 
0.5 m and the mass transfer through the multichannel membranes is characterized by CFD modelling.  
For the coupling of membrane distillation with crystallization and to be able to operate the overall process 
in an energy-efficient manner, the temperature of the membrane module and of the crystallizer should be 
at a similar level. It is therefore essential that the membrane can work at the point of crystallization stable.  
 
Results and discussion. 
For membrane scaling up seven, nineteen and ring channel membranes were coated and tested in vacuum 
membrane distillation tests. Membranes proved similar selectivity as single channel membranes, resulting 
in salt rejection rates of above 99.9 %. When comparing permeate fluxes, fluxes decreased by more than 50 
% for multichannel membranes compared to single channel tubes at identic process conditions. The flux 
losses were justified by higher pressure losses of the vaporous permeate during the permeation of the 
multichannel support as justified with CFD calculations. For improving specific fluxes adapted membrane 
geometries, considering special permeate channels, are being investigated.  
Long term membrane distillation experiments with salt compositions typical for potash mining waters were 
performed. Salt concentrations were increased to the point of saturation when feed showed first salt crystals 
and then hold constant by returning permeate water into the feed. Permeate fluxes were stable and showed 
a permeate flux of 5 �l�P�l�~�u�ø�Z�•�� ���š�� ���� �(�������� �š���u�‰���Œ���š�µ�Œe of 70 �£���� ���v���� ���� �‰���Œ�u�����š���� �‰�Œ���•�•�µ�Œ���� �}�(�� �í�ì�ì mbar. The 
investigation of further salt compositions and real potash mining waters is ongoing.  
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Introduction.  
The ubiquitous presence of poly- and perfluoroalkyl (PFAS) is a severe concern because of their 
���]�}�������µ�u�µ�o���š�]�}�v�� ���v���� �‰���Œ�•�]�•�š���v������ �]�v�� �š�Z���� ���v�À�]�Œ�}�v�u���v�š�� ���������µ�•���� �}�(�� �•�š�Œ�}�v�P�� ���>�&�� ���}�v���•�� �~�ð�ô�ñ�� �l�:�l�u�}�o�•�� �š�Z���š�� ���Œ����
recalcitrant towards thermal, chemical, and biological decomposition. The predominance of PFAS having 
toxicological effects can be quite hazardous to the environment, wildlife, and human beings, especially 
children [1]. Efforts are continuously pursued to investigate the complete mineralization of PFAS to detect 
and destroy these chemicals from the environment. Of all the many methods used, advanced oxidation 
processes can remove emerging contaminants from wastewater with complete degradation; however, the 
slow kinetics of the degradation process and extensive energy input hinder further commercialization [2,3]. 
Experimental/methodology. 
 We developed a hybrid process, comprising electro-Fenton as an advanced oxidation process, and 
membrane distillation (MD), to simultaneously degrade organic PFAS pollutants and extract pure water 
from the mixture. In this study, environmentally persistent perfluorooctanoic acid (PFOA) as an emerging 
contaminant, was used to study the effectiveness of the electro-Fenton/membrane distillation hybrid 
system. The PFOA degradation studies were conducted in two modes: electro-Fenton and electro-Fenton 
coupled with membrane distillation. The experiments have been done at pH=3 and a temperature of 60-20 
°C (feed side and cold side of MD). High-performance liquid chromatography with ultraviolet detection 
(HPLC-UV), Ion-chromatography (Measuring Fluoride ion concentration), total organic carbon (TOC) decay, 
mineralization current efficiency (MCE), and specific energy consumption (SEC) were evaluated for a single 
EF and hybrid EF-MD processes. Moreover, the effect of current density on the degradation and 
mineralization efficiency was investigated. 
Results and discussion.  
In the Electro Fenton process, increasing the current density from 50 to 500 A/m² resulted in a notable 
improvement in TOC removal, rising from zero to 70%. In the hybrid process of EF/MD, Dewatering the feed 
solution not only elevates the feed concentration but also enhances electrolyte conductivity. Consequently, 
the MD/EF system demonstrates superior performance compared to the standalone EF process, 
particularly at the lower current density of 50 A/m². Notably, there is no mineralization in the EF process at 
this lower current density. However, through the integration of membrane distillation with Electro Fenton 
and subsequent feed solution dewatering, mineralization is significantly augmented, achieving a 42% TOC 
removal rate. Furthermore, our assessment of PFOA concentration over the 6 hours of operation reveals 
a remarkable outcome: within the initial two hours, employing current densities of 300 and 500 A/m², we 
achieved a PFOA removal rate exceeding 95%. Moreover, the calculated specific energy consumption (SEC) 
reveals that thermal dewatering of the solution substantially decreases energy consumption per gram of 
TOC, aligning with our research objective to minimize energy consumption for the mineralization of these 
toxic substances. 
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Introduction. 
Membrane distillation (MD) is a thermally driven separation process that extracts volatile compounds from 
a heated solution through a porous, typically hydrophobic membrane, driven by a vapor pressure gradient. 
MD stands out for its versatility, allowing integration with renewable energy sources such as waste heat or 
solar power to enable sustainable desalination at moderate temperatures. Its applications span across 
various sectors, including desalination, pharmaceutical treatment, resource recovery from desalination 
brine, and separations in the dairy and food industries. In contrast to the well-established reverse osmosis 
(RO) method, MD as a desalination process can tackle feeds with high salinity while maintaining the 
advantages of membrane technologies, such as modularity, ease of operation, and compactness. However, 
MD suffers from low energy efficiency and temperature polarization effects, due to bulk heating of the feed 
solution.  
 
Experimental/methodology 
We explore electrically conductive membranes and spacers for direct surface heating at the membrane 
surface using Joule heating. By tuning electrical properties and applying a potential at or near the membrane 
surface, surface heating keeps the temperature at the membrane surface sufficiently high and increases 
energy efficiency of the system. In this work, we develop electrically conductive membranes and spacers, 
and combine them with protection coatings for enhanced performance for desalination via MD. We 
characterize the novel materials using scanning electron microscopy, electrochemical impedance 
spectroscopy and contact angle measurements, and study the effect of applied potential on MD permeate 
flux, salt rejection and energy consumption.  
 
Results and discussion 
Electrolytic deposition time for MgO coatings on Ni-Cr spacers was optimized to obtain a crack-free ceramic 
coating, which functioned as a barrier layer for Ni-Cr feed spacers in seawater, as confirmed by 
electrochemical impedance spectra. Due to superior heating, Ni-Cr heaters with a smaller wire diameter (0.1 
mm) and MgO coating time of 5 min were selected for direct surface heating. The effect of applied current 
duration was investigated by passing a current of 0.2 A cm-2 both periodically and continuously during MD of 
10000 mg L-1 aqueous NaCl. Compared to 0 A cm-2, permeate flux improved by 15% in both cases, indicating 
no effect of continuous supply of high-grade electrical energy on flux, while specific energy consumption 
increased only by 4% when periodic surface heating was applied. Our work builds on our previous studies on 
self-heated membranes and highlights a spacer-based approach for localized Joule heating in MD systems. 
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Introduction. Hollow fiber (HF) membranes are an interesting option for membrane distillation (MD) due 
to their high packing density and self-supporting structure. However, due to the absence of spacers, high 
flow velocities are required to overcome temperature polarization (TP) in HF MD modules. This approach 
can result in high pumping energy consumption and a risk of membrane wetting due to the associated 
pressure drop. In the current study, we systematically investigate the effect of geometrical parameters of 
innovative helical HF modules to overcome TP in MD. The overall objective is to optimize the geometrical 
features of the helical HF module as a function of operating conditions and membrane properties.   
Experimental/methodology. Helical HF membrane modules were fabricated by using a commercial PP 
membrane with a �u�����v���‰�}�Œ�����•�]�Ì�����}�(���ì�X�î���…�u�U�����v������ porosity of 73%.  The relative pitch (RP) (pitch divided 
by the fiber outer diameter) of the helix was varied to 10, 12.5 and 15 by keeping the relative radius of the 
helix constant at 5 mm. The performance of the membrane was tested at feed inlet temperatures of 50, 
60, and 75oC. At each of the tested temperatures, the feed side Reynolds number (Re) was varied from 150 
to 1800. The testing was carried out using pure water as well as wastewater from a brewery and the 
�u�}���µ�o���•�[ performance was measured in terms of flux.   
Results and discussion. The results demonstrated that the performance of helical HF modules was a strong 
function of the RP of the helix. In general, the module with the lowest RP (i.e. 10) showed even less flux 
than the straight fibers under the same operating conditions. Modules with RP 12.5 showed the highest 
flux which was up to 70% higher than their straight counterpart.  The module with RP 15 exhibited flux 
similar to that of the straight fiber module. The lowest performance of the modules with an RP 10 was 
attributed to the fibers coming into contact with each other and the potential damage of the membrane 
microstructure due to the stress caused by the sharp pitch. At RP 15, the hydrodynamics inside the fiber 
approached those inside the straight fiber, therefore, similar fluxes were observed for both designs. 
Currently, we are developing a mathematical model to determine the optimum geometries as a function of 
membrane properties and operating conditions and we aim to present the results at the conference.  

 

Figure: (a) schematic diagram of a helical fiber (b) a lab-made helical fiber module (c) flux as a function of 
Re for different relative pitches of helical HF modules at feed inlet temperatures of 50 and 60oC. 
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Introduction.Membrane distillation (MD) is an emerging technology that has aattracted significant 
attention for the treatment of high-salinity water, offering a theoretical rejection of non-volatile 
compounds that surpasses other membrane processes like reverse osmosis (Wong et al., 2024). However, 
MD faces challenges such as membrane wetting, low permeation flux, and high energy consumption, 
which impede its large-scale implementation and commercialization. Wetting, in particular, poses a critical 
hurdle as it compromises rejection efficiency by allowing feed solution to enter the permeate side directly. 
Finding a chemical-free approach to effectively mitigate wetting and prolong MD's operational time is thus 
crucial. 
Experimental/methodology.In this study, we demonstrated the use of nanobubbles (NBs) as a simple and 
effective method to delay wetting and scaling in membrane distillation (MD) during the treatment of saline 
and SDS feed. The experimental setup consisted of a direct contact (DCMD) module employing commercial 
�W�s���&���u���u���Œ���v���•���~�ì�X�î�î���…�u�����v�����ì�X�ð�ñ���…�u�•�����}�v�v�����š�������š�}���������}�v���µ���š�]�À�]�š�Ç���u���š���Œ�����v���������‰�}�šentiostat for scaling 
monitoring and early wetting detection. Initially, NBs-enriched water was generated using an NBs 
generator and characterized to confirm the presence of nanosized bubbles. Subsequently, different 
parameters such as membrane pore size and surfactant concentration were examined to understand the 
role of NBs in delaying wetting and inhibiting scaling. 
Results and discussion.The results revealed that NBs pretreatment effectively delayed wetting, particularly 
at lower surfactant concentrations. For example, for 0.22�…m membrane, impedance measurements 
demonstrated that the addition of NBs extended the wetting time from approximately 300 minutes to 580 
minutes at an SDS concentration of 0.1 mM. At 0.2 mM SDS, wetting occurred around 60 minutes without 
NBs, whereas with NBs, wetting was delayed to approximately 250 minutes. However, an instant wetting 
phenomenon was observed at 0.3 mM SDS. Two proposed mechanisms explain the delayed wetting time: 
first, negatively charged NBs act as a barrier, reducing the availability of ions and surface interactions with 
the membrane; second, higher NBs concentrations induce shear stress, preventing the decomposition of 
ions and surfactants on the surfaces. These mechanisms were further confirmed through dynamic contact 
angle testing, where a drop containing NBs exhibited a slower decrease in contact angle over 30 minutes. 

 
Figure1. Wetting progression at surfactant 
concentrations of 0.1 mM (A-C), 0.2 mM (D-F), 0.3 mM 
(G-I) SDS concentration comparing pretreatment with and 
without NBs for 0.22um pvdf membrane. 
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Introduction.  
Lithium-ion batteries (LIBs) hold immense potential as a secondary source of valuable materials like cobalt, 
nickel, manganese, and lithium. Recovering these critical resources through efficient recycling processes is 
crucial. Solvent extraction offers a promising method for separating these components from end-of-life LIBs. 
Notably, reactive extraction is used to generate a concentrated solution of cobalt sulfate in diluted sulfuric 
acid. This elementary cobalt is then extracted from this by electrolysis or the cobalt sulphate is crystallized. 
Membrane distillation crystallization (MDC) arises as a sustainable and evolving technique for treating this 
reusable material while simultaneously recovering both salt and purified water. The recovered salts can be 
used for various industrial applications, reducing the need for salt mining, which can have environmental 
impacts. MDC operates at lower temperatures, potentially requiring less energy input  
 
Experimental/methodology.  
The composition of the artificial solutions is similar to the real stripping solution from the LIB recycling 
process. The solutions contained 30 g L-1 of cobalt sulfate and 1 g L-1 of sulfuric acid. To assess the impact of 
seeding crystals, MDC experiments were conducted in a lab setup using a tubular polypropylene (PP) 
membrane. Seeding crystals of silicon dioxide were introduced, allowing them to grow on existing particles 
and subsequently be separated within the classifier section. For comparison, separate membrane distillation 
(MD) experiments were carried out in the same setup, but without the use of seeding crystals. 
 
Results and discussion.  
Permeate flux for MDC and MD over time is shown in Figure 1 for an initial feed solution of 30 g L-1 cobalt 
sulfate at 50°C. The MDC flux was relatively constant between 2.5 �t 2 kg m-2 h-1 and the MD flux fluctuated 
between 3.3 �t 1.7 kg m-2 h-1 during 5 h. It could be observed that the salt rejection rate in the MDC 
experiment is constant at 99.9% over the operation time. The salt rejection rate in the MD experiment 
declines after 3.5 h from 99.9% to 97.8%. Furthermore, both experiments achieved similar concentration 
factors 2.5 for MDC and 2.6 for MD. In addition to the experiment with cobalt sulfate, an experiment was 
also conducted with sulfuric acid. The permeate flux of sulfuric acid was between 4 �t 3.7 kg m-2 h-1 during 2 h. 
The sulfuric acid solution was concentrated to a ratio of 122. 

 

Figure 1: MDC and MD water flux of the cobalt sulfate feed solution. 
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Introduction. Membrane distillation (MD) is an emerging separation process with a partial vapour 
difference driving force generated by the temperature gradient across a hydrophobic porous membrane 
and is relatively new to pressure-driven membrane processes (Chew et al., 2019). The most commonly 
used membrane types were microfiltration or ultrafiltration membranes. As technology has advanced, 
specialised membranes with hydrophobic and superhydrophobic properties have been developed for 
sustainable MD processes (Zhao et al., 2018). However, as researchers began to enter niche industries such 
as the oil and gas industry, it was realised that the development of more specific membranes was of great 
importance. This is because while surfactants and oils present in high salinity wastewaters limit the 
applicability of the MD process in such wastewaters (Wang et al., 2023). Therefore, Janus membranes have 
been developed to overcome fouling and wetting problems encountered in oily wastewater. In this study, 
Janus-engineered reversed thin film composite membrane with cellulose nanocrystals (CNC) was 
fabricated to treat oil containing wastewater for enhanced anti-fouling membrane distillation. 
Experimental/methodology. Firstly, 15 wt% PVDF-HFP and 4 wt% LiCl were dissolved in DMAC and 
hydrophobic PVDF-HFP membrane (M0) was fabricated by phase inversion method. Then, 0.2 wt% TMC 
was dissolved in n-hexane solution to preapare an organic phase. 0.2 wt% TMC solution was poured into 
PVDF-HFP membrane. The excess solution was removed after 1 min. After that, the impregnated PVDF 
substrate was gently wetted by 2 wt% PIP solution containing varios concentrations of CNC (0.2-1 wt%) for 
2 min. The excess solution was removed and the Janus membrane was obtained after washing and drying, 
which were named as M1, M2, M3, and M4 corresponding to the CNC concentration of 0, 0.2, 0.5, 1.0 wt%, 
respectively. The resultant membranes were heated in an oven at 50 oC for 5 min. The membranes were 
tested in air gap membrane distillation (AGMD) module for saline (containing 35 g.L-1 NaCl) and oily 
wastewater (containing 35 g.L-1 NaCl 1 g.L-1 crude oil). The fabricated membranes were characterized by 
scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR) and contact angle (CA) 
analyzes.  
Results and discussion. The SEM and FTIR analyses showed that the successful formation of dense layer 
containing various concentrations of CNC on the top layers of the modified membranes. The WCA values of 
the fabricated membranes were measured as 81.25 ± 1.8
 ,̧ 36.10 ± �í�X�ñ
¸, 32.15 ± 0.9
¸�U���î�ô�X�ô�ñ���F���í�X�ï
¸�U���î�ó�X�ñ�ì���F��
�ì�X�ó
¸�U��for the top layers of M1, M2, M3 and M4 membranes, respectively. All the modified membranes 
exhibited satisfactory underwater oleophobic properties, effectively preventing the adhesion of oil droplets 
to the membrane surface. In AGMD experiments using saline and oil containing saline water, the highest 
permeate flux was obtained for M3 membrane which was approximately 42% higher compared to the M0 
membrane. All the modified membranes demonstrated satisfactory fouling resistance for the treatment of 
containing hypersaline wastewater.  
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Introduction. The ubiquitous presence of poly- and perfluoroalkyl (PFAS) is a severe concern because of 
�š�Z���]�Œ�����]�}�������µ�u�µ�o���š�]�}�v�����v�����‰���Œ�•�]�•�š���v�������]�v���š�Z�������v�À�]�Œ�}�v�u���v�š�����������µ�•�����}�(���•�š�Œ�}�v�P�������>���&�����}�v���•���~�ð�ô�ñ���l�:�l�u�}�o�•���š�Z���š��
are recalcitrant towards thermal, chemical, and biological decomposition. The predominance of PFAS 
having toxicological effects can be quite hazardous to the environment, wildlife, and human beings, 
especially children [1]. The conventional methods are not sufficiently effective in eliminating PFAS from 
water sources due to PFAS's small molecular size, high mobility, and rapid diffusion. Additionally, these 
approaches often suffer from substantial operational costs and high energy and chemical use. In this 
context, membrane separation techniques are highly efficient methods for removing PFAS from natural 
water sources, offering exceptional removal efficiency, low energy consumption, ease of operation, 
compact design, and minimal environmental impact. Additionally, evaporative separation techniques prove 
effective in concentrating PFAS from liquid solutions, primarily due to PFAS compounds' low vapor 
pressures and resistance to evaporation at elevated temperatures. Therefore, the membrane distillation 
(MD) method presents a compelling opportunity for PFAS removal from water [2].  
Experimental/methodology. We fabricated a hydrophobic SiO2-PVDF flat sheet membrane using the phase 
inversion via immersion precipitation technique, intending to use it for the first time in PFAS removal 
applications through the DCMD process. The main goal of the study was to improve the performance of 
the PVDF membrane in terms of flux stability and PFOA rejection. Also, the membrane fouling was 
investigated by X-ray photoelectron spectroscopy (XPS) analysis. Additionally, the study aimed to optimize 
the operational parameters of the DCMD process to achieve enhanced PFOA removal. In this regard, the 
performance of the fabricated membrane was compared with commercial PVDF membranes in terms of 
water flux and PFOA rejection. Moreover, response surface methodology (RSM) was used to obtain the 
optimal operating conditions for achieving the best performance. 
Results and discussion. Results indicated that substantial fouling occurred on the surface of commercial 
PVDF membrane, leading to a decrease in PFAS rejection. In comparison, the fabricated SiO2-PVDF 
membrane exhibited a significantly improved performance, with an impressive PFOA rejection rate of 98%. 
High LEP of fabricated membrane enhances its resilience against wetting. Furthermore, the presence of 
silanol compounds on the surface of the SiO2 nanoparticle contributes to this enhanced negativity. The 
more negative charge of nanocomposite PVDF membranes enhances their ability to repel negatively 
charged PFOA molecules, through more pronounced electrostatic repulsion. This electrostatic repulsion 
effectively counteracts the hydrophobic-hydrophobic interaction between PFOA molecules and the 
membrane surface. This attribute enhances the membrane's resistance to fouling by fluorinated 
contaminants. By employing response surface methodology (RSM), we identified the optimal combination 
of feed concentration (30 ppm), (60°C), and flow rate (1.5 LPM) to yield a flux of 9 LMH and a PFOA 
rejection of 95.41%. Notably, feed temperature emerged as the most influential factor in the performance 
of DCMD. 
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Introduction. In the quest to replace toxic, volatile, and harsh solvents, and to stand for the principles of 
green and sustainable chemistry and engineering, various functional solvents have been introduced in the 
last two decades. The synthesis of perfluorocarbons, hydrophobic analogues of ionic liquids (ILs) and deep 
eutectic solvents (DESs) are some of the examples publicising hydrophobic designer solvents. However, to 
potentiate bio-based applications wherein polar media is encountered, the low solubility of these 
hydrophobic solvents in water was tackled in this work by dispersing them as nanoemulsions1. 
Experimental/methodology. Membrane emulsification was highlighted in the 1990s as an energy-efficient 
method to produce �Zmicroemulsions�[. In this work, an in-house built membrane emulsification set-up was 
used for the production of  �Znanoemulsions�[�U���Á�Z���Œ�����š�Z�����š���•�š�������}�]�o���‰�Z���•�����Á���•��a perfluorocarbon. The results 
were compared with the traditional ultrasound emulsification technique.  
Results and discussion. Perfluorodecalin-in-water nanoemulsions with enhanced stability were formulated 
using a 30 nm isoporous polymeric membrane by �Z���]�Œ�����š�� �u���u���Œ���v���� ���u�µ�o�•�]�(�]�����š�]�}�v�[ with reduced energy 
consumption1. The high viscosity of ionic liquids (ILs) was addressed for the first-time by �Z�‰�Œ���u�]�Æ��
�u���u���Œ���v���� ���u�µ�o�•�]�(�]�����š�]�}�v�[ to formulate IL-in-water nanoemulsions by using the aforementioned 
membrane. Subsequently, the preparation of novel PVA membranes embedded with micro/nano capsules 
of silica(shell)/ionic liquid (core) resulted in enhanced CO2 capture.  

 
Figure 1: Shift in paradigm from microemulsions to nanoemulsions by various membrane emulsification techniques 
In another case-study, the unique observation of self-assembly of DES enabled the formulation of 
hydrophobic DES-in-water nanoemulsions by iso-porous membranes with nominal pore sizes of 30 �t 1000 
nm. This phenomenon termed as �Z�u���u���Œ���v��-���•�•�]�•�š������ �v���v�}���u�µ�o�•�]�(�]�����š�]�}�v�[ was harnessed by fabricating 
microengineered iso-porous metallic membranes with high physicochemical stability and reusability to 
formulate DES-in-water nanoemulsions2. Novel aroma DESs based nanooemulsions exhibited enhanced 
antibacterial and antifungal activitities3. Lastly, depending of the choice of dispersed phase, this work 
reinforces the use of various membrane emulsification processes (see Figure 1) as sustainable approach to 
formulate cheaper and contamination-free nanoemulsions with controlled size and dispersity.  
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Introduction. Hybrid nanoparticles consist of organic and inorganic elements, blended through physical or 
chemical interaction. This materials combination joins the easy and affordable processability of polymers 
with the stability and physicochemical properties of inorganic components, generating a synergistic 
material with unique characteristics, employable in a wide range of application fields. Zeolites, thanks to 
their crystalline, microporous structure, which confer specific and remarkable features and activities, have 
been widely used as inorganic fillers. In the present work, the application of membrane nanoprecipitation 
for zeolite-based polymer nanocomposites development was studied.  
Experimental/methodology. Membrane nanoprecipitation, which combines membrane dispersion process 
with nanoprecipitation mechanism, emerges as a promising tool for polymer nanoparticles production. This 
approach not only enhances formulation quality but also minimizes energy consumption and waste 
generation, thereby offering environmental benefits. Moreover, it facilitates the scaling-up of nanoparticle 
production [1].  
Based on the polyvinyl alcohol (PVA) membrane nanoprecipitation [2], LTANa nanoparticles were added to 
the polymeric aqueous solution. The interaction between PVA and zeolites could be mediated by weak 
hydrogen bonds between hydroxyl groups and, after the solvent/non-solvent diffusion, polymer 
precipitation on the zeolite surface led to structures in which the zeolite could be enveloped within the 
organic shell. The non-solvent phase was represented by ethanol and Pluronic F127. A tubular hydrophilic 
Shirasu porous glass (SPG, Miyazaki, Japan) membrane was used to achieve a uniform mix between the two 
phases. 
Results and discussion. A systematic exploration of the operative conditions (polymer concentration, 
surfactant concentration, mass ratio between polymer and zeolites) was performed during in batch tests by 
dropwise addition of polymeric/zeolites solution into the non-solvent phase. This investigation allowed to 
pinpoint the conditions under which the suspension could be stable and homogenous, tailoring the particle 
size. Compared to batch protocol, the membrane approach achieved better results in terms of uniform 
distribution and higher productivity.  
To the best of our knowledge, this marks the first successful preparation of zeolite-polymer coated 
nanoparticles via this technique that should be extensively explored to bridge the knowledge gap regarding 
the fundamental mechanisms governing the synthesis of similar nanocomposite structures. 
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Introduction. Novel technologies for carbon dioxide capture, utilisation (CCU) and accelerated carbonation 
involve the use of gas-liquid membrane contactors for post-combustion CO2 capture [1]. The scope of the 
present study was to investigate the application of hollow fiber membrane contactor technology for 
combined CO2 capture from energy-intensive industrial flue gases and accelerating mineral carbonation by 
exploiting ion-rich industrial waste streams (e.g., lime slurries, desalination brines, etc. [2],[3]) in a single-
step multiphase process. The proposed process can serve as a key enabler of the circular economy for 
several industrial sectors (e.g., cement industry, infrastructure, etc.), not only as a viable CCU option, yet 
also for the manufacture of value-added products by exploiting industrial wastes that would permanently 
store CO2 in the form of Ca/Mg-carbonates, and thereby contribute to climate change mitigation. 
Experimental/methodology. In this study, experimental investigation was carried out for a CO2 capture 
process from gas mixtures containing 10-20% CO2 in N2 (i.e. representative of real-world industrial off-
gases) as feed sources, employing commercial polymeric membrane contactors and various liquid 
dispersions (e.g. Ca-rich aqueous solvent, seawater with promoters, desalination brines) serving as 
absorption solvents. The obtained nanocomposite particles were extensively characterized by DLS, XRD, 
TGA, SEM, TEM, and FTIR studies. 
Results and discussion. Under the studied process conditions, the experimental results revealed the 
technical viability of the novel membrane-based concept with high CO2 capture and conversion efficacies. 
Simultaneously, the production of carbonate nanoparticles was achieved with controllable structural, 
morphological and mechanical properties. 

  

Fig. 1: CO2 removal with seawater & NaOH in a 3M 
Liqui-Cel (MM 0.5x1) gas-liquid membrane 

contactor. 

Fig. 2: SEM/EDS analysis of CaCO3 produced in a membrane 
contactor during CO2 capture and carbonation with Ca-rich 

aqueous solvent.  
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Introduction. The repeated extrusion of a coarse emulsion premix through a nanoporous membrane can 
produce colloidal carrier systems suited for the intravenous administration of poorly water-soluble drugs. 
While many different membrane materials have been tested in the past, recently, a new nickel-based 
membrane fabricated from the single crystalline superalloy CMSX-4 showed promising results during 
emulsification [1]. The goal of this study was to analyze and identify potential heavy metal contaminations 
of an emulsion processed by such a membrane. For this purpose, a newly manufactured CMSX-4-based 
membrane was first cleaned with multiple extrusions of ultrapure water. Afterwards, a colloidal emulsion 
was produced by repeated extrusion of a coarse premix. In order to identify the influence of these process 
parameters on the extent of metal contaminations, the number of recyclation cycles of the emulsion as well 
as the extrusion pressure were varied.  
Experimental. An air pressure-driven high-pressure extruder was used to extrude the liquids through 
a custom-made nanoporous CMSX-4-based membrane. 6000 mL ultrapure water were extruded at 100 bar 
to rinse the membrane directly after its production. Samples were collected after 40 mL, 200 mL, 440 mL, 
1000 mL, 2000 mL. 3000 mL, 4000 mL, 5000 mL and 6000 mL to be analyzed afterwards. After rinsing, 
a coarse premix emulsion containing 5 wt.% Sucrose Laurate and 10 wt.% medium chain triglycerides and 
ultrapure water were each recycled 21 times at 100 bar through the rinsed membrane. Samples were taken 
after 1, 5, 11 and 21 cycles. Each sample was prepared for analysis by mixing with aqua regia at 9�ì�£����and 
dilution with ultrapure water. The prepared samples were analyzed for their nickel, cobalt and chrome 
concentrations with an ICP-OES.  
Results and discussion. For all samples, the highest heavy metal concentrations were measured for Ni, 
followed by Co and Cr. All contaminations were within the limits of the ICH-Q3D guideline [2]. Still, a steep 
decline of the Ni concentrations in the cleansing water from 40 mL to 200 mL underlines the importance of 
membrane rinsing after its production. With heavy metal concentrations decreasing up to 4000 mL rinsing 
water, it is questionable if the cleanup process was finished up to that point. In contrast, the recycling of an 
emulsion, as well as ultrapure water led to higher heavy metal concentrations than found in the 6000 mL 
rinsing water sample. An almost linear increase of contamination in the emulsions and the ultrapure water 
over the course of the process potentially indicated a constant leaching of contaminants per extrusion cycle. 
Applying an emulsion led to higher heavy metal concentrations than found in ultrapure water. Accordingly, 
the properties of the emulsion being processed through the membrane leads to a higher Ni leaching, 
hypothetically due to higher shear stresses within the membrane pores. Furthermore, increasing the 
pressure during extrusion led to elevated heavy metal concentrations for all cycles, further fostering the 
hypothesis of a dependence of contamination on the excerted hydrodynamic stresses.  
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Introduction  
Recent studies have revealed the rising prevalence of microplastics across different environments, posing 
risks not just due to their composition but also as carriers for microbial pathogens through biofilms [1]. 
Wastewater treatment plants are pivotal in mitigating microplastics' environmental release [2]. Thus, 
integrating effective microplastic removal processes is essential to minimize biological and pollutant loads. 
Traditional treatments often yield harmful disinfection by-products, whereas photocatalytic methods, 
particularly those employing photosensitization, offer a less toxic and effective solution. Phthalocyanines 
(Pcs) have demonstrated considerable promise due to their high absorption coefficient in both ultraviolet 
and visible spectral ranges as well as their role in broadening the light absorption range [3]. 
Methodology 
This study focused on developing an innovative photosensitizing membrane reactor, through which 
microorganisms contaminated microplastics can be directly captured, filtered, and remediated. Cellulose 
acetate-based electrospun nanofibrous membranes, with pore sizes ranging from 1 to 2 µm, were used. 
The integration of four distinct types of Pcs into the membranes was conducted through two approaches to 
produce mixed matrix membranes (MMM) and grafted membranes (GM). The photo-decontamination 
capability of the modified membranes was initially assessed using methylene blue dye. The antimicrobial 
efficacy was further evaluated by the photoinactivation of gram-negative E. coli. 
Results and discussion 
The integration of Pcs into the membrane matrix maintained the membranes' homogenous fibrous 
structure, as confirmed by scanning electron microscopy (SEM), and their successful incorporation was 
further validated through Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron 
spectroscopy (XPS) analysis, and UV-visible diffuse reflectance spectroscopy (DRS). The photo-
decontamination capability of the modified membranes was initially assessed using methylene blue dye. 
The degradation process was found to conform to the Langmuir-Hinshelwood model, exhibiting pseudo-
first-order kinetic behavior with Zinc Phthalocyanine (ZnPc) MMM and Tetra Amino Zinc Phthalocyanine 
(TAZnPc) GM revealing the highest degradation rate constants of 0.026 min-1 and 0.0195 min-1, respectively. 
The antimicrobial efficacy was further evaluated by the photoinactivation of gram-negative E. coli, with 
each membrane variant showing distinct growth inhibition percentages. The results underscore the 
potential of Pcs-photosensitized cellulose acetate membranes in water treatment applications. 
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Introduction. Catalytic water treatment, for example the degradation of organic contaminants, heavy metal 
removal or denitrification, is an increasingly important field. A promising approach is the utilization of 
catalytic porous polymer-based membranes for a continuous water treatment in flow-through.1 
Incorporating catalytic metals into polymer membranes is usually achieved by adding a pre-fabricated metal 
powder to a casting solution, or by coating the metal catalyst onto a porous polymer membrane. Both 
approaches are multistep preparations that are time and resource intensive. Herein, we present an 
integrated in situ method based on the fabrication of metal catalysts directly in the casting solution, followed 
by membrane preparation via film casting cum phase separation.  
Methodology, Results and Discussion. We developed a novel method to fabricate metal nanomaterials 
in situ in polyethersulfone casting solutions by utilizing a sonochemical reduction of metal ions with NaBH4. 
The main twist is the addition of ethanol to remove excess NaBH4 through ethanolysis, which is catalyzed by 
the in situ formed zerovalent metal. This enables the direct use of the resulting solid metal-containing casting 
dispersions for membrane preparation by film casting cum phase separation and leads to a full utilization of 
the metal salt, generating zero metal waste. Using copper as example, we could demonstrate that the 
sonochemical reduction resulted in the formation of nanorods, and the rapid immobilization from reducing 
conditions led to the membrane incorporation in a state of high reactivity. The latter also promoted the 
complete oxidation to CuO after fabrication and at ambient conditions (Figure 1).  

Figure 1: Schematic depiction of the integrated in situ fabrication of metal oxide decorated polymer membranes. 

These catalytic CuO membranes achieved exceptionally high activities in the flow-through reduction of 
p-nitrophenol in presence of ammonia borane in water, with turnover frequencies of up to 115 h-1, even 
surpassing other state-of-the-art catalytic membranes that incorporate Pd or Ag. Additionally, we explored 
the possibility to prepare metal/carbon/polymer composite membranes, exemplarily demonstrated by 
simply blending carbon particles with a nickel salt in the casting solution, followed by our in situ fabrication 
process. The resulting composite membrane achieved up to 99% oxidative removal of diclofenac (20 mg/L) 
in flow-through (100 L/m2h) in presence of persulfate. In comparison, a membrane made with an identical Ni 
content but without addition of carbon particles only achieved 30% diclofenac removal at the same reaction 
conditions. Moreover, we could highlight the potential of our method as a universal platform towards metal 
oxide decorated polymer membranes. We were able to fabricate membranes with all first-row transition 
metals from vanadium to zinc by employing their respective metal salts in our integrated in situ method. On 
that basis, we now systematically investigate the catalytic performance of the first-row transition metal 
oxides in a continuous oxidative water treatment process using flow-through polymer-based membranes.  
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Introduction. Persistent organic pollutants (POPs), such as per- and polyfluoroalkyl substances (PFAS) and 
certain pharmaceutical compounds, pose an on-going threat to society because they are not easily broken 
down in nature and thus, are harmful even at extremely low concentrations due to prolonged exposure. 
Existing treatment technologies, such as adsorptive media or reverse osmosis, can remove many POPs 
from water but contaminated waste streams remained. Adding photocatalytic functionality to membranes 
allows for the degradation of these compounds during operations, resulting in zero pollution. Bismuth oxy-
halides, such as BiOCl, have shown promise at photocatalytically degrading certain POPs [1-2].  
Experimental/methodology. BiOCl was synthesized and tested in batch experiments, where the catalyst 
was suspended in PFAS contaminated water and irradiated under 254 nm light. Samples from batch 
experiments were analyzed for PFAS concentrations via UPLC-MS/MS and for fluoride ion via ion 
chromatography. Next , the photocatalyst is immobilized on a commercial ultrafiltration membrane via roll 
casting method. The fabricated membranes are being tested in a lab-made photocatalytic membrane 
reactor (PMR), which allows UV light to irradiate the active layer during operations. Each membrane is 
tested in consecutive cycles, each  4 hours. The contaminants monitored are four types of PFAS (PFOA, 
PFOS, PFBA, and PFBA) and 16 pharmaceutical compounds, which are detected using UPLC-MS/MS.  
Results and discussion. With an average defluorination rate of 65% after just 1 hour, batch experiments 
showed high degradation of PFOA by BiOCl, compared PFAS defluorination rates of other reported 
photocatalysts [3]. Complete defluorination was reached after 4 hours of irradiation, and was achieved 
even after the catalyst was reused in three times. Due to its ability to break the extremely resistant C-F 
bonds, BiOCl should succeed in breaking down POPs as well. Furthermore, its high efficiency makes BiOCl 
attractive to use in the PMR, since only a small quantity can be immobilized on the membrane surface. The 
experimental PMR setup includes a gear pump, flow memter, presure sensors, valves, and UV lights. 
A schematic of the setup is provided in the following figure. Reactor trials and sample analyses are still on-
going, so results are not yet available; membrane characterization data is also forthcoming. 

 
Figure: Experimental setup of photocatalytic membrane reactor 
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Designing heterojunctions within semiconducting metal oxides shows promise in overcoming limitations in 
photocatalysis or electrocatalysis, such as rapid electron-hole pair recombination and insufficient long-term 
stability. Deposition of catalysts at the atomic scale, regulating nanoscale interfaces, can yield materials 
with enhanced responsiveness and resistance to dissolution or corrosion. This study focuses on fabricating 
Z-scheme heterojunctions, where two semiconductor materials are arranged in a Z shape, facilitating 
efficient charge separation and transfer, leading to enhanced photocatalytic performance. Z-scheme 
heterojunctions between g-C3N4 and WO3 were realized on carbon nanotube-coated porous stainless-
steel substrates to develop advanced photo-electro-responsive catalytic membrane reactors. These 
structures exhibited increased electron-hole pairs density and efficient charge separation, enhancing 
photocurrent efficiency. Fine-tuning nanoscale dimensions and stacking arrangement led to multi-
heterojunctions formation, boosting electrochemical reactions and photocurrent densities. Prototype 
cross-flow filtration modules integrated photo-electrocatalysis and pressure-driven membrane processes, 
achieving significantly enhanced pollutant degradation. These interactions among stacked metal oxide 
nano-sheets enable high catalytic efficiency and stability, offering potential in wastewater remediation and 
compact reactor designs. 
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Introduction. Advanced oxidation processes are recognized as one of the methods for organic pollutant 
removal. Photocatalytic oxidation concerns such an advanced oxidation method, which can be synergized 
with membrane separation [1]. Here, we present experimental results, combined with a theoretical 
 
Experimental/methodology. Photocatalytic membrane reactor experiments were performed in a dead-
end filtration configuration. Any retention of the contaminants by the membrane would result in 
concentration polarization that enhances the catalytic conversion. The setup consists of an UV illuminated 
TiO2 catalytic layer on an Al2O3 membrane support. A wide variety in contaminants, ranging from model 
dye to pharmaceutical micropollutants, were investigated. The process conditions and membrane 
characteristics were varied and linked to theoretical models that describe the transport and reaction. 
 
Results and discussion. In the used configuration, the contaminated water flows in normal direction 
towards the photocatalytic membrane. The accumulation and reaction that occur at the membrane surface 
can thus be described by a simple 1D advection and diffusion model with retention and reaction boundary 
conditions [2]. We observed that this model allows to extract the intrinsic reaction rate constant for the 
oxidation reaction that occurs at the catalytic membrane surface. As such, the degradation of each 

component can be described by its Damköhler number 
(k�[L/D�U�� �Á�]�š�Z�� �•�µ�Œ�(�������� �Œ�������š�]�}�v�� �Œ���š���� ���}�v�•�š���v�š�� �l�[�� �€�u�l�•�•�U��
characteristic length L [m], and diffusion coefficient 
D [m2/s]) and Péclet number (u/LD, with flow velocity 
u [m/s]). The dimensionless Damköhler number 
represents the catalytic activity, while the Péclet 
number represents the mass transport characteristics. 
Using this analytical model, have further investigated 
the influence of the catalytic layer thickness [3], using 
an adaptation to the model, the influence of the water 
matrix, and the illumination distribution. The 
experiments and model provide a solid basis for the 
evaluation of photocatalytic processes for advanced 
oxidation processes. 

Figure 1. Typical result for relative permeate concentration for 4 micropollutants, as a function of Pe number. Each 
components removal can be described by a single Da number. 
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Introduction. Micro-pollutants including antibiotics present in domestic wastewater pose significant risks, 
including potential health hazards and the promotion of antibiotic resistance genes (ARGs) proliferation 
[1]. Among membrane bioreactors, GD-MBR has been proposed as an energy-efficient and reliable options 
for the treatment  and reuse of wastewater [2-4]. Passive GD-MBR has the benefit of achieving stable 
operation, being suitable for decentralized water treatment [5-6]. 
This study aims to assess the performance of passive GD-MBR in treating real domestic wastewater with 
three antibiotics (ciprofloxacin, tetracycline, sulfamethoxazole) in the treatment of authentic domestic 
wastewater containing varying concentrations of three antibiotics: ciprofloxacin, tetracycline, and 
sulfamethoxazole. Additionally, we aim to investigate the influence of these antibiotics on the abundance 
of Antibiotic Resistance Genes (ARGs) within the wastewater system. 
Experimental/methodology. Three passive GD-MBR reactors, loaded with antibiotic concentrations of 
0 µg/L (no antibiotics - NA), 10 µg/L (low antibiotics - LA), and 500 µg/L (high antibiotics- HA) were 
operated in parallel over a period of 74 days. The three selected antibiotics , ulfamethoxazole (SMZ), 
tetracycline (TET), and ciprofloxacin (CPX),were dosed continuously from the beginning of operation. Samples 
from influent and permeate of each reactor were collected and characterized in terms of  COD, TN, 
ammonia, and by quantification of the selected antibiotics. The quantification of these antibiotics was 
carried out using UPLC-PDA-MS-MS. Additionally, the biofilm morphology was monitored during the 
operation using optical coherence tomography (OCT) and the biofilms thickness has been measured non-
invasively over the time. EPS in the biofilms, carbohydrates and proteins, were quantified to assess biofilm 
composition. Moreover, DNA extraction from the biofilms , the influents, and effluents  were performed to 
identify the microbial community through 16s/18s amplicon sequencing, and to assess the proliferation of 
relevant ARGs using resistome analysis. 
Results and discussion. Starting on day 18, all reactors exhibit a COD removal efficiency exceding 83%. 
Notably, NA had higher ammonia and TN removal (70% and 54%) than LA (24% and 39%) and HA (27% and 
39%), sugesting a possible impact of the presence antibiotics in the wastewater. SMZ concentrations 
consistently increased in the LA and HA reactors, while TET maintained stable removal efficiency. CPX 
showed low removal efficiency, with no removal observed from day 40 onwards. These findings indicate 
that the removal efficiency of antibiotics may vary depending on biofilm growth and the molecular 
structure of the antibiotics. OCT images reveled that HA biofilm (270 µm) had thicker layer comparing LA 
(180 µm) and NA (160 µm). Additionally, carbohydrates and proteins concentration was also highest in HA 
biofilm (764 mg/cm² and 287 mg/cm², respectively), when compared to LA (596 mg/cm² and 274 mg/cm²) 
and NA (221 mg/cm² and 119 mg/cm²) biofilms. These results suggests  that high concentration of 
antibiotics impacted the thickness and EPS composition of the biofilms. Moreover, there significant 
difference in microbial composition were observed among reactors, highlighting the impact of antibiotics 
on the biofilm community composition. In NA biofilm, Polynucleobacter and Denitratisoma have been 
detected, while methanogens such as  Methanomethylovorans and Methanosaeta, are found in LA and HA 
biofilm. Desulfovibrio, a genus capable of thriving in sulfate-rich anaerobic conditions, was more prevalent 
in the LA and HA biofilms. Furthermore, the relative abundance of ARGs showed highest level in HA biofilm 
(0.77) compared to NA (0.43) and LA (0.20).  
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Introduction. Methanol (CH3OH) is a highly efficient carrier for hydrogen (H2) due to its impressive energy 
density [1], and a crucial precursor in various industrial applications [2]. However, the CO2 hydrogenation to 
CH3OH encounters significant obstacles, attributed to both thermodynamic constraints and catalyst 
deactivation caused by the presence of by-product water (H2O). To overcome these challenges, this study 
focuses on the development of an innovative hybrid catalytic membrane reactor (CMR) utilizing flexible 
polybenzimidazole (PBI) and two polyimides (PIs), namely Matrimid®5218 and 6FDA-TMPDA [3], with 
deposition of the catalyst via the direct flame spray pyrolysis (FSP) technique. 
 
Experimental/methodology. CuO/ZrO2 catalysts were deposited and embedded directly onto polymeric 
substrate in one-step process by a FSP reactor. The precursor solution (P) was introduced into the FSP 
reactor at various flow rates and atomized into a fine spray using dispersion O2 (D). The characteristics of 
the nano-catalysts were controlled by monitoring the P/D ratio. In prior to CO2 hydrogenation to CH3OH, 
the hybrid membranes undergone H2 reduction at 300°C for 2 hours.  
 
Results and discussion. The FSP reactor successfully deposited a uniform distribution of catalytic 
nanoparticles onto selected membrane surfaces, forming a web-like configuration on the three polymeric 
substrates. This unique structure not only facilitates free diffusion of reactant gas to the catalyst's active 
sites but also enables effective separation of by-product H2O from the reacting system. Additionally, under 
flame conditions of P/D = 6/8 and 10/8, the flame-deposited layer exhibited robust adhesion strength. The 
hybrid membrane, synthesized at P/D = 2/8, displayed slightly weaker adhesion strength for the catalytic 
film but demonstrated good stability for at least 120 hours. Under operating conditions of 200°C and 20 
bar, the CMR synthesized by FSP method exhibited exceptional performance, achieving at least a 9% 
improvement in CO2 conversion and a 30% increase in CH3OH production rate compared to the 
conventional fixed bed reactor (FBR), where CO2 conversion and CH3OH production rate were 4.47% and 
54.85 mL(STP)/(h·gcat), respectively. 
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Introduction. Steroid hormones (SHs) in water resources have raised concerns in human and aquatic 
health. Photocatalytic membrane reactors (PMR) holds great promise for removing micropollutants from 
aquatic environments [1, 2]. Organic matter (OM) that is present in any water matrix may significantly 
interfere with the degradation of steroid hormone (SH) micropollutants in PMRs. No relevant work on the 
comparison of OMs influence on SHs removal within PMR is available to date. 
Experimental/methodology. In this study, the interference of various OM types, humic acid (HA), 
Australian natural organic matter (AUS), worm farm extract (WF), tannic acid (TA), and gallic acid (GA) with 
the SH degradation at its environmentally relevant concentration (100 ng/L) in a flow-through PMR 
equipped with a polyethersulphone-titanium dioxide (PES-TiO2) membrane operated under UV light (365 
nm) was investigated. 
Results and discussion. The results showed that the impact 
depended on the competition between versatile roles of the 
OM as light screening agent, photoreactive species 
scavenger, adsorption alteration trigger, and 
photosensitizer, leading to the variable interference with the 
OM types and concentrations (Figure 1). As a 
photosensitizer, HA enhanced the E2 removal from 47±8 to 
72±7% at concentration of 5 mgC/L. This effect was ascribed 
primarily to the energy/electron transfer from the 
photoexcited HA to TiO2. The enhancement in the E2 
degradation was abated at higher HA concentrations as the 
favorable effect of HA was counteracted by its role as the 
light screening agent. WF and AUS exhibited slight impact on 
the E2 degradation because their positive effects were 
counteracted by their roles as photoreactive species 
scavengers and participants in adsorption alteration. The GA 
was most strongly susceptible to the photocatalytic 
degradation among the examined OM types. The role of GA 
as a scavenger dominated and led to a significant inhibition 
on the E2 removal. The role of GA as a scavenger dominated and led to a significant inhibition on the E2 
removal. The favorable effect of HA became more prominent with an increase in the light intensity from 
0.5 to 10 mW/cm2 but this effect was weakened at light intensities higher than 10 mW/cm2. HA did not 
affect the E2 removal at E2 concentrations > 200 ng/L, indicating that the HA-enhanced degradation could 
not compensate for the increased number of E2 molecules. These results provide a deeper understanding 
of the mechanisms that define complex effects of dissimilar OM types on the degradation of 
micropollutant in the PMR processes and highlight the need for pretreatment in membrane photocatalysis. 
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Figure 1. Influence of different OM types on 
the photocatalytic degradation of E2 
expressed as E2 removal and rate of 
disappearance ( ) vs. OM concentration. 
PES-TiO2,  = 100 ng/L,  = 10 
mW/cm2, 365 nm,  = 600 L/m2h (2 mL/min) 
(reprinted from [2]).  
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Introduction. The development of (sulfate radical advanced oxidation processes) SR-AOPs-based catalytic 
membranes provides an alternative method to effectively treat micropollutants (MPs) in wastewater. 
Currently, most of the reported SR-AOPs-based catalytic membranes are within microfiltration (MF) or 
ultrafiltration (UF) range, which cannot function as a separation barrier for MPs. In this work, a catalytic 
nanofiltration (NF) membrane was fabricated by embedding CoFe2O4 catalyst within polyethersulfone (PES) 
support and subsequently coating a polyelectrolyte multilayer on top of the catalytic support. The roles of 
concentration polarization and membrane orientation on the degradation efficiency of naproxen were 
revealed in this work, giving important insights into the design of catalytic membrane with a dense 
selective layer. 
Experimental/methodology. A recipe of 1.0 wt% CoFe2O4 catalysts, 14 wt% PES, 7.0 wt% SPES, and 12 wt% 
glycerol was used to fabricate UF catalytic membranes. Afterwards, Layer-by-Layer assembly of 
poly(diallyldimethylammonium chloride) (PDADMAC), poly(styrenesulfonate) (PSS), and poly(allylamine 
hydrochloride) (PAH) polyelectrolytes was conducted via dip-coating and one-side coating, respectively, to 
build separation layers. The obtained membranes were denoted as M1, M2, and M3 based on their 
selectivity. The naproxen and oxidant, peroxymonosulfate (PMS) rejections and the removal of naproxen 
after adding PMS were measured in a crossflow setup. The pressures applied for membranes with different 
selectivity were adjusted to make sure that all the membranes were operated at the same flux (4 ± 
0.5 L/m2/h). 
Results and discussion 

 
Figure 1. (a) Naproxen removal before and after adding PMS under different membrane orientations: selective layer 

faces feed solution (SL-F); selective layer faces permeate solution (SL-P); (b) The comparison between dip-coating 
(double-side coated) and one-side coated M1 membranes on the naproxen degraded in the feed solution. 

 
Figure 1a shows that after the addition of PMS, the naproxen rejections of different membranes all 
increased, indicating that a catalytic AOP is effectively combined with membrane separation. M3 measured 
in the SL-F mode exhibited the highest naproxen removal rate of 96.7 %. Unlike the double-side coated 
membranes, the one-side coated M1 exhibited 30 % naproxen removal from the feed solution, 
demonstrating the potential of treating the highly concentrated retentate in the SL-P mode. To conclude, 
this work provides valuable information for the design of catalytic membrane with a denser selective layer, 
which denser selective layer that can reject both MPs and PMS benefits the performance of catalytic 
membranes when they are used in SL-P mode. 
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Introduction 
Liquid membrane technology, particularly Polymer Inclusion Membranes (PIMs), presents a promising 
approach for the recovery of heavy metals such as cobalt (Co) and nickel (Ni) from aqueous solutions in 
hydrometallurgical processes. This study explores the use of PIMs composed of polymers like poly(vinyl 
chloride) (PVC), cellulose triacetate (CTA), and various extractants including Cyanex, BTS, 2NPOE, LIX-84I, 
and TBP. Experimental evaluations involved screening different extractants and optimizing feed/strip 
solution conditions to achieve optimal metal recovery efficiencies. 
 
Experimental/methodology 
For cobalt, PIM formulations such as PVC+Cyanex+BTS and 2NPOE demonstrated over 80% recovery rates. 
However, challenges with Cyanex precipitation were noted during operation. CTA-based membranes with 
LIX-84I+TBP achieved a 60% recovery rate for nickel, suggesting further optimization opportunities for 
enhanced recovery yields and selectivity. 
Selectivity studies revealed competition between metals, particularly manganese (Mn), which reduced 
cobalt recovery rates in multi-metal solutions. Buffering the feed solution significantly improved cobalt 
recovery to 70% under these conditions. 
 
Results and discussion 
Overall, the study underscores the adaptability of liquid membrane technology to diverse stream 
compositions, facilitating environmentally friendly metal recovery aligned with principles of sustainability 
and circular economy. Future research will focus on refining membrane compositions and operational 
parameters to maximize recovery efficiencies and selectivity across different metal recovery scenarios. 
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Introduction  
Recent studies have revealed the rising prevalence of microplastics across different environments, posing 
risks not just due to their composition but also as carriers for microbial pathogens through biofilms [1]. 
Wastewater treatment plants are pivotal in mitigating microplastics' environmental release [2]. Thus, 
integrating effective microplastic removal processes is essential to minimize biological and pollutant loads. 
Traditional treatments often yield harmful disinfection by-products, whereas photocatalytic methods, 
particularly those employing photosensitization, offer a less toxic and effective solution. Phthalocyanines 
(Pcs) have demonstrated considerable promise due to their high absorption coefficient in both ultraviolet 
and visible spectral ranges as well as their role in broadening the light absorption range [3]. 
Methodology 
This study focused on developing an innovative photosensitizing membrane reactor, through which 
microorganisms contaminated microplastics can be directly captured, filtered, and remediated. Cellulose 
acetate-based electrospun nanofibrous membranes, with pore sizes ranging from 1 to 2 µm, were used. 
The integration of four distinct types of Pcs into the membranes was conducted through two approaches to 
produce mixed matrix membranes (MMM) and grafted membranes (GM). The photo-decontamination 
capability of the modified membranes was initially assessed using methylene blue dye. The antimicrobial 
efficacy was further evaluated by the photoinactivation of gram-negative E. coli. 
Results and discussion 
The integration of Pcs into the membrane matrix maintained the membranes' homogenous fibrous 
structure, as confirmed by scanning electron microscopy (SEM), and their successful incorporation was 
further validated through Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron 
spectroscopy (XPS) analysis, and UV-visible diffuse reflectance spectroscopy (DRS). The photo-
decontamination capability of the modified membranes was initially assessed using methylene blue dye. 
The degradation process was found to conform to the Langmuir-Hinshelwood model, exhibiting pseudo-
first-order kinetic behavior with Zinc Phthalocyanine (ZnPc) MMM and Tetra Amino Zinc Phthalocyanine 
(TAZnPc) GM revealing the highest degradation rate constants of 0.026 min-1 and 0.0195 min-1, respectively. 
The antimicrobial efficacy was further evaluated by the photoinactivation of gram-negative E. coli, with 
each membrane variant showing distinct growth inhibition percentages. The results underscore the 
potential of Pcs-photosensitized cellulose acetate membranes in water treatment applications. 
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Introduction. Catalytic water treatment, for example the degradation of organic contaminants, heavy metal 
removal or denitrification, is an increasingly important field. A promising approach is the utilization of 
catalytic porous polymer-based membranes for a continuous water treatment in flow-through.1 
Incorporating catalytic metals into polymer membranes is usually achieved by adding a pre-fabricated metal 
powder to a casting solution, or by coating the metal catalyst onto a porous polymer membrane. Both 
approaches are multistep preparations that are time and resource intensive. Herein, we present an 
integrated in situ method based on the fabrication of metal catalysts directly in the casting solution, followed 
by membrane preparation via film casting cum phase separation.  
Methodology, Results and Discussion. We developed a novel method to fabricate metal nanomaterials 
in situ in polyethersulfone casting solutions by utilizing a sonochemical reduction of metal ions with NaBH4. 
The main twist is the addition of ethanol to remove excess NaBH4 through ethanolysis, which is catalyzed by 
the in situ formed zerovalent metal. This enables the direct use of the resulting solid metal-containing casting 
dispersions for membrane preparation by film casting cum phase separation and leads to a full utilization of 
the metal salt, generating zero metal waste. Using copper as example, we could demonstrate that the 
sonochemical reduction resulted in the formation of nanorods, and the rapid immobilization from reducing 
conditions led to the membrane incorporation in a state of high reactivity. The latter also promoted the 
complete oxidation to CuO after fabrication and at ambient conditions (Figure 1).  

Figure 1: Schematic depiction of the integrated in situ fabrication of metal oxide decorated polymer membranes. 

These catalytic CuO membranes achieved exceptionally high activities in the flow-through reduction of 
p-nitrophenol in presence of ammonia borane in water, with turnover frequencies of up to 115 h-1, even 
surpassing other state-of-the-art catalytic membranes that incorporate Pd or Ag. Additionally, we explored 
the possibility to prepare metal/carbon/polymer composite membranes, exemplarily demonstrated by 
simply blending carbon particles with a nickel salt in the casting solution, followed by our in situ fabrication 
process. The resulting composite membrane achieved up to 99% oxidative removal of diclofenac (20 mg/L) 
in flow-through (100 L/m2h) in presence of persulfate. In comparison, a membrane made with an identical Ni 
content but without addition of carbon particles only achieved 30% diclofenac removal at the same reaction 
conditions. Moreover, we could highlight the potential of our method as a universal platform towards metal 
oxide decorated polymer membranes. We were able to fabricate membranes with all first-row transition 
metals from vanadium to zinc by employing their respective metal salts in our integrated in situ method. On 
that basis, we now systematically investigate the catalytic performance of the first-row transition metal 
oxides in a continuous oxidative water treatment process using flow-through polymer-based membranes.  
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Introduction. Persistent organic pollutants (POPs), such as per- and polyfluoroalkyl substances (PFAS) and 
certain pharmaceutical compounds, pose an on-going threat to society because they are not easily broken 
down in nature and thus, are harmful even at extremely low concentrations due to prolonged exposure. 
Existing treatment technologies, such as adsorptive media or reverse osmosis, can remove many POPs 
from water but contaminated waste streams remained. Adding photocatalytic functionality to membranes 
allows for the degradation of these compounds during operations, resulting in zero pollution. Bismuth oxy-
halides, such as BiOCl, have shown promise at photocatalytically degrading certain POPs [1-2].  
Experimental/methodology. BiOCl was synthesized and tested in batch experiments, where the catalyst 
was suspended in PFAS contaminated water and irradiated under 254 nm light. Samples from batch 
experiments were analyzed for PFAS concentrations via UPLC-MS/MS and for fluoride ion via ion 
chromatography. Next , the photocatalyst is immobilized on a commercial ultrafiltration membrane via roll 
casting method. The fabricated membranes are being tested in a lab-made photocatalytic membrane 
reactor (PMR), which allows UV light to irradiate the active layer during operations. Each membrane is 
tested in consecutive cycles, each  4 hours. The contaminants monitored are four types of PFAS (PFOA, 
PFOS, PFBA, and PFBA) and 16 pharmaceutical compounds, which are detected using UPLC-MS/MS.  
Results and discussion. With an average defluorination rate of 65% after just 1 hour, batch experiments 
showed high degradation of PFOA by BiOCl, compared PFAS defluorination rates of other reported 
photocatalysts [3]. Complete defluorination was reached after 4 hours of irradiation, and was achieved 
even after the catalyst was reused in three times. Due to its ability to break the extremely resistant C-F 
bonds, BiOCl should succeed in breaking down POPs as well. Furthermore, its high efficiency makes BiOCl 
attractive to use in the PMR, since only a small quantity can be immobilized on the membrane surface. The 
experimental PMR setup includes a gear pump, flow memter, presure sensors, valves, and UV lights. 
A schematic of the setup is provided in the following figure. Reactor trials and sample analyses are still on-
going, so results are not yet available; membrane characterization data is also forthcoming. 

 
Figure: Experimental setup of photocatalytic membrane reactor 
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Introduction. Advanced oxidation processes are recognized as one of the methods for organic pollutant 
removal. Photocatalytic oxidation concerns such an advanced oxidation method, which can be synergized 
with membrane separation [1]. Here, we present experimental results, combined with a theoretical 
 
Experimental/methodology. Photocatalytic membrane reactor experiments were performed in a dead-
end filtration configuration. Any retention of the contaminants by the membrane would result in 
concentration polarization that enhances the catalytic conversion. The setup consists of an UV illuminated 
TiO2 catalytic layer on an Al2O3 membrane support. A wide variety in contaminants, ranging from model 
dye to pharmaceutical micropollutants, were investigated. The process conditions and membrane 
characteristics were varied and linked to theoretical models that describe the transport and reaction. 
 
Results and discussion. In the used configuration, the contaminated water flows in normal direction 
towards the photocatalytic membrane. The accumulation and reaction that occur at the membrane surface 
can thus be described by a simple 1D advection and diffusion model with retention and reaction boundary 
conditions [2]. We observed that this model allows to extract the intrinsic reaction rate constant for the 
oxidation reaction that occurs at the catalytic membrane surface. As such, the degradation of each 

component can be described by its Damköhler number 
(k�[L/D�U�� �Á�]�š�Z�� �•�µ�Œ�(�������� �Œ�������š�]�}�v�� �Œ���š���� ���}�v�•�š���v�š�� �l�[�� �€�u�l�•�•�U��
characteristic length L [m], and diffusion coefficient 
D [m2/s]) and Péclet number (u/LD, with flow velocity 
u [m/s]). The dimensionless Damköhler number 
represents the catalytic activity, while the Péclet 
number represents the mass transport characteristics. 
Using this analytical model, have further investigated 
the influence of the catalytic layer thickness [3], using 
an adaptation to the model, the influence of the water 
matrix, and the illumination distribution. The 
experiments and model provide a solid basis for the 
evaluation of photocatalytic processes for advanced 
oxidation processes. 

Figure 1. Typical result for relative permeate concentration for 4 micropollutants, as a function of Pe number. Each 
components removal can be described by a single Da number. 
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Introduction. Micro-pollutants including antibiotics present in domestic wastewater pose significant risks, 
including potential health hazards and the promotion of antibiotic resistance genes (ARGs) proliferation 
[1]. Among membrane bioreactors, GD-MBR has been proposed as an energy-efficient and reliable options 
for the treatment  and reuse of wastewater [2-4]. Passive GD-MBR has the benefit of achieving stable 
operation, being suitable for decentralized water treatment [5-6]. 
This study aims to assess the performance of passive GD-MBR in treating real domestic wastewater with 
three antibiotics (ciprofloxacin, tetracycline, sulfamethoxazole) in the treatment of authentic domestic 
wastewater containing varying concentrations of three antibiotics: ciprofloxacin, tetracycline, and 
sulfamethoxazole. Additionally, we aim to investigate the influence of these antibiotics on the abundance 
of Antibiotic Resistance Genes (ARGs) within the wastewater system. 
Experimental/methodology. Three passive GD-MBR reactors, loaded with antibiotic concentrations of 
0 µg/L (no antibiotics - NA), 10 µg/L (low antibiotics - LA), and 500 µg/L (high antibiotics- HA) were 
operated in parallel over a period of 74 days. The three selected antibiotics , ulfamethoxazole (SMZ), 
tetracycline (TET), and ciprofloxacin (CPX),were dosed continuously from the beginning of operation. Samples 
from influent and permeate of each reactor were collected and characterized in terms of  COD, TN, 
ammonia, and by quantification of the selected antibiotics. The quantification of these antibiotics was 
carried out using UPLC-PDA-MS-MS. Additionally, the biofilm morphology was monitored during the 
operation using optical coherence tomography (OCT) and the biofilms thickness has been measured non-
invasively over the time. EPS in the biofilms, carbohydrates and proteins, were quantified to assess biofilm 
composition. Moreover, DNA extraction from the biofilms , the influents, and effluents  were performed to 
identify the microbial community through 16s/18s amplicon sequencing, and to assess the proliferation of 
relevant ARGs using resistome analysis. 
Results and discussion. Starting on day 18, all reactors exhibit a COD removal efficiency exceding 83%. 
Notably, NA had higher ammonia and TN removal (70% and 54%) than LA (24% and 39%) and HA (27% and 
39%), sugesting a possible impact of the presence antibiotics in the wastewater. SMZ concentrations 
consistently increased in the LA and HA reactors, while TET maintained stable removal efficiency. CPX 
showed low removal efficiency, with no removal observed from day 40 onwards. These findings indicate 
that the removal efficiency of antibiotics may vary depending on biofilm growth and the molecular 
structure of the antibiotics. OCT images reveled that HA biofilm (270 µm) had thicker layer comparing LA 
(180 µm) and NA (160 µm). Additionally, carbohydrates and proteins concentration was also highest in HA 
biofilm (764 mg/cm² and 287 mg/cm², respectively), when compared to LA (596 mg/cm² and 274 mg/cm²) 
and NA (221 mg/cm² and 119 mg/cm²) biofilms. These results suggests  that high concentration of 
antibiotics impacted the thickness and EPS composition of the biofilms. Moreover, there significant 
difference in microbial composition were observed among reactors, highlighting the impact of antibiotics 
on the biofilm community composition. In NA biofilm, Polynucleobacter and Denitratisoma have been 
detected, while methanogens such as  Methanomethylovorans and Methanosaeta, are found in LA and HA 
biofilm. Desulfovibrio, a genus capable of thriving in sulfate-rich anaerobic conditions, was more prevalent 
in the LA and HA biofilms. Furthermore, the relative abundance of ARGs showed highest level in HA biofilm 
(0.77) compared to NA (0.43) and LA (0.20).  
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Introduction. Methanol (CH3OH) is a highly efficient carrier for hydrogen (H2) due to its impressive energy 
density [1], and a crucial precursor in various industrial applications [2]. However, the CO2 hydrogenation to 
CH3OH encounters significant obstacles, attributed to both thermodynamic constraints and catalyst 
deactivation caused by the presence of by-product water (H2O). To overcome these challenges, this study 
focuses on the development of an innovative hybrid catalytic membrane reactor (CMR) utilizing flexible 
polybenzimidazole (PBI) and two polyimides (PIs), namely Matrimid®5218 and 6FDA-TMPDA [3], with 
deposition of the catalyst via the direct flame spray pyrolysis (FSP) technique. 
 
Experimental/methodology. CuO/ZrO2 catalysts were deposited and embedded directly onto polymeric 
substrate in one-step process by a FSP reactor. The precursor solution (P) was introduced into the FSP 
reactor at various flow rates and atomized into a fine spray using dispersion O2 (D). The characteristics of 
the nano-catalysts were controlled by monitoring the P/D ratio. In prior to CO2 hydrogenation to CH3OH, 
the hybrid membranes undergone H2 reduction at 300°C for 2 hours.  
 
Results and discussion. The FSP reactor successfully deposited a uniform distribution of catalytic 
nanoparticles onto selected membrane surfaces, forming a web-like configuration on the three polymeric 
substrates. This unique structure not only facilitates free diffusion of reactant gas to the catalyst's active 
sites but also enables effective separation of by-product H2O from the reacting system. Additionally, under 
flame conditions of P/D = 6/8 and 10/8, the flame-deposited layer exhibited robust adhesion strength. The 
hybrid membrane, synthesized at P/D = 2/8, displayed slightly weaker adhesion strength for the catalytic 
film but demonstrated good stability for at least 120 hours. Under operating conditions of 200°C and 20 
bar, the CMR synthesized by FSP method exhibited exceptional performance, achieving at least a 9% 
improvement in CO2 conversion and a 30% increase in CH3OH production rate compared to the 
conventional fixed bed reactor (FBR), where CO2 conversion and CH3OH production rate were 4.47% and 
54.85 mL(STP)/(h·gcat), respectively. 
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Introduction. Steroid hormones (SHs) in water resources have raised concerns in human and aquatic 
health. Photocatalytic membrane reactors (PMR) holds great promise for removing micropollutants from 
aquatic environments [1, 2]. Organic matter (OM) that is present in any water matrix may significantly 
interfere with the degradation of steroid hormone (SH) micropollutants in PMRs. No relevant work on the 
comparison of OMs influence on SHs removal within PMR is available to date. 
Experimental/methodology. In this study, the interference of various OM types, humic acid (HA), 
Australian natural organic matter (AUS), worm farm extract (WF), tannic acid (TA), and gallic acid (GA) with 
the SH degradation at its environmentally relevant concentration (100 ng/L) in a flow-through PMR 
equipped with a polyethersulphone-titanium dioxide (PES-TiO2) membrane operated under UV light (365 
nm) was investigated. 
Results and discussion. The results showed that the impact 
depended on the competition between versatile roles of the 
OM as light screening agent, photoreactive species 
scavenger, adsorption alteration trigger, and 
photosensitizer, leading to the variable interference with the 
OM types and concentrations (Figure 1). As a 
photosensitizer, HA enhanced the E2 removal from 47±8 to 
72±7% at concentration of 5 mgC/L. This effect was ascribed 
primarily to the energy/electron transfer from the 
photoexcited HA to TiO2. The enhancement in the E2 
degradation was abated at higher HA concentrations as the 
favorable effect of HA was counteracted by its role as the 
light screening agent. WF and AUS exhibited slight impact on 
the E2 degradation because their positive effects were 
counteracted by their roles as photoreactive species 
scavengers and participants in adsorption alteration. The GA 
was most strongly susceptible to the photocatalytic 
degradation among the examined OM types. The role of GA 
as a scavenger dominated and led to a significant inhibition 
on the E2 removal. The role of GA as a scavenger dominated and led to a significant inhibition on the E2 
removal. The favorable effect of HA became more prominent with an increase in the light intensity from 
0.5 to 10 mW/cm2 but this effect was weakened at light intensities higher than 10 mW/cm2. HA did not 
affect the E2 removal at E2 concentrations > 200 ng/L, indicating that the HA-enhanced degradation could 
not compensate for the increased number of E2 molecules. These results provide a deeper understanding 
of the mechanisms that define complex effects of dissimilar OM types on the degradation of 
micropollutant in the PMR processes and highlight the need for pretreatment in membrane photocatalysis. 
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Figure 1. Influence of different OM types on 
the photocatalytic degradation of E2 
expressed as E2 removal and rate of 
disappearance ( ) vs. OM concentration. 
PES-TiO2,  = 100 ng/L,  = 10 
mW/cm2, 365 nm,  = 600 L/m2h (2 mL/min) 
(reprinted from [2]).  
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Introduction. The development of (sulfate radical advanced oxidation processes) SR-AOPs-based catalytic 
membranes provides an alternative method to effectively treat micropollutants (MPs) in wastewater. 
Currently, most of the reported SR-AOPs-based catalytic membranes are within microfiltration (MF) or 
ultrafiltration (UF) range, which cannot function as a separation barrier for MPs. In this work, a catalytic 
nanofiltration (NF) membrane was fabricated by embedding CoFe2O4 catalyst within polyethersulfone (PES) 
support and subsequently coating a polyelectrolyte multilayer on top of the catalytic support. The roles of 
concentration polarization and membrane orientation on the degradation efficiency of naproxen were 
revealed in this work, giving important insights into the design of catalytic membrane with a dense 
selective layer. 
Experimental/methodology. A recipe of 1.0 wt% CoFe2O4 catalysts, 14 wt% PES, 7.0 wt% SPES, and 12 wt% 
glycerol was used to fabricate UF catalytic membranes. Afterwards, Layer-by-Layer assembly of 
poly(diallyldimethylammonium chloride) (PDADMAC), poly(styrenesulfonate) (PSS), and poly(allylamine 
hydrochloride) (PAH) polyelectrolytes was conducted via dip-coating and one-side coating, respectively, to 
build separation layers. The obtained membranes were denoted as M1, M2, and M3 based on their 
selectivity. The naproxen and oxidant, peroxymonosulfate (PMS) rejections and the removal of naproxen 
after adding PMS were measured in a crossflow setup. The pressures applied for membranes with different 
selectivity were adjusted to make sure that all the membranes were operated at the same flux (4 ± 
0.5 L/m2/h). 
Results and discussion 

 
Figure 1. (a) Naproxen removal before and after adding PMS under different membrane orientations: selective layer 

faces feed solution (SL-F); selective layer faces permeate solution (SL-P); (b) The comparison between dip-coating 
(double-side coated) and one-side coated M1 membranes on the naproxen degraded in the feed solution. 

 
Figure 1a shows that after the addition of PMS, the naproxen rejections of different membranes all 
increased, indicating that a catalytic AOP is effectively combined with membrane separation. M3 measured 
in the SL-F mode exhibited the highest naproxen removal rate of 96.7 %. Unlike the double-side coated 
membranes, the one-side coated M1 exhibited 30 % naproxen removal from the feed solution, 
demonstrating the potential of treating the highly concentrated retentate in the SL-P mode. To conclude, 
this work provides valuable information for the design of catalytic membrane with a denser selective layer, 
which denser selective layer that can reject both MPs and PMS benefits the performance of catalytic 
membranes when they are used in SL-P mode. 
References 
[1] T. Wang et al., Ind. Eng. Chem. Res. 2023, 62, 19, 7622�t7634 

mailto:w.m.devos@utwente.nl


 

 

 

Membrane reactors, 
photocatalytic membrane 

reactors 

T2 

Posters 



�W�Z�}�š�}�����Ÿ�À�����‰�}�o�Ç�u���Œ���u���u���Œ���v���•�����v�����o�����š�Z���������P�Œ�������Ÿ�}�v���}�(���š�Œ�]���o�}�•���v��
�µ�v�����Œ�����Œ�Ÿ�.���]���o���•�µ�v�o�]�P�Z�š 

 
�:�X���������l���Œ�r�:���Z�v�í�Ž�U���:�X���'�Œ�]�������o�í�U�����X���W�Œ���P���Œ�í�U�����X���������µ�o���>���Ÿ�(�í�U�����X���^���Z�µ�o�Ì���í�U�����X�����v�l���î 

 

�í�>���]���v�]�Ì���/�v�•�Ÿ�š�µ�š�����}�(���^�µ�Œ�(�����������v�P�]�v�����Œ�]�v�P���~�/�K�D�•���>���]�‰�Ì�]�P�U���'���Œ�u���v�Ç 
�î�/�v�•�Ÿ�š�µ�š�����}�(�����Z���u�]�����o���d�����Z�v�}�o�}�P�Ç�U���>���]�‰�Ì�]�P���h�v�]�À���Œ�•�]�š�Ç�U���'���Œ�u���v�Ç 

�Ž���i�µ�o�]���X�������l���Œ�r�i���Z�v�›�]�}�u�r�o���]�‰�Ì�]�P�X���� 
 
�<���Ç�Á�}�Œ���•�W���‰�}�o�Ç�u���Œ���u���u���Œ���v���U���‰�Z�}�š�}�•���v�•�]�Ÿ�Ì���Œ�U���‰�Z�}�š�}�����P�Œ�������Ÿ�}�v�U���•�]�v�P�o���š���}�Æ�Ç�P���v�U���š�Œ�]���o�}�•���v 
 
�d�Z�����]�•�•�µ�����}�(���u�]���Œ�}�‰�}�o�o�µ�š���v�š�•���]�v���Á���•�š���Á���š���Œ���t��
�o�]�l���� �‰�Z���Œ�u�������µ�Ÿ�����o�•�� �}�Œ�� ���]�}���]�����•�� �r�� �]�•�� �Á�]�����o�Ç��
�Œ�����}�P�v�]�Ì�����X�� �d�Z���� ���o�]�u�]�v���Ÿ�}�v�� �}�(�� �š�Z���•����
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�u���u���Œ���v���•�€�í�•�X�� �d�Z���� ���}�u���]�v������ �‰�Œ�}�‰���Œ�Ÿ���•�� �}�(�� �‰�Z�Ç�•�]�����o�� �•���‰���Œ���Ÿ�}�v�U�� �����•�}�Œ�‰�Ÿ�}�v�� ���v���� ���]�Œ�����š�� �����P�Œ�������Ÿ�}�v�� �}�(��
���}�v�š���u�]�v���v�š�•�����}�µ�o�����‰�Œ�}�À�]�������]�������o���u���š���Œ�]���o�•���(�}�Œ���Á���š���Œ���‰�µ�Œ�]�.�����Ÿ�}�v�X�� 
�����•������ �}�v�� ���Æ�‰���Œ�]�u���v�š�•�� �Á�]�š�Z�� �š�Z���� �u�}�����o�� ���}�u�‰�}�µ�v���� �š�Œ�]���o�}�•���v�U�� �Á�Z�]���Z�� �Œ���u���]�v�•�� �Œ���o���À���v�š�� ���•�� ���� ���Œ�}�����r�•�‰�����š�Œ�µ�u��
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�š�Œ�]���o�}�•���v�� �]�•�������u�}�v�•�š�Œ���š������ ���Ç�� ���Æ�‰�}�•�]�v�P�� �š�Z����
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Introduction.  
The generation of water as a byproduct in chemical reactions often hampers the yield of the desired 
product. While various methods for water removal, including absorbents, inorganic membranes, and 
additional dehydration reactions, have been proposed, there is a growing demand for a stable and 
straightforward system capable of selectively removing water across a broad range of reaction 
temperatures. In this study, we introduce a thermally rearranged polybenzoxazole hollow fiber membrane 
exhibiting excellent water permselectivity and stability at reaction temperatures of up to 400 �£���X�� �d�Z�]�•��
membrane addresses common challenges in reaction engineering, including those arising from equilibrium 
limits, catalyst deactivation, and water-based side reactions when employed in a reactor. 
Experimental/methodology.  
Fabrication of TR-PBO hollow fibers and their modulation: TR-PBO fibers were prepared by heat treatment 
of hydroxyl polyimide precursor fibers. A bundle of 40 TR-PBO fibers was inserted into the housing, and the 
epoxy resin was filled in the two short pipes.  
Representitive reaction: Reverse water�tgas shift: For the RWGS reaction, the CuZn/Al2O3 catalyst was 
chosen owing to the high CO2 conversion and >99.9% CO selectivity. First, to confirm the equilibrium 
activity of the neat catalyst, we conducted a RWGS reaction using a fixed-bed stainless steel reactor. For 
the RWGS reaction in the membrane module, a zirconia ball and catalyst were filled into a TR-PBO hollow 
fiber module. The feed/sweep flow rate ratio was fixed at 1:1.  
Results and discussion. 
In this study, we introduced a thermally rearranged polybenzoxazole (TR-PBO) membrane exhibiting 
exceptional selectivity for H2O permeation, �µ�‰���š�}�������Á�}�Œ�l�]�v�P���š���u�‰���Œ���š�µ�Œ�����}�(���ð�ð�ì���£�����~�&�]�P�X���í�• [1]. The resultant 
membrane reactor was effective in shifting the thermodynamic equilibrium, preventing catalytic poisoning, 
and inhibiting side reactions, as demonstrated using the reverse water�tgas shift (RWGS) reaction,methane 
combustion reaction, and Fischer�tTropsch olefin (FTO) synthesis, respectively. 

 
Figure 1 (a) Synthesis of TR-PBO from HPI. (b) Illustration of the membrane reactor module. TR-PBO hollow fibers 
were combined with a packed-bed catalyst reactor. (c) Permeability of H2O, H2, CO2, O2, CO, and CH4 (solid symbols) 
and permselectivity of H2O/gas (hollow symbols) through the TR-PBO membrane at different temperatures [1]. 
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Introduction. MBR technology has achieved rapid growth in a �v�µ�u�����Œ�� �}�(�� �‰�Œ�����š�]�����o�� �•�u���o�o�r�� ���v���� �o���Œ�P���r�•�����o����
applications worldwide due to its high effluent quality (for water reuse) and small footprint. However, its 
application in Sub-Saharan Africa has been limited [1]. Very few MBRs installed in Africa were mainly 
imported as costly units from developed countries and they are not well suited for local application. The 
installation and operation of solar powered pilot MBRs in Kisumu (Kenya) and Kampala (Uganda) takes an 
�]�v�š���P�Œ���š������ ���‰�‰�Œ�}�����Z�� ���Ç�� �‰�Œ�}�À�]���]�v�P�� �•�µ�•�š���]�v�����o���U�� ���}�•�š�r���(�(�����š�]�À���U�� ���v���� �Œ�}���µ�•�š�� �•�}�o�µ�š�]�}�v���(�}�Œ�� �Á��stewater 
treatment and reuse that meets the demand for clean water for a variety of applications as a promising 
example of the water-energy nexus approach.  
Experimental/methodology. This paper presents results from two operational pilot plants in Kenya and 
Uganda. The installation and operation of a pilot MBR (3-4 m3/day) in Kisumu, studied within the EU 
funded project VicInAqua, provides solution for water sanitation that meets the demand for clean water in 
fish processing industry, aquaculture, and irrigation [2, 3]. Another MBR plant (7-8 m3/day) to treat 
hospital wastewater was installed in Kampala, within the DBU (German Federal Environmental Foundation) 
funded project Reuse4Hos, to provide reusable water for toilet flush and irrigation [4]. 
Results and discussion. The MBR installed in Kenya treated wastewater (3-4 m3/day) was used to replenish 
water losses in a recirculating aquaculture system (RAS) for tilapia fingerling rearing without any adverse 
effects. The semi-autonomous energy system consisting of a 14.3 kWp photovoltaic (PV) system and a 30 
kWh lithium battery storage was installed to ensure maximum system security despite the frequent power 
outages. Approximately 40 % degree of autonomy has been achieved. The scalable pilot plant can be 
adapted to all local fish species and will contribute to sustainable fish production and job creation in the 
local fish industry. The MBR installed in Uganda produced 7-8 m3/day of treated water. The unit was 
installed using mainly locally available components (tanks, pumps, aerators etc.). A granular activated 
carbon (GAC) filter was installed downstream to remove pharmaceutical residues/micropollutants. The 
pilot plant was powered by 7 kWp solar modules, 3.55 kWh supercapacitor battery such that surplus energy 
was stored in the battery �}�Œ�� �(������ �]�v�š�}�� �š�Z���� �Z�}�•�‰�]�š���o�ò�•�� �P�Œ�]���X Based on the promising results in Kenya and 
Uganda, the EU project PrAEctiCe was launched to design a new upscaled solar powered MBR (production 
capacity of 20-25 m3/day of treated water) and instal at the existing VicInAqua pilot site in Kisumu (Kenya) 
to provide clean water for the expansion of the aquaculture production. 
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Introduction. Nowadays wastewater treatment plants (WWTP) are considered as a main path of entry for 
organic micropollutant (OMP) emissions into the aquatic environment. A variety of OMPs such as 
pharmaceuticals or industrial chemicals are not or only partially removed in WWTPs [1]. To achieve 
a sustainable water resource management by implementing global reuse strategies, it is a requirement for 
wastewater treatment plants (WWTPs) to produce effluent of higher quality. In 2022 published draft of the 
EU urban wastewater directive aims to redefine requirements for discharges of WWTPs and therefore 
limitations regarding the removal of OMPs to protect environmental and human health [2]. Apart from 
OMPs pathogenic bacteria viruses and antibiotic-resistant gene became an emerging concern. 
Established treatment technologies to remove OMPs from the effluent of WWTPs are based on adsorption 
(activated carbon) and oxidation (ozone) processes [3]. To further increase the treatment efficiency of 
these technologies combined processes e.g., membrane filtration with activated carbon or ozonation 
currently being developed to produce effluent of higher quality. Within the research project HyFive - 
�^�,�Ç���Œ�]���� �u���u���Œ���v���� �‰�Œ�}�����•�•���•�� ���•�� �� �(�o���Æ�]���o���� ���v���� ���(�(�]���]���v�š�� �ð�š�Z���š�Œ�����š�u���v�š�� �•�š���‰�_�� �š�Z���� �����À���o�}�‰�u���v�š�� �}�(�� ���� �Z�Ç���Œ�]����
Membrane-Bioreactor (MBR) process in combination with ozonation is investigated. 
Experimental/methodology. The HyFive research project focuses on the performance of a hybrid partial 
flow MBR process in semi-industrial scale (1.000 p.e. plant) �}�‰���Œ���š�]�v�P�������ð�ô�ì�u�ø���µ�o�š�Œ���(�]�o�š�Œ���š�]�}�v���~�h�&�•���(�o���š���•�Z�����š��
module. The goal is to investigate synergy effects of combining the hybrid MBR with other downstream 
treatment technologies such as ozonation to eliminate OMPs and other emerging contaminants. To 
investigate the effects on a downstream ozonation, the hybrid MBR is operated in combination with an 
ozone reactor (MBR-Ozone). It is hypothesized that the demand of ozone caused by particles and dissolved 
organic carbon (DOC) is significantly reduced by MBR pre-treatment. The separation of particles by the UF 
membrane and strong elimination of DOC due to a high solid retention time could result in smaller required 
specific ozone doses (Dspec) (0.2-0.6 gO3/gDOC) compared to conventional ozonation plants (0.4-0.9 
gO3/gDOC) [4]. The reduction of conventional organic and inorganic parameters as well as the elimination 
of DOC, spectral absorption coefficient at 254 nm (SAC254) and 13 OMPs according to [3] is studied. To 
compare the MBR-Ozone to the ozonation of the conventional WWTPs effluent (CAS) 2h composite 
samples are taken while switching the feed to the ozonation plant.  
Results and discussion. By inducing smaller Dspec of 0.2-0.6 gO3/gDOC and reducing the hydraulic retention 
time in the ozone reactor, the combination of MBR-Ozone achieved a high OMP removal of �H��80%. 
Considering just the additional ozonation step the comparison of CAS effluent to MBR permeate both 
treated with ozone results in advantages of MBR pre-treatment when applying Dspec. of 0,4-0,5 gO3/gDOC. 
The elimination of OMPs by ozonation with MBR pre-treatment is more than 60% higher. Preliminary 
results show a positive impact of the MBR regarding the removal efficiency for different parameters such as 
DOC, SAC254, organic micropollutants, intact cell counts, antibiotic resistance genes and estrogenic activity. 
Moreover, no signs regarding a potential formation of mutagenic by-products were detected so far. 
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Introduction: Membrane fouling is the bottleneck for the anaerobic membrane bioreactor (AnMBR) robust 
continuous operation, primarily caused by the mixed liquor suspended solids (MLSS) characteristics formed 
by aggregated flocs and a scaffold of microbial self-produced extracellular polymeric substances (EPS), which 
dictates the flocs integrity. Accordingly, the adhesion of EPS to the membrane surface versus their role in 
forming firm, elastic, and mechanically stable flocs under the �Œ�������š�}�Œ�[�•�� �Z�Ç���Œ���µ�o�]����shear is critical for 
minimizing interactions between EPS and colloids, originating from the MLSS flocs, with the membrane. This 
study aims to gain insight and investigate the effect MLSS flocs properties, EPS adhesion and viscoelasticity, 
viscoelastic properties of the sludge, and membrane fouling propensity.  
 
Experimental/methodology: As a working hypothesis, to alter the ���(�}�Œ���u���v�š�]�}�v������ �(�o�}���•�[ ���v���� ���W�^�[�•��
properties, the addition of either coagulant or surfactant was carried out during the AnMBR operation. In the 
AnMBR, two flat-sheet 300 kDa pore size polyether sulfone (PES) membranes with a total filtration area of 
352����cm2 were immersed in the AnMBR system treating municipal wastewater of Midreshet Ben-Gurion 
village at the Negev highlands, Israel. The system temperature, pH, biogas recirculation, and hydraulic 
retention time were regulated. TMP fluctuations during a 30-day experiment were recorded under three 
operating conditions: Baseline (without addition of coagulating or dispersing agent); coagulant addition 
(FeCl3), and surfactant addition (sodium dodecyl sulfate). At the end of each experiment, EPS were extracted 
from the MLSS and from the fouled membrane, characterized for their protein, polysaccharides, and DOC 
contents, and correlated with the fouling tendency of the submerged UF membrane. The EPS adherence and 
viscoelastic properties were revealed using QCM-D via the PES-coated gold sensor used as a membrane-
mimicking surface providing a detailed real-time EPS adhesion. The associated shifts in the resonance 
frequency and dissipation at different overtones were further modeled using the Voigt-based viscoelastic 
model (using Dfind software, Q-Sense Biolin Scientific) in which the thickness, shear modulus, and shear 
viscosity values of the adsorbed EPS layers on the PES coated sensor were calculated.  
 
Results and discussion: The observations obtained from the QCM-D analysis indicate a greater decrease in 
the frequency shift for the elevated membrane fouling scenarios, likely due to an observed decrease in the 
calculated shear viscosity and shear modulus of the EPS adsorbed layer, coupled with an increase in EPS layer 
hydrated thickness and fluidity �~�4D�l�4f slopes). Further analysis is being conducted for the three major 
operating conditions �t analyzing their effects on sludge rheology, dewaterability (capillary suction time �t 
CST) and settleability (SVI). The biofouling layer is further characterized microscopically using a confocal laser 
scanning microscope (CLSM) and scanning electron microscope (SEM), for analyzing the consistency of the 
development of the biofouling layer with sludge characteristics, i.e., thicker biofouling layer on the 
membrane surface when operated with surfactant addition, due to flocs with reduced integrity and 
availability of EPS/colloids to the membrane. Conversely, a thinner layer when operated with coagulant 
compared to the baseline experiment, due to elevation in flocs integrity.  
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Introduction. Surface functionalization of porous polymer membranes is of crucial importance for the 
adaptation of material properties in order to enable new applications or to improve existing processes. 
Covalent coupling of promising substances is usually preferred to increase long-term stability and avoid 
delamination. However, immobilization of substances onto polymer membranes is often performed using 
chemical-based methods, which will increase the overall material cost due to long reaction times and 
expensive reagents. An electron beam-based approach has been developed that enables the direct coup-
ling of biomolecules such as proteins or enzymes to polymer membranes in a fast one-step process. This 
method requires only an aqueous solution of the biomolecules without toxic organic solvents, additives or 
initiators. In addition, the process can be scaled up to roll-to-roll operation. 
 
Experimental/methodology. Microfiltration membranes made of polyvinylidene fluoride (PVDF) were 
modified with various biomolecules such as an albumin protein or an industrial lipase enzyme by electron 
beam-induced grafting. Multifactorial regression models based on the response surface methodology were 
developed to predict the protein graft yield or the lipolytic activity of the modified membranes, respec-
tively. An application of a lipase membrane reactor was demonstrated by the enzymatic removal of olive 
oil fouling in successive filtration and self-cleaning cycles. Finally, the mechanism of this radiation-based 
functionalization approach was investigated for the coupling of two small molecules, glycine and taurine, 
by static quantum chemical calculations supported by comprehensive surface characterization methods, 
including X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) spectroscopy, and zeta 
potential measurements. 
 
Results and discussion. PVDF microfiltration membranes were successfully functionalized with albumin 
protein, resulting in optimized coverages of about 1000 mg/m² (using 11.5 g/L albumin, 2.7 min incubation 
time, 117 kGy electron beam dose) [1]. Using regression models, the protein graft yield could be predicted, 
and the process was optimized to achieve the highest efficiency reported in the literature. As no reactive 
chemicals are involved, the protein incubation solution could be used multiple times, further reducing 
resource consumption. The method was then applied to immobilize an industrial lipase on microfiltration 
PVDF membranes, resulting in lipolytic membranes that were able to enzymatically digest a fouled olive oil 
layer [2]. By incubating the membranes in an aqueous buffer at 37 °C, complete regeneration of filtration 
performance was achieved within 3 h. Surface characterization by scanning electron microscopy, XPS and 
FTIR spectroscopy confirmed the results. Finally, a reaction mechanism was proposed, supported by density 
functional theory (DFT) calculations, molecular dynamics simulations and experimental studies including 
XPS [3]: The irradiation with high-energy electrons leads to activation of the polymer material by mainly 
generating radical sites. In addition, radiolysis of water as solvent leads to the formation of reactive species 
such as OH and H radicals or solvated electrons, which then activate the dissolved biomolecules mainly by 
H-abstraction reactions. Immobilization through the formation of covalent bonds is ultimately achieved by 
radical recombination between activated polymer and biomolecules. 
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Introduction. Microalgae are a promising source of nutrients and chemicals with a very high production 
�Ç�]���o���� ���}�u�‰���Œ������ �š�}�� ���}�Œ�v�� �}�Œ�� �Œ���‰���X�� �D�}�Œ���}�À���Œ�U�� �š�Z���Ç�� ���}�v�[�š�� �Œ���‹�µ�]�Œ���� ���Œ�����o���� �o���v���•�� �}�Œ�� �(�Œ���•�Z�� �Á���š���Œ�X�� �^���À���Œ���o��
�u�]���Œ�}���o�P�������•�š�Œ���]�v�•�����Œ�������o�Œ�������Ç���µ�•���������•�����}�•�u���š�]�����]�v�P�Œ�����]���v�š�•���}�Œ���(�}�}�����•�}�µ�Œ�����•���^�P���v���Œ���o�o�Ç���Œ�����}�P�v�]�Ì���������•���•���(���_��
(GRAS) for the US Food and Drug Administration (FDA). In the European Union some strains are included in 
the list of authorized foods. Currently, obtaining valuable biomolecules such as proteins from microalgae is 
limited. To fully exploit the potential of microalgae, cell disruption followed by efficient separation of their 
ingredients is required. Most biomolecules contained in green microalgae or disrupted cells are assembled 
into complex structures or aggregates which need to be dissociated to enable a recovery of selected 
biomolecules, and furhtermore, to avoid membrane fouling in the filtration sequence.[1] For this purpose, 
digestive enzymes are immobilized on polymer membranes by electron beam grafting. The resulting 
enzymatic membranes will be investigated for their potential to break up agglomerates during the 
filtration of algal extracts to maximize protein recovery. 
 
Experimental/methodology. Polymer microfiltration membranes are grafted with Lipase and Trypsin by 
electron beam-induced grafting.[2] The resulting enzymatic membranes are used in sequential filtration of 
extracts of Tetraselmis chui. The protein concentration in the filtrate is quantified by bicinchoninic acid 
(BCA) test. Membrane fouling as well as biomolecule agglomerates are investigated by fluorescence 
spectroscopy. The general membrane characteristics are monitored in terms of water contact angle, water 
permeance, scanning electron microscopy and porosimetry. 
 

Results and discussion. The enzymes Lipase and Trypsin are tested individually and in combination for their 
ability to improve algae filtration efficiency in terms of protein recovery in the filtrate. The optimal enzyme 
loading is used for membrane functionalization by electron beam grafting. Different algae filtration 
conditions are investigated and optimized using a design of experiments approach. A highly efficient 
enzymatic membrane is identified and further investigated to understand the beneficial effect regarding 
reduced membrane fouling and/or degradation of biomolecule aggregates. This work confirms the 
successful use of enzymatic lysis in combination with membrane filtration to harvest valuable biomolecules 
such as proteins from a complex mixture of algae extract in a simple filtration procedure. 
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Introduction. An Enzymatic membrane reactor (EMR) integrates enzymatic catalysis and membrane 
separation and plays a big role in the new generation of highly efficient downstream processes. In EMRs, 
membranes are used as supports for enzyme immobilization that allow for the reuse of enzymes improving 
in this manner the overall productivity of the process. However, several challenges limit their upscale and 
use in the commercialization of bioproducts. For example, the limited surface area of the membrane 
hampers high enzyme loading which leads to low immobilized activity. Moreover, enzyme denaturation 
during the immobilization causes deactivation of the enzymes. 
In this work, we aim to find suitable solutions to these challenges by defining novel enzyme immobilization 
strategies to retain high immobilized enzyme activity and improve the catalytic performance of EMRs. 
Experimental/methodology. Various types of membranes (polymeric membranes or ceramic membranes) 
were used as the supports for immobilizing enzymes. Surface modification (i.e. polydopamine, tannic acid, 
glutaraldehyde and polyelectrolytes)  was conducted to tailor the chemical and physical properties of the 
membranes to provide binding sites for the enzymes. Different types of enzymes (dextranase, alcohol 
dehydrogenase, lactate dehydrogenase) were immobilized on the surface-modified membranes. 
Results and discussion. The results of the surface modifications showed that the functional groups were 
introduced on the membrane which provide the binding sites for the enzymes. The characterization 
showed that the enzymes were immobilized via covalent/non-covalent binding. The enzyme activity tests 
suggested that the porous structure of the membrane increased the enzyme loading and reduced the 
steric hindrance of substrate transfer, thus, high immobilized enzyme activity was observed on the porous 
membrane. On the polyelectrolytes-modified membrane surface, enzymes were immobilized by 
electrostatic attractions, which preserved the native structure of the enzymes, therefore, the immobilized 
enzymes exhibited high activity and good stability on the membrane surface. 
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Introduction. Membranes are used in a wide field of different applications such as food processing, waste 
water treatment and many others. A new approach uses their separation potential to recover valuable 
biomolecules from microalgae which are a promising source of nutrients and chemicals with a very high 
production yield. Current extractions of biomolecules are limited due to aggregation into complex 
structures leading to membrane fouling and a decrease in the filtration efficiency. Therefore, digestive 
enzymes are immobilzied on polymer mebranes to investigate their influence on the filtration process and 
also their potential benefit on decreasing fouling behaviour.[1] Other influencial parameters are being 
evaluated and adjusted to maximize the protein recovery from microalgae extracts. 
 
Experimental/methodology. Various parameters influencing the 
filtration performance were being evaluated and optimized using a 
statistical design of experiment approach. Enzymes are grafted onto 
the membrane via electron beam irradiation.[2] For the filtration, 
lyophilized extracts of Tetraselmis chuii are used. Bicinchoninic acid 
(BCA) test is performed to quantify the protein concentration of the 
permeate. Utilizing various analytical methods such as fluoresence 
spectroscopy and scanning electron microscopy the membrane fouling 
and the agglomeration of biomolecules are monitored. General 
membrane characteristics are evaluated in terms of water contact 
angle, water permeance and porosimetry. 
 
Results and discussion. A mixture of Trypsin and Lipase is used to 
succesfully increase the protein yield in the sequential filtration of Tetraselmis chuii using a microfiltration 
membrane. Parameters like the algae and enzyme concentrations, the dose of the electron beam and the 
incubation time before each filtration step are optimized resulting in a highly efficient enzymatic 
microfiltration membrane. The system is further investigated to help understand the mechanisms of 
biofouling and biomolecular aggregation and the beneficial influence of enzymes in this process.  
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Image 1: Filtration of microalgae using 
an enzymatic membrane in a stirr cell. 
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Introduction. Pervaporation (PV) is a widely sought-after separation technology, owing to the 
advantages it has over alternative methods, notably that it is safer and less energy intensive. Self-
standing membrane were tested in this work to illustrate the potential of different forms of PIM-1 in 
investigations into separation of organic-organic solvent mixtures. PIM-1 crosslinked with palladium 
acetate or functionalized with diethanolamine (DEA) were the membrane systems utilized. 
Furthermore, data obtained from the simulation processing software, ASPEN, was used to evaluate 
membrane performance. The solubility of the tested membranes  was  further investigated utilizing 
Hansen Solubility Parameters (HSPs). 
 
Experimental/methodology. This study explored two forms of self-standing PIM-1 membranes. One 
is crosslinked with palladium acetate (PIM-Pd), which has been used in prior work by our group1, while 
the other is functionalized with DEA (PIM-DEA). Methanol separation from dimethyl carbonate or 
methyl acetate were tested as model solutions for removing alcohol from organic solvents. ASPEN 
PLUS software was utilized to obtain parameters such as activity coefficient to better understand the 
membranes' selectivity according to Baker et al. 2 HSPs were further investigated for each membrane 
in order to discuss the relationship between selectivity and solubility. This is achieved by testing each 
membrane in many different solvents with their known HSPs, as has been previously reported. 3 
 
Results and discussion. The PV of methanol from organic solvents was examined with PIM-Pd 
membranes, revealing that they were not methanol selective at high flux. The HSPs data were 
consistent with this finding since the membrane proved to be more soluble in organic solvents than 
in methanol.  The PIM-DEA system was then tested as it has been previously reported to have different 
solubility compared to PIM-1. 4 The results showed that the membrane was methanol selective at the 
expense of the higher flux previously obtained in PIM-Pd. Solubility tests were then conducted on PIM-
DEA membranes which illustrated changes compared to PIM-Pd which gives rise to the selectivity. 
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Introduction. Methanol (MeOH) and acetonitrile (MeCN) are highly polar compounds, azeotrope formers, 
and mobile phase constituents in chromatography (HPLC) [1]. As their recyclation remains challenging, we 
chose pervaporation as a separation method for the MeOH-MeCN system. This represents a rather 
anomalous case of organic-organic pervaporation, in which neither of the components is evidently more 
hydrophilic or organophillic. This work was thus focused on screening of homogenous pervaporation 
membranes from common polymers. 
Experimental/methodology. A laboratory-scale pervaporation apparatus [2] maintained at a constant 
temperature was used, permeate was swept using hydrogen and collected using a cryogenic cold trap. 
Pervaporation through homogenous membranes from polylactic acid (PLA), polysulfone (PSU), poly(1-
trimethylsilyl-1-propyne) (PTMSP)�U�� �D���š�Œ�]�u�]��� �U�� �•�]�o�]���}�v�� rubber (PDMS), chloroprene rubber (CR), and 
cellulose triacetate (CTA) were studied at 35.0 �£��, 45.0 �£��, and 52.9 �£���X Screening was conducted for feeds 
having the composition similar to that of the azeotrope (at 1 atmosphere). Membranes showing the 
highest selectivity were studied within the entire concentration range. 
Results and discussion. The membrane materials exhibiti�v�P���š�Z�����Z�]�P�Z���•�š���•���o�����š�]�À�]�š�Ç���Á���Œ�����W���D�^�U���D���š�Œ�]�u�]��� �U��
and CR. Selectivity (defined as a ratio of MeCN permeability to MeOH permeability) is shown in Fig. 1 for 
a selected set of conditions. For all three polymers, MeCN was the preferentially permeating substance. 
Since PDMS is usually considered as an organophilic polymer, MeCN can be considered as the more 
organophillic species. It is presumably the impossibility of hydrogen bond formation that renders MeCN the 
more organophillic component despite MeCN has higher dipole moment.  

 

Fig. 1: Selectivity of studied membranes at 35.0 �£��, points are measured data, curves are guides to the eye. 
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Introduction: Cosmetic, pharmaceutical and chemical compounds, derived from various synthesis 
methods, are widely used in many fields as raw materials or finished products. However, this synthesis 
process is often accompanied by water formation, which is unsuitable for extracting natural products and 
compromises the purity of these compounds. Therefore, pervaporation, suitable for liquid mixture 
separation, is used to remove water almost completely [1]. Hybrid membranes stand out for their 
outstanding performance, achieving water removal rates of approximately 99% for low initial mass 
fractions [2]. This study aims to assess the performance of semi-industrial-scale pervaporation plant for 
the dehydration of (i) an ester to improve its production, (ii) a pharmaceutical solvent to reuse it, (iii) an 
essential oil to improve the quality, with the goal of industrialization.  
Experimental/methodology: Cosmetic, pharmaceutical and chemical compounds were tested in a semi-
industrial pervaporation pilot plant, specially designed and manufactured for this project. This system is 
equipped with an industrial-scale membrane with an area of �ì�X�í�ñ���u�ø�U�����•���Á���o�o�����•���]�vstruments for measuring 
various parameters such as temperature, flow rate and vacuum pressure. To facilitate process control and 
to ensure continuous and efficient monitoring, it is coupled with a near-infrared spectroscopy probe that 
allows online analysis of the water content in the feed. To estimate the mass balance, a Karl Fischer 
titrator was used to quantify water, while other compounds were  analyzed by gas chromatography (GC-
FID). The experimental campaigns will be conducted at different temperatures (20 to 80 �£���•�U���Á�Z�]���Z�����Œ����
closer to the operating conditions encountered in industry. 
Results: The membrane performances (selectivity, permeation flux, yield, etc.) were studied during the 
dehydratation step. Mass transfer and retention values were evaluated as a function of temperature, feed 
composition in batch conditions and the composition of the mixture. Concurrently, process modelling and 
Computational Fluid Dynamics (CFD) analysis of the membrane were investigated using ASPEN software. 
The effect of the membrane characteristics was evaluated as a function of the feed composition and 
a good dehydratation occured at the product specifications desired by industrial partners. A study on 
membrane aging was conducted, as the lifespan of currently commercialized pervaporations membranes 
is typically limited in aggressive environments (such as acidic). 
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Introduction. Freshwater scarcity is increasingly a global challenge due to the rapid depletion of ground 
and surface water sources. A viable solution to meet the growing freshwater demands is the utilization of 
saline water through desalination techniques. Among these, membrane-based technologies such as 
reverse osmosis (RO) are favored for their compactness and lower energy consumption compared to 
conventional thermal desalination methods [1]. However, high seawater salinity in some regions slows RO 
development, and the energy demands for treating RO brine make it less feasible. Alternative thermally-
driven processes like Membrane Distillation (MD) and Pervaporation (PV) are gaining attention. They 
operate at lower temperatures and are more effective in handling hypersaline solutions, with PV offering 
high selectivity and efficiency by leveraging phase change processes [2]. Innovations in PV involve direct 
heating methods, reducing energy costs and enhancing performance by minimizing temperature 
polarization and thermal losses [3]. This evolution points to a focused need for developing sustainable, 
energy-efficient desalination technologies that also consider the environmental impact. 
 
Experimental/methodology. PV membranes were produced by first mixing carbon nanostructure (CNS) 
into a 95:5% water-ethanol solution using a probe sonicator (Hielscher, UP400S) at 60% amplitude for 5 
minutes. Varying amounts of CNS, namely 10%, 20%, 30%, and 50% by weight of the polymer, were 
incorporated. Subsequently, 3% by weight of NaAlg powder was added and stirred until the mixture was 
uniform. Then, 10 grams of the CNS-NaAlg mixture was poured into a plastic petri dish (90 × 14.2 mm) and 
left to dry overnight in a fumehood. Ionic crosslinking of the dried membranes was achieved by immersing 
them in 50 mL of a 5% CaCl2 solution for two hours. This process resulted in the formation of CNS-calcium 
alginate (CaAlg) membranes, which were preserved in water for subsequent use. The membranes were 
identified as CaAlg/y% CNS, where 'y' denotes the percentage of CNS incorporated. The complete 
membrane fabrication process is illustrated in Figure 1. 

 
Figure 1. CaAlg/CNS pervaporation membrane fabrication. 
 
Results and discussion. While many pervaporation studies aim to develop novel membranes to enhance 
flux and reduce energy use, it is crucial to focus on improving energy efficiency. Traditionally, the energy 
required for the PV process relies heavily on conventional heating methods. In this study, we demonstrate 



the application of the Joule-heating concept to directly heat saline feed solutions at the membrane-feed 
interface. We used conductive membranes made from CaAlg polymer blended with carbon nanostructures 
(CNS), crosslinked to form a PV membrane for treating saline feeds. 
The CaAlg/CNS membranes underwent initial evaluations to assess surface temperature changes through 
resistive heating, studying their morphology, electrical/thermal properties, hydrophilicity, and the Joule 
heating effect at varying CNS concentrations of 10, 20, 30, and 50%. Results showed that a CNS loading of 
10% resulted in the lowest electrical conductivity and consequently (Figure 2a), the lowest surface 
temperatures when current was applied. Surface temperatures of CaAlg/CNS membranes increased with 
CNS content, reaching maximum temperatures of 41.4°C, 96.1°C, 115.3°C, and 150°C for CNS loadings of 
10%, 20%, 30%, and 50%, respectively (Figure 2b). Additionally, fluxes and rejection rates under varying 
voltages were documented. The tesing of the membrane for pervaporation performance was excuted using 
a custom-made pervaporation setup presented in (Figure 3a). 
 

 
Figure 2. a) Conductivity and sheet resistance of CaAlg/CNS membranes vs CNS loading, b) Surface temperature of 
CaAlg/CNS membranes with different CNS loadings at different applied voltages. 
 
The internal heat generation in the CaAlg/CNS membranes increased the feed temperature, thereby 
enhancing the driving force and permeate flux. For instance, the CaAlg/50% CNS membrane achieved a flux 
of 28.8 L m2 h-1 with high salt rejection at just 3 V. When comparing traditional heating at 55°C and 
electrothermal heating of CaAlg/30% CNS at 1 V (surface temperature 57°C), the flux from the latter was 
1.5 times higher at 10 L m2 h-1 (Figure 3b). This self-heated electrothermal PV membrane resulted in lower 
total energy consumption (SEC) of 910 kWh m3 and a higher Gain Output Ratio (GOR) of 2.19, compared to 
conventional heating methods (SEC = 2330 kWh m3, GOR = 0.37). The GOR increased by 6%, indicating 
more efficient use of thermal energy. 
 

 
Figure 3. a) Schematic representation of the pervaporation cell and process, b) pervaporation performance in terms of 
salt rejection (scatter) and flux values (columns) of CaAlg/CNS membranes with different CNS loadings at 
different applied voltages for 100,000 ppm NaCl feed solution. 
 



Additionally, self-heated PV membranes excelled in resisting swelling; unheated CaAlg membranes swelled 
by 150% after 2 hours in water, whereas Joule-heated CaAlg/CNS membranes only experienced 50% 
swelling. Localized internal heat generation helped reduce swelling and facilitated foulant cleaning via 
water bubble formation on the membrane surface during heating. These results highlight that self-heated 
PV membranes offer significant benefits in terms of energy savings, anti-swelling, and anti-fouling 
capabilities, thus making them an attractive solution for enhancing flux through efficient energy use. Our 
findings demonstrate the potential of self-heating PV membranes to significantly improve energy efficiency 
in desalination applications. 
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Introduction. In many industrial installations, the use of aqueous glycol mixtures as coolant liquids is 
common. Due to the manipulation of these streams during the operation of batch processes, their water 
content can increase to undesirable levels (�C70 %). Therefore, it is interesting to have a versatile tool to 
adjust the water content of this type of mixtures. This work explores the use of pervaporation with 
hydrophilic membranes, whose use in the dehydration of other solvents is widely known [2]. In the 
proposed case study we face a double challenge, which leads to establishing whether the membrane is 
stable at such high water contents, and what is the highest operating temperature that allows stable 
operation of the membrane. 
Experimental/methodology. The permeation experiments were carried out using ethylene glycol/water 
solutions, with a water content of up to 70 wt%. A survey of commercially available membranes was made, 
and the PERVAP 4155-80 model, manufactured by DeltaMem AG (Switzerland), was selected. The 
pervaporation experiments were carried out in a laboratory-scale unit, previously used by the authors in 
different pervaporation studies. The experimental setup is described in detail elsewhere [2, 3]. The PV tests 
were performed at three operating temperatures (60°C, 70°C, and 80°C), while the permeate zone was 
kept under vacuum. The pervaporation system was provided with a sampling valve on the feed side, 
allowing the collection of a few millilitres of liquid samples at regular time intervals. The permeate was 
collected at regular intervals, weighted and analysed. The composition of water-ethylene glycol mixtures 
was determined using refractive index measurements at 25 °C (Maselli LR-02 Digital Refractometer). 
Results and discussion. The results obtained using the Pervap 4101 membrane show that the membrane 
has been highly selective towards water. As expected, permeation fluxes increase notably with increasing 
temperature in the range of 60 to 80°C. Although the glycol permeation flux also increases with 
temperature, the membrane maintains a high selectivity towards water, with ethylene glycol contents in 
the permeate that do not exceed 2 wt%. It has been observed that the water permeation flux follows 
a non-linear trend with respect to the water content in the liquid feed mixture. This behavior has been 
related to the swelling effect of the PVA-based membrane with the increasing water content in the liquid 
mixture. The results obtained have made it possible to establish the optimal conditions for stable operation 
with fluxes high enough to cover industrial needs. 
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Introduction. Isopropanol is an important solvent for cleaning wafers in the semiconductor industry[1]. 
A considerable amount of waste effluent is produced every year. If the isopropanol can be recycled, it will 
not only be environmentally friendly, but also reduce production costs. Isopropanol has an azeotropic 
point with water. In traditional distillation process, it is necessary to add an entrainer to separate the 
azeotrope. This can result in an impure product. Pervaporation is not restricted by the azeotropic point and 
has the advantages of low energy consumption and simple operation[2]. Pervaporation is considered an 
effective separation technology that gradually combines or partially replaces the distillation methods. 
Experimental/methodology. The asymmetric porous polyacrylonitrile (PAN) supporting membrane was 
prepared by the wet phase inversion method and was hydrolyzed by NaOH solution. The polyethylenimine 
(PEI)/tungstophosphoric acid (TPA) composite membranes were prepared via the pressure-assisted 
filtration method. The performance of isopropanol dehydration was carried out through the pervaporation 
process. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was used to 
analyze the chemical structure of membrane. Scanning electron microscope (SEM) and atomic force 
microscope (AFM) were used to observe the morphology and roughness of membrane, respectively. Water 
contact angle measurement was used to analysis the hydrophilicity of membrane. 
Results and discussion. Figure 1 showed that the pervaporation performance of PEI/TPA composite 
membranes prepared with different weight ratio of TPA to PEI. With an increase in the TPA content, the 
water concentration in permeate increased first and then decreased. Conversely, the permeation flux 
decreased first and then increased. PEI/TPA composite membrane prepared by the weight ratio of TPA to 
PEI of 4:4 showed the desirable separation performance of 70 wt% isopropanol aqueous solution, that is, 
a permeation flux of 1200 g/m2h and a water concentration in permeate higher than 99 wt%. 

 
Figure 1. Effect of the weight ratio of TPA to PEI on the pervaporation performance through the PEI/TPA composite 
membranes at 1.5 cmHg and 25oC. 
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Introduction. In recent years, green chemistry has been a niche study area in the development of industrial-
scale biochemical synthesis and process intensification[1]. Glycerol carbonate is a non-toxic organic 
compound that serves as an intermediary in the manufacturing of batteries, surfactants, detergents, and 
medicinal products[2]. The process of producing glycerol carbonate, which includes transesterification of 
glycerol and dimethyl carbonate (DMC), has been chosen as a feasible conversion pathway since it principally 
produces methanol as a coproduct, which can be selectively separated from the mixture using 
pervaporation[2]. However, glycerol carbonate synthesis is not as environmentally safe as we think. There 
are two processes: the high-temperature reaction (70 �t 80o C) is followed by a purification step, which 
compromises the process's greener character in terms of energy consumption, as an azeotrope 
methanol/DMC (approximately 30 wt% methanol azeotrope) is produced, resulting in an extremely energy 
intensive separation[3]. The separation portion, which involves pervaporation, has already been 
investigated with the construction of selective membranes using ZIF-8 fillers in chitosan polymer[3]. The ZIF-
8/Chitosan membrane showed selectivity to methanol with a high separation factor and flux for separation 
of methanol from DMC. But the ZIF-8 is a zinc-centric MOF that forms a weak link with the carboxylic ligands 
often causing the crystals to disorient making the MOFs unstable[4]. Therefore, a different set of MOFs, 
which is zirconium-centric will be analyzed for methanol/DMC separation. The drop in temperature in the 
process can be addressed by adding enzymes that work at low temperatures (30 �t 40o C)[5]. The goal is to 
integrate enzymes with methanol-selective membranes in a reactive pervaporation unit. This development 
will enable more efficient and regulated reactions, boosting the total production of glycerol carbonate and 
decreasing energy consumption. 
Experimental/methodology. Lipases, enzymes that break down alcohol into ester, will be used to catalyze 
the reaction between glycerol and DMC, which results in the creation of glycerol carbonate and methanol. 
Two separate lipases will be tested under various pH, temperature, enzyme, and reactant concentrations. 
The reaction kinetics will be determined by tracking the conversion of glycerol and DMC into glycerol 
carbonate using gas chromatography over time. The suitable lipase will be then used for further analysis.  
Simultaneously, mixed matrix membranes (MMMs) with chitosan and MOF-801, which is a zirconium-centric 
MOF will be synthesized. The MMMs will be prepared using different compositions of MOF-801 in chitosan. 
The characterization of the membrane will be done using a scanning electron microscope (SEM), X-ray 
diffraction (XRD), FT-IR, and solvent uptake. The membranes will then be used for the separation of 
methanol from DMC in the pervaporation unit, where the separation will be analyzed at different 
temperatures over time. The separated solution will be analyzed using gas chromatography. The results will 
be compared with the results obtained with the ZIF-8/Chitosan membrane.  
Further, the selected enzyme will be used in combination with the membrane synthesized in the reactive 
pervaporation unit for the simultaneous production of glycerol carbonate and the separation of methanol 
from the reaction media. This integrated approach, combining enzyme catalysis with a methanol-selective 
membrane, will establish a system where reaction and separation occur concurrently, ensuring continuous 
glycerol carbonate production while eliminating the formation of azeotropes with methanol and DMC. 
Consequently, this streamlined process will eliminate the need for individual separation processes and in 
turn, reduce energy consumption and achieve green chemistry and sustainability goals. 
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Introduction 
In natural gas production, water is removed using glycol absorption to avoid the formation of hydrates [1]. 
The water-saturated glycol is currently regenerated using a reboiler to 98.8 wt.%. To reach higher purities 
(>99.5 wt.%) additional techniques are required, e.g. coldfinger or stripping gas. Pervaporation can be an 
alternative to regenerate TEG in one step to >99.5 wt.% at a lower temperature. In this poster/paper, TEG 
dehydration at different linear velocities and feed temperatures is shown. 
Experimental 
Pervaporation experiments were performed using a lab-scale pervaporation set-up equipped with 
a flexible module containing a maximum of ten 50 cm PERVATECH HybSi® AR membranes. Using 
exchangeable top and bottom plates, the membranes in the module can be set in serial mode or parallel 
mode. TEG dehydration tests were performed at different linear velocities and different feed 
temperatures. 
Results and Discussion 
As shown in Figure 1 the water flux, under similar operating conditions, decreases with a decrease in linear 
velocity and a decrease in feed temperature. A decrease in linear velocity causes a decrease in Reynolds 
number. A sufficently high Reynolds number is required to avoid concentration polarization at the 
membrane surface. A decrease in temperature results in a decrease in the partial pressure of water across 
the membrane, which is the driving force in pervaporation. Both phenomena result in an increase in 
required membrane area. 

  
Figure 1 Water flux as a function of water content in the feed at (left) different linear velocities and (right) different 
feed temperatures. 
 
A conceptual design of an industrial-scale module is presented. This design keeps in mind the minimum 
required Reynolds number by utilizing a series-mode system. The drop in temperature throughout the 
module is limited by using an integrated heating system. 
Acknowledgments 
This research was performed within the MOOI Solidarity project (Project No. MOOI42003). 
References 
[1] Sheng Chong, D.J. et al. South African Journal of Chemical Engineering 2023, 44, 51-67. 



Investigating the influence of intercalating UiO-66-PEI metal organic 
frameworks on a graphene oxide membrane for the pervaporation 

dehydration of isopropanol 
 

Marwin Gallardo, Hui-An Tsai, Kueir-Rarn Lee* 
 

R&D Center for Membrane Technology and Department of Chemical Engineering, Chung Yuan Christian 
University,Taoyuan, Taiwan 

*krlee@cycu.edu.tw 
 

Keywords: graphene oxide, pervaporation, isopropanol, metal-organic framework 
 
Introduction: Isopropanol (IPA) is a crucial raw material utilized in wide range of sectors, which is 
manufactured through either a catalytic reaction or bioprocessing [1, 2]. A significant challenge in 
achieving high-purity IPA is the formation of an azeotrope with water mixture, which complicates 
separation using conventional means. To address this, pervaporation (PV), stands out as a preferred 
method for selectively separating organic mixtures due to its low carbon footprint, ease of operation, 
mechanical simplicity, and reduced energy requirements [3]. In this study, polyethyleneimine (PEI) was 
grafted onto UiO-66-NH2 to synthesize UiO-66-PEI, which was then intercalated into graphene oxide (GO) 
layers, forming a nanocomposite membrane for IPA-water separation via PV dehydration 
 
Experimental/methodology. The UiO-66-NH2 MOF was modifed with PEI with the aid of glutaraldehyde. 
For the membrane fabrication different amounts (1, 2, 3, 4, and 5 ppm) of UiO-66-PEI MOF was mixed into 
a 50 ppm GO aqueous solution. Subsequently, 20 mL of this mixture was transferred into a pressure 
filtration cell containing the hydrolyzed polyacrylonitrile support and filtrated at  5 bar. The resulting 
membranes were air dried overnight. Characterization tests and pervaporation experiments using IPA-
water system were performed to correlate the influence of incorporating UiO-66-PEI into GO membrane. 
 
Results and discussion. It was confirmed in FTIR spectra the intermolecular interactions between UiO-66-
PEI. The XRD results shows the narrowing of d-spacing of GO membrane as UiO-66-PEI was added, 
indicating the favorable interaction between the MOF and GO. The UiO-66-PEI sandwiched between the GO 
sheets tailored the formation of fast and narrow path for water molecules on the GO sheets. Moreover, 
UiO-66-PEI could provide additional fast channel of water molecules. By leveraging the properties the 
tunable 2D channel of GO and the pores of UiO-66-PEI nanofiller, the resulting membrane could achieve a 
high separation performance. The membrane with optimized amount of UiO-66-PEI demonstrated 
excellent PV performance with permeation flux of 1479 g·m-2·h-1 and water content in permeate of 99.60 in 
70 wt% IPA-water mixture at 25 °C. Furthermore, the effect of PV operating conditions was also explored. 
At feed temperature of 70 °C, the permeation flux and water content in permeate could reach up to 4072.4 
g·m-2·h-1 and 99.88 wt%. Moreover, the membrane exhibited consistent performance throughout 
continuous PV operation for a duration of 168 hours, thus showcasing its potential for industrial utilization. 
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Introduction: Esterification, a fundamental chemical process, often encounters equilibrium limitations and 
challenges associated with water removal. Pervaporation, with its capablity to selectively separate water 
from liquid mixtures, has the potential to shift the equilibrium towards higher conversion rates, 
overcoming thermodynamic constraints. However, beyond water selectivity and permeability, the 
pervaporation membrane must endure the harsh acidic environment of the esterification reaction. This 
study introduces the preparation and performance evaluation of an acid resistant hybrid silica (HybSi) 
membrane designed for dehydrating the esterification reaction producing an acrylic ester from Arkema. 
The membrane demonstrates stability under acidic conditions (pH=2) throughout 2 months of dehydration 
test. With its outstanding permeability and stability, integrating pervaporation using the HybSi membrane 
with the esterification reactor proves promising for reaction intensification. As part of the EU-funded 
MEASURED project, the acid-resistant HybSi membrane has been selected for scaling up to a TRL 7 
pervaporation demonstration, integrated with a 100 kg/h acrylic ester esterification reactor at Arkema. 
Experimental/methodology: Two HybSi membrane variants were prepared: a standard HybSi and an acid 
resistant HybSi membranes. A tubular ceramic support was supplied from a commercial manufacturer and 
then two macroporous �r-alumina layers were coated on the outer surface of the tube followed by 
a �u���•�}�‰�}�Œ�}�µ�•�� �v-alumina layer. The standard HybSi layer was then prepared by sol-gel chemistry with 
BTESE as the Si precursor and coated on top of the �v-alumina layer [1]. The acid resistant HybSi membrane 
was, however, prepared by applying a fine-tuned �•�}�o���}�v���š�}�‰���}�(���r-alumina layers with the coating repeated 
until the pore size reduced to around 0.5 to 0.8 nm [2]. Both membranes were then tested using a lab-
scale pervaporation installation for dehydration of the esterification reaction mixture of 2-ethylhexyl 
acrylate. 
Results and discussion: The results indicate that the standard HybSi membrane with a thinner selective 
layer has a higher permeation flux compared to the acid resistant HybSi membrane in a short-term 
dehydration test. The permeate flux of the standard HybSi for a feed mixture containing 2 wt.% water was 
found to be 2 kgm-2h-1 while it was approximately 1 kgm-2h-1 for acid resistant HybSi. The water 
concentration in the permeate was found to be over 99.3 wt.% for both membranes suggesting that the 
HybSi membrane possesses an excellent selectivity towards water for this application. However, when it 
comes to long-term performance in the acidic esterification reaction mixture (10 wt.% acrylic acid) of 2-
ethylhexyl acrylate, the standard HybSi membrane lost its selectivity after a month of exposure to the 
reaction mixture whilst the acid resistant HybSi membrane maintained a stable performance throughout 
the entire 2-month dehydration test. SEM analysis proved that the gamma-alumina sublayer in the 
standard HybSi membrane was decomposed and thus causing instability of standard HybSi membrane in 
acidic environment. In the case of the acid resistant HybSi membrane, however, the selective layer was 
coated directly on top of alpha-alumina sublayer which is the most stable phase of aluminium oxide and 
remained intact.  
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Introduction. Isopropanol (IPA) is a significant alcohol-based solvent known for its diverse range of 
applications, which encompass industrial processes, household cleaning agents, disinfectants, and cooling 
agents [1]. However, the production of isopropanol yields aqueous solutions of relatively low purity [2]. 
Traditional methods for isopropanol purification are energy-intensive, complex, and environmentally 
unsustainable. In contrast, pervaporation (PV), a membrane-based separation technique, offers 
a compelling alternative to produce isopropanol with high purity [3]. In this work, MoS2 was modified with 
polydopamine (PD) and integrated into PEI then crosslinked with trimesoyl chloride (TMC) to prepare 
hybrid membrane for pervaporation separation of IPA-water mixture. 
 
Experimental/methodology. The exfoliated MoS2 was first modified through bio-inspired coating of PD. 
The resulting MoS2@PD with different weight ratio with respect to PEI was then deposited into the 
hydrolyzed polyacrylonitrile support through pressure-assisted filtration, followed by crosslinking with 
TMC. Characterization experiments were performed with the membranes using Attenuated Total 
Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR), X-Ray Photoelectron Spectroscopy (XPS), 
Energy-Dispersive X-ray Spectroscopy (EDS), Field Emission Scanning Electron Microscopy (FESEM), Atomic 
Force Microscopy (AFM), and water contact angle analyses. The PV separation performance of composite 
membranes was carried out using IPA-water mixture. 
 
Results and discussion. Nanomaterial characterization results confirmed the 2D lateral structure and 
successful coating of MoS2. Membrane characterization results such as ATR-FTIR, XPS, FESEM, AFM, and 
WCA verified the successful loading of MoS2�›�W���U�� �š���]�o�}�Œ�]�v�P�� �]�š�•�� �u���u���Œ���v���[�•�� �•�µ�Œ�(�������� �(�����š�µ�Œ���•�� �•�µ���Z�� ���•��
chemical properties, roughness, and hydrophilicity. The coating of PD serves as a bridging agent between 
MoS2 ���v���� �š�Z���� ���Œ�}�•�•�o�]�v�l������ �W���/�U�� ���v�Z���v���]�v�P�� �š�Z���� �u���u���Œ���v���[�•�� �‰�Z�Ç�•�]���}���Z���u�]�����o�� �‰�Œ�}�‰���Œ�š�]���•�U�� �]�v���o�µ���]�v�P�� �•�µ�Œ�(��������
morphology and hydrophilicity. Compared with the pristine thin-fim composite (TFC) membrane, the 
optimized MoS2@PD0.3-TFN membrane showed an enhanced separation performance when treating a 70 
wt% isopropanol-water mixture. It achieved a permeation flux of 2870.1 g·m-2·h-1 and a water content in 
�š�Z���� �‰���Œ�u�����š���� �}�(�� �õ�õ�X�í�ð�� �Á�š�9�U�� �Ç�]���o���]�v�P�� ���� �•���‰���Œ���š�]�}�v�� �(�����š�}�Œ�� �~�r�•�� �}�(�� �î�ò�ô�X��The membrane exhibited consistent 
performance under varying PV operating conditions and at long-term process for 168 h. 
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Introduction. A valid response to the ever-increasing demand for energy could be the gasification of biomass 
to produce syngas, which can be used and upgraded to produce biofuels (e.g. MeOH and/or DME). Therefore, 
the use of technology capable of simultaneously separating CO2 and H2 from CH4, CO and N2 is required. 
Carbon membranes have shown promising performance for the separation and purification of H2 from 
mixtures with CO2, N2, CH4, etc.1. Brunetti et al.2 demonstrated the ability of carbon-based membranes to 
perform stably for over 180 days of continuous measures, even in the presence of contaminants and water 
vapour. In this work, for the first time in literature, carbon membranes have been used to separate H2 from 
binary (H2/CO2, H2/CO, H2/CH4) and quaternary (CO2, N2, H2, CO) mixtures at different concentrations and 
feed temperatures. This work systematically analyses the mutual influence of gases in H2-containing mixtures 
on membrane permeation and the resulting changes in separation properties, in comparison to single-gas 
measurements. 
Methodology. The separation properties of the carbon-based membranes were explored in the temperature 
range 50-80°C for H2, N2, CO2, CH4 and CO as single gas and in mixtures: binary (H2:CO2, H2:CO and H2:CH4 at 
different concentrations) and quaternary (CO2: H2: N2: CO=15.1:14.2: 55.4:16.3, CO2: H2: N2: CO=15.7: 3.5: 
58.9: 21.8, CO2: H2: N2: CO=18.9: 4.2: 20.2: 56.6) at a feed pressure of 10 bar. 
Results and discussion. It was found that developed carbon membranes are preferentially selective for H2 
and CO2, with different selectivities as a function of operating conditions and feed composition. Overall, the 
presence of H2 in the mixture promotes the permeation of other gases, while CO2, CH4 or CO tends to reduce 
H2 permeance owing to gas sorption in the carbon membrane. This hindering effect is more significant at 
lower H2 concentrations in the feed and lower temperatures. The results obtained separating a quaternary 
mixture show that carbon membranes significantly increase the concentration of H2 and CO2 at 50 and 80°C, 
whereas substantially reducing the fraction of N2 and CO. Therefore, carbon membranes are potential 
candidates for use in syngas treating, for hydrogen enrichment or carbon capture.  
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Introduction. Polymers of Intrinsic Microporosity such as the archetypal PIM-1 have attracted much 
attention as materials for gas separation membranes. We showed that the replacement of the 
spirobisindan of PIM-1 with more rigid units such as spirobifluorene (SBF) leads to polymers with higher 
permeability and greater selectivity [1,2]. 
Results and discussion. The SBF flexible synthesis allows for the introduction of substituents and 
modification of the basic monomer structure. Here we present our work based on the addition of groups 
such as methyl and t-butyl to the SBF unit and report a new PIM with extraordinary CO2 permeability and 
with data lying above the Robeson upperbound for the CO2/N2 gas pair. The same polymer reaches the 
proposed 2015 Robeson upper bound for O2/N2 upon ageing [2]. Furthermore, we report the preparation of 
a ultrapermeable PIM from a highly rigid fused bulky triptycene/spirobisindane unit. Here, the triptycene 
serves a dual purpose, enhancing the rigidity of the spiro center and increasing the interchain distances 
between polymer chains. Aged films fo this polymer show data that approach the recently redefined 
Robeson upper bounds for the important CO2/CH4, CO2/N2, and O2/N2 gas pairs [3]. 
Experimental/methodology. Monomers and polymers were synthesised by using standard organic 
chemistry techniques. Structural characterisation of the monomers was performed via NMR, FT-IR, Mass 
Spec, XRD analysis. The molecular mass of the polymers was evaluated by GPC analysis and their porosity 
by gas adsorption.The permselectivity of the films was assessed by time lag measurements.  
 

 

Figure 1. Single crystal XRD structure of monomer SBI-Trip, PIM-SBI-Trip structure and Robenson plot for CO2/N2  
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Introduction. Polymers of Intrinsic Microporosity (PIMs) are a unique species of porous material that in the 
past decades has been successfully used for preparing advanced membranes for gas separation. Their 
flexible synthesis enables precise adjustements of their porosity and structural characteristics, achieved 
through modifications of both functionalities and the geometry of polymer chains [1]. 
Results and discussion. �/�v���š�Z�]�•���Á�}�Œ�l�U���Á�����•�Ç�v�š�Z���•�]�•�����������v�}�À���o���•���Œ�]���•���}�(���W�/�D�•���]�v���}�Œ�‰�}�Œ���š�]�v�P���š�Z�����d�Œ�‚�P���Œ�[�•�������•����
core (TB), starting from triptycene and obtaining monomers that yielded both (ladder) soluble and 
networked (insoluble) materials [2].   The ladder PIMs are known to possess lower porosity compared to 
their networked counterparts. Following the Robeson trade-off principle, we propose adjusting the final 
permeability and selectivity through a strategic combination of these two species of amorphous materials, 
forming mixed matrix membranes (MMMs)[3]. Moreover, the tertiary amines of the networked polymers 
underwent "quaternisation" with methyl iodide, and the resulting charged polymers were subjected to 
anion exchange with various halogens (-F, -Cl, -Br). This process led to a new series of "charged fillers." 
Thus, the second phase of our study aims to evaluate the impact that either neutral or permanently 
charged fucntional groups have on the separation of gases, with a specific focus on gas pairs that contain 
the polar CO2 (Figure 1). 
Experimental/methodology. The porosity was assessed by gas adsorption, while the deegree of 
quaternisation and anion exchange was determined by thermogravimetric analysis (TGA). The 
permselectivity of the MMMs was assessed by time lag measurements. This comprehensive approach 
allowed us to analyse both the structural characteristics and the separation performance of the synthesised 
materials, providing a thorough understanding of their potential applications in gas separation processes. 

 

Figure 1. Synthesis of both ladder (soluble) and networked (insoluble) Triptycene-PIMs 

Acknowledgments 
�d�Z�]�•���Á�}�Œ�l���Z���•���Œ�������]�À�������(�µ�v���]�v�P���(�Œ�}�u���š�Z�������µ�Œ�}�‰�����v���h�v�]�}�v�[�•���,�}�Œ�]�Ì�}�v�����µ�Œ�}�‰�����Œ���•�����Œ���Z�����v�����]�v�v�}�À���š�]�}�v���‰�Œ�}�P�Œ���u�u�����µ�v�����Œ��
grant agreement No 101115488, project DAM4CO2 and by the  UK Research and Innovation (UKRI) under the UK 
�P�}�À���Œ�v�u���v�š�[�•���,�}�Œ�]�Ì�}�v�����µ�Œ�}�‰�����(�µ�v���]�v�P���P�µ���Œ���v�š�������€�P�Œ���v�š���v�µ�u�����Œ���í�ì�ì�ô�ï�í�ò�ð�•�X 
References 
[1] M. Carta, Ladder Polymers of Intrinsic Microporosity ( PIM s), Ladder Polymers2023, pp. 179-218.  
[2] M. Carta, M. Croad, R. Malpass-Evans, J.C. Jansen, P. Bernardo, G. Clarizia, K. Friess, M. Lanc, N.B. McKeown. Adv. 
Mater. 26(21) (2014) 3526-3531.  
[3] M. Carta, A.R. Antonangelo, J.C. Jansen, M. Longo. Polymers 15(13) (2023) 2951. 

mailto:*mariolino.carta@swansea.ac.uk


IR nanospectroscopy for correlating morphology and gas permeability 
of polyether-block-amide copolymer membranes 

 
Oana David1, Miren Etxeberria-Benavides1,*, Iban Amenabar Altuna2, Francisco Jose Fernandez 

Carretero1, Maria del Mar Diaz De Guereñu Zabarte1, Monika Goikoetxea Larruskain2, Jean Jaques 
Flat3, Quentin Pineau3 and Rainer Hillenbrand2,4 

 

1TECNALIA, Basque Research and Technology Alliance (BRTA), Donostia, San Sebastian, 20009, Spain 
2CIC nanoGUNE, Basque Research and Technology Alliance (BRTA), Donostia-San Sebastián, 20018, Spain 

cCERDATO ARKEMA, Serquingy, F-27470, France 
dDepartment of Electricity and Electronics, UPV/EHU, Donostia-San Sebastián, 20018, Spain 

*miren.etxeberria@tecnalia.com 
 
Keywords: gas separation, polymer segregation, membrane, polyether-block-amides, IR nanospectroscopy 
 
Introduction. The unique structure of Poly(ether-block-amide) (PEBAX®) copolymers provides a good 
combination between mechanical properties and gas permeation [1]. The performance of PEBAX® 
membranes is strongly influenced by the micro- and nanoscale polymer morphologies obtained during 
fabrication, as well as by the microphase separation. Membranes with a higher degree of phase separation 
were found to contain larger PA nanofibers and more flexible PEO, yielding a higher CO2 permeation rate 
[2]. The ultimate nanostructure of the polymer blocks significantly influences the permeation properties of 
the final material and depends on fabrication. 
Experimental/methodology. 50µm thick membranes of PEBAX® RNEW® (PEO-b-PA11) were fabricated by 
solvent casting and extrusion. N2, CH4, H2 and CO2 gas permeability of the films were compared and their 
morphology analyzed by differential scanning calorimetry (DSC) and Fourier transform infrared (FTIR) 
spectroscopy. In addition to these standard methods, nanoscale Fourier transform (nano-FTIR) 
spectroscopy was also employed, which allows for chemical identification and structural characterization 
of polymers with nanoscale spatial resolution, based on their intrinsic molecular vibrational contrast [3] 
similar to standard Fourier transform infrared (FTIR) spectroscopy but with an about 100 times better 
spatial resolution. 
Results and discussion.Extruded membranes present a 50% lower gas permeability than solvent cast film, 
which could not be explained by DSC and attenuated total reflection FTIR (ATR-FTIR) spectroscopy. 
Performing nano-FTIR spectroscopy of the membrane surfaces and of membrane cross sections revealed 
a highly crystalline PEO layer as thin as 50 nm at the two surfaces of the extruded film. We conclude that 
this crystalline PEO layer acts as an efficient gas permeation barrier and thus explains the largely reduced 
gas permeability of the extruded films. Annealing transforms the crystalline into an amorphous PEO layer, 
resulting in a gas permeability compared to that of the solvent cast film. Our results thus demonstrate 
nano-FTIR spectroscopy as a valuable analytical too for understanding local polymer composition and 
structure and its influence on gas permeation. 

 
Figure 1. CO2 permeability, CO2/N2 selectivity and nano-FTIR spectra at surface for solvent casted, extruded and 
annealed extruded films  
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Introduction.  
Membrane processes are nowadays, together with cryogeny, absorption and adsorption, considered as 
a key technology for gas separation applications. Except the very specific use of mineral membranes based, 
multistaged process, for uranium enrichment performed since 1942 [1], it took more than 100 years before 
the visionary application of polymers, proposed by T. Graham in 1866, become an industrial reality [2].  
 
Major issues in terms of materials science and process development needed indeed to be solved for the 
membrane solution to be considered as liable and cost effective compared to other gas separation 
technologies. 
 
Today, air separation (nitrogen production), hydrogen purification, natural gas treatment, VOC recovery 
and gas drying cover the major industrial applications of membrane gas separations. The number of 
membranes and modules suppliers remains nevertheless very limited. The commercially available 
membrane modules (spiral or hollow fiber) almost exclusively make use of ultra-thin dense polymers on 
a porous support, with a very limited number of polymer types [3].  
 
Discussion. 
Beyond the current status exposed above, the question of the future of membrane gas separations will be 
addressed. The new landscape of industrial processes combines new feedstocks (renewables in place of 
fossil), important energy issues (energy efficiency, carbon footprint) and a series of  constraints for 
production processes (water footprint, environmental impact, molecules and products recycling and 
reuse). 
 
In parallel, breakthrough nanostructured materials are available for membrane gas separations (CMS, 
�D�K�&�U���P�Œ���‰�Z���v���U���Ì���}�o�]�š���•�Y�•�U���šogether with new materials production technologies, and powerful multiscale 
simulation and optimisation tools  (Molecular simulation, CFD, Process synthesis). 
 
The implications of these new conditions will be discussed through different case studies, with an 
emphasis on new applications: inorganic membranes for biogas upgrading, energy efficiency of carbon 
capture processes, C1 purification from Carbon Capture and Use systems, possibilities of H2/CH4 
separation, diluted gases recovery through multimembranes (He) or hybrid processes (�s�K���[�•�•.  
 
The key importance of associating breakthrough materials and process design studies for pushing new 
developents will be highlighted.  
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Biogas is the gas mixture produced by the anaerobic decomposition of organic matter with the majority 
of CH4 and CO2. Biomethane, which is a possible substitute for natural gas, can be obtained by 
removing CO2 from biogas. Membrane separation of CO2 from biogas is a rapidly developing process 
and offers a cheaper and more eco-friendly alternative to water/organic scrubbing in biomethane 
preparation. The crucial component of the membrane separation unit is the membrane module 
containing the separation membrane. The separation efficiency of the membrane influences the 
economy of the separation process. The development of new effective membrane materials has been 
the focus of scientific interest over the past decades. This work focuses on the synthesis of novel 
polyimides and testing their applicability in membrane gas separation. 
The polyimide synthesis was realized using a classic two-step polymerization method. In the first step, 
the diamine and the dianhydride(s) were reacted in a molar ratio 1:1 in N-methylpyrrolidone under 
a nitrogen atmosphere to obtain the polyamic acid solution (PAA). The second step was the imidization 
of the PAA through thermal annealing. The different temperatures in the range from 210 °C to 250 °C 
were tested.  
In this work, the 18 different polyimides based on dianhydrides: �ð�U�ð�[-
(hexafluorisopropylidene)diphthalic anhydride (6FDA), �ð�U�ð
;-carbonyldiphthalic anhydride (BTDA) and 
3,3',4,4'-Biphenyltetracarboxylic dianhydride (BPDA); diamines: 2,2-bis(3-amino-4-
hydroxyphenyl)hexafluoropropane (bisAPAF), �ð�U�ð
;-(1,4-Phenylenediisopropylidene) bisaniline (bisP), 
2,4,6-trimethyl-m-phenyldiamine (DAM), 3,5-diaminobenzoic acid (DABA) and 4,4'-Oxybis(3-
(trifluoromethyl)aniline) (oxybis) were synthesized. 
The solution casting method has been applied for membrane preparation. Two different approaches 
were used. In the first case, the PAA solution as casting solution was used, and the imidization was 
carried out with a prepared membrane. In the second one, the PAA was firstly precipitated in the water 
to produce the flakes which were imidized. After imidization, the flakes were dissolved to prepare the 
casting solution. 
For all prepared membranes that showed sufficient resistance to overpressure of 8 bar were 
determined separation characteristics by permeation measurements. Separation measurements were 
performed for the binary CO2/CH4 input mixture with different composition (molar ratio CO2: CH4 1:3, 
1:1, 3:1) and overpressure on the retentate side (2, 4, 6 a 8 bar). Helium was used as sweep gas. The 
outlet mixture composition was analyzed using GC equipped with methanizer and FID detector  
The degree of imidization was determined by infrared spectroscopy (FTIR), thermal stability was 
determined by thermogravimetric analysis (TGA), and membrane surface morphology was observed 
by scanning electron microscopy (SEM). 
The optimization of the whole membrane preparation procedure as well as testing different methods 
for the imidization step of polyimide synthesis (thermal, chemical and azeotropic imidization) were 
carried out. It has been found that the method of imidization and the synthesis conditions have an 
impact on the solubility of polyimides and consequently on the preparation of membranes and their 
separation properties. 
The membranes prepared from polyimide based on 6FDA dianhydride show higher CO2 permeability 
values than membranes from polyimides based on BTDA and BPDA, as they contain bulky 
perfluorinated groups �tCF3, but on the other hand, they show several times lower CO2/CH4 selectivity 
values than membranes from polyimides based on BTDA and BPDA. 
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Introduction. In the quest of better performing membranes for emerging applications for gas treatment, 
hundreds of novel materials have been developed in the last decades. However, commercial membranes 
���Œ���� �•�š�]�o�o�� �����•������ �}�v�� �(���Á�� ���}�u�u���Œ���]���o�� ���v���� �^�š�Œ�����]�š�]�}�v���o�_�� �‰�}�o�Ç�u���Œ�•�X�� �K�v���� �}�(�� �š�Z���� �u���]�v�� �Œ�����•�}�v�•�� �]�•�� �š�Z���š�� �š�Z���� �P���•��
transport properties in these novel classes of materials are not fully understood. In this talk, we focus on 
the analysis of the gas transport properties, especially in terms of diffusion selectivity and its 
deconvolution, separating the entropic and energetic terms. 
Experimental/methodology. Self-standing defect free membranes of neat polymers and/or in the form of 
mixed matrix were prepared by controlled solvent evaporation. Their gas transport properties were 
analyzed by single gas permeation measurements in a pressure increase/constant volume apparatus,[1] in 
the temperature range of 25-55°C and at 1 bar of feed pressure. This allowed the determination of the 
Permeability (P) and Diffusion (D) coefficients, and the indirect estimation of the Solubility (S). The 
contributions of the temperature to P, D and S, are analyzed by the Arrhenius-van �[�š���,�}�(�(���Œ���o���š�]�}�v�•�Z�]�‰s in 
terms of activation energies and heats of sorption. Furthermore, using the transition state of theory, the 
entropic and the energetic contributions to the diffusion selectivity are also calculated for a deeper 
understanding of the gas transport properties.[2] 
Results and discussion. The temperature dependence of P, D and S was analyzed for a variety of 
membranes prepared from neat polymers or in the form of mixed matrix membranes. The plethora of 
investigated materials includes rubbery and glassy polymers, low and high free volume polymers, and 
mixed matrix membranes with organic and inorganic fillers. Herein we show that the energetic selectivity is 
one of the crucial parameters that controls the gas transport properties of membrane materials (Figure 1). 
Thus, a deep insight of the diffusion process, supported by computational approaches, is essential to 
provide the future direction for the synthesis of the next-generation materials for gas separation. 
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Figure 1. Robeson plot for the O2/N2 gas pair (left) and the energetic selectivity of diffusion (right) for 

representative polymers. 
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Introduction.  
The membrane separation of non-conventional gas mixtures is a challenging issue that requires attention. 
In the quest for optimal polymer membrane materials, we are currently tailoring fluorinated aromatic 
polyimides to maximize the recovery of valuable hydrofluorocarbons (HFCs). The industrial implementation 
of this separation requires of high productivity membrane devices incorporating thin-film selective layers. 
Thus, this work presents for the first time the development of 6FDA-based hollow fiber thin-film composite 
membranes (HF-TFCMs) for the reclamation of R-32 (difluoromethane) from gas blends (R-410A, R-454B 
and R-407C) widely used in the refrigeration and air conditioning sector, and its benchmarking with the CO2 
separation from methane and nitrogen. This development aims to implement membrane technology for 
the mitigation of greenhouse gases emissions related to high-global warming fluorinated gases. 
Experimental/methodology.  
The performance of 6FDA-FpDA, 6FDA-durene and 6FDA-TMPD for the separation of HFC refrigerants was 
evaluated for the first time to determine the best polyimide (PI) for the fabrication of HF-TFCM. The TFCMs 
were prepared by PI dip coating over a PDMS impregnated polypropylene HF porous support to minimize 
the consumption of PI, and the coating conditions were optimized. Continuous mixed gas experiments were 
performed in a HF module at several pressures and the permeate composition was analyzed by GC-TCD. 
The solubility of R-32, R-125, R-134a and R-1234yf in 6FDA-TMPD  was determined in an isochoric system. 
Results and discussion.  
6FDA-TMPD was the PI with the best trade-off in terms of separation performance, with an excellent R-32 
separation factor from its mixtures with R-125 �~�r�A�í�í�ó�• and R-32 moderate permeability, which was 
rewarded with the further development of HF-TFCMs. Moreover, SEM images and EDX analysis showed the 
successful deposition of a defect-free 6FDA-TMPD thin layer, which proved to withstand pressures up to 
8 bar. For the application of interest, 6FDA-TMPD outperformed the separation properties of other 
membrane materials previously tested, e.g.: PEBA functionalized with ionic liquids and PIM-1. Therefore, 
the permeate purity achieved an unprecendent 99.4 vol% of R-32 in the single stage separation of the 
binary azeotropic mixtures R-410A and R-454B, and great potential for the recovery of R-32 from the 
ternary blend R-407C. However, increasing the operation pressure showed a decline in the selectivity, likely 
due to the PI layer plasticization. Regarding the CO2 benchmarking, results with the HF-TFCMs were similar 
to those previously reported in 6FDA-based asymmetric HFs fabricated via NIPS, with the improvement of 
using lower amounts of the high costly speciality 6FDA-TMPD polyimide. 
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Introduction.  
The separation of olefins from their respective paraffins (e.g. ethene/ethane, propene/propane) is among 
the most energy-intensive, industrial processes because of the massive scale and the high energy, 
demanded by the traditional cryogenic distillation method. As an alternative, mixed matrix membranes 
(MMMs) and facilitated transport membranes have been suggested. However, the latter often exhibit low 
stability and experience efficiency loss over time. [1] 
In this work, we report the preparation of membranes from cellulose acetate, a widely used bio-based 
polymer with good chemical and mechanical stability, excellent film-forming properties, and eco-
friendliness compared to synthesized polymers.[2] The aim is to overcome the current state-of-the-art by 
introducing Biobased metal-organic frameworks (BioMOFs), supported by ionic liquids as both 
compatibilizers and promotors of permeability.  
Experimental/methodology.  
Thick self-standing dense membranes were prepared using the solution casting and solvent evaporation 
procedure, while thin film composites were fabricated by spin-coating on a suitable PAN support. Single 
gas permeation measurements were carried out by the time-lag method in a fixed volume setup,[3] while 
mixed gas permeation measurements were carried out on a variable volume instrument, equipped with 
a mass-spectrometric analyser of the permeate composition. Extensive morphological and physical-
chemical characterization of the membranes was carried out (X-Ray diffraction, DSC, Tensile tests, TGA, 
SEM) to gain a better understanding of each ���}�u�‰�}�v���v�š�•�[��role on the membrane performance. 
Results and discussion. 
The addition of [Bmim]-based ionic liquids with Tf2N-, Otf-, and BF4- counter ions led to an initial decrease in 
permeability due to a distinct antiplasticization effect, followed by an increase in permeability with higher 
IL concentrations, reaching up to 30% of IL. The latter is a result of the simultaneously decreasing elastic 
modulus, glass transition temperature, and crystallinity. The IL was found to have not only a fundamental 
role in the gas transport but also served as a compatibilizer between the polymer and the dispersed MOFs. 
For the most promising [Bmim][Tf2N], thin film composite membranes were also studied. Combination with 
BioMOFs decreased the selectivity of the CO2/CH4 in favor of a slight rise in permeability. Instead, for the 
bulkier propene/propane pair, there was a remarkable surge in permeability while maintaining the same 
selectivity, primarily due to increased diffusivity. Detailed discussions on structure-property relationships 
will be provided. 
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Introduction. Polymeric and mixed matrix membranes often show significantly different mixed gas 
selectivity and ideal selectivity. Analysis of the diffusion coefficient provides much better insight into the 
behavior of the permeating gas molecules than the permeability alone, but while this is quite straight-
forward for single gas permeation in a time lag instrument, measurement of diffusion coefficients of mixed 
gases is more difficult, and available data are very rare. In this paper we will report the mixed gas diffusion 
and permeability in various polymeric and hybrid membranes, using a recently developed gas permeation 
setup with continuous online analysis of the permeate composition by mass spectrometry.[1] 
 
Experimental/methodology. Self-standing neat polymeric or mixed matrix membranes and thin film 
composite (TFC) membranes were prepared by solution casting and spin- or dip-coating, respectively, using 
various glassy and rubbery polymers. Pure gas permeation measurements were carried out on a fixed-
volume time lag instrument, following the permeate pressure as a function of time. Mixed gas permeation 
was measured on a constant pressure setup with a crossflow cell, equipped  with mass-spectrometric 
residual gas analyzer to determine the permeate flow rate and composition.[1] Analyses were carried out 
with light gases (H2, He, O2, N2, CH4 and CO2), and with propane and propene. 
 

Results and discussion. The transient behavior and steady state gas permeation was measured in 
conventional glassy and rubbery polymers such as Matrimid®, Hyflon® and Pebax®, as well as some 
Polymers of Intrinsic Microporosity (PIMs) in their neat form or as mixed matrix membranes. The light gases 
required a medium to high thickness (20 to >100 µm) to have a sufficiently long time lag for accurate 
determination of the diffusion coefficient. With stiff glassy polymers and PIMs, the high size-selectivity 
yielded prohibitively long time lags of the hydrocarbons propene and propane, but the transient behavior 
of these gases could be measured conveniently on the TFCs. Deviations from ideal behavior are determined 
by comparison of the so called integral, differential and pulse methods (characterized by the typical time 
lag signal, the sigmoidal permeation curve and the peak-shaped signal),[2] and by fitting of the experimental 
data with the theoretical permeation curve shape. In a typical example of the permeation of 
a propane/propene mixture through a PEEK-WC TFC membrane, the diffusion coefficient of propene 
decreases and that of propane increases with respect to the single gas permeation tests, evidencing 
a strong coupling effect. This is in contrast with the generally presumed plasticization of the polymer by 
hydrocarbons, which should have favored the diffusion of both species.  

In this keynote lecture we will discuss a wide variety of different systems, from thick dense films of regular 
polymers to polymers of intrinsic microporosity, from neat polymers to mixed matrix membranes and thin 
film composites. Molecular simulations will further support the experimental permeation data. 
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Introduction. Supported liquid membranes (SLMs) are considered one of the most efficient and promising 
candidates for membrane-based gas separation processes due to their potentially high permeance and 
ease of scalability. However, the preparation of conventional SLMs relies on complete saturation of 
a porous support with the liquid of interest, which often limits the gas permeances such membranes can 
achieve. Here, an interfacial transport (IT) strategy has been developed for the preparation of thin-film 
SLMs, in which only the top pores of the support membrane are filled with the liquid, thus improving the 
gas separation performance of the membranes. 
 
Experimental/methodology. Thin-film SLMs were prepared by the transport of dissolved liquids from an 
organic, water-immiscible solvent across an interface into the pores of a water-impregnated support 
membrane. A proof of concept was delivered using poly(ethylene glycol) dimethyl ether (PEGDME) and 
polyacrylonitrile (PAN) ultrafiltration membrane as the selective liquid and porous support, respectively. 
The prepared membranes were characterized by scanning electron microscopy (SEM), Fourier-transform 
infrared spectroscopy (FTIR) and gas-liquid porometry. The gas separation performance of the SLMs was 
evaluated by single and mixed gas tests (involving CO2, CH4, N2, C2H4, C2H6, C3H6 and C3H8) under varying 
pressure conditions. 
 
Results and discussion. Optimization of the IT process parameters such as contact time and PEGDME 
concentration in the organic solvent allowed the preparation of membranes with high separation 
performance within just one minute. A remarkable long-term operational stability of these membranes was 
demonstrated by the separation performance tested for 96 h under mixed gas conditions. Moreover, the IT 
method has proven to be compatible with green solvents and various support membrane chemistries. In 
order to demonstrate the high versatility of this approach, a further functionalization strategy was 
established by incorporating silver(I) ions, which are hypothesized to enhance the olefin affinity of the 
membranes. The influence of the source and concentration of the incorporated metal ions was also 
investigated. The findings exhibit a convenient route to preparation of high-performance SLMs that can be 
extended to a variety of liquids to fine-tune the membrane performance for different gas mixtures. 
Furthermore, this work proves for the first time, to the best of our knowledge, the viability of IT as a facile 
and versatile tool for thin-film SLM preparation. 
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Introduction. CO2/CH4 separation is a crucial step in natural gas purification, and the CO2 content in the 
pipeline should be regulated below 4% according to U.S. pipeline specifications. Natural gas purification 
techniques typically involve cryogenic distillation or amine absorption processes, both of which demand 
substantial energy and require a large footprint. Membrane processes are a compelling substitute for 
distaillation and amine absorption due to their smaller footprint and higher energy efficiency. However, 
many polymeric membranes are susceptible to plasticization-induced reduction in selectivity under high 
feed pressure conditions. In this presentation, I will present a new thermal cross-linking approach for 
enhanced gas permeation rate and plasticization resistance using a mixture of polyimide and ladder-
structured polysilsesquioxane [1]. Additionally, plasticization-resistant hollow fiber membranes are 
fabricated using in situ thermal imidization and cross-linking of polyamic acid through dip-coating [2]. 
Experimental/methodology. Polyimides with different BTDA-Durene:DABA molar ratios of 3:2, 2:1, and 4:1 
were synthesized using a two-step synthesis method. Ladder-structured poly(phenyl-co-(2-
aminoethylamino)propyl)silsesquioxane with a phenyl:3-(2-aminoethylamino)propyl ratio of 6:4 was 
synthesized. A monomer mixture containing stoichiometric amounts of BTDA, Durene, and DABA (or 6FDA, 
Durene, and DABA) was dissolved in an NMP/dichoro methane (80/20 w/w) co-solvent to yield a 10 wt% 
polymerization solution. Crosslinked polyimide/ladder-structured polysilsesquioxane (PI/LPSQ) fiber 
support was coated with the resulting polymer solution at an immersion rate of 0.5 cm s-1, with a drawing 
rate of 0.5 cm s-1, and a 60 s immersion time using a RDC 15 dip coater. The dip-cated fibers were left to 

dry in ambient conditions for 1 h, then at 60 �ƒC for 12 h, and at 120 �ƒC for 24 h in vacuum. Lastly, they were 

thermally imidized at 370 �ƒC for 1 h in a tube furnace, following the same procedure used for cross-linking 
PI/LPSQ hollow fiber supports.  
Results and discussion. A combination of amidation and decarboxylation-induced thermal cross-linking 
between polyimide and ladder-structured polysilsesquioxane enhances both gas permeation rate and 
plasticization resistance. MD simulations exhibit that the superior CO2 permeation performance of X-PI-4:1-
20% is attributed to the formation of larger and/or more interconnected cavities in the membrane during 
thermal cross-linking. The hybrid cross-linked membranes also show resistance to plasticization under a CO2 
feed pressure of 22 bar. Additionally, we dmonstrate a new method for fabricating plasticization-resistant 
hollow fiber membranes using in situ thermal imidization and cross-linking of polyamic acid through dip-
coating. The dip-coated hollow fibers demonsrate a remarkable increase of up to 111% in CO2 permeance 
compared to those coated with polyimide solutions. This enhancement is attributed to the formation of 
imine linkages during thermal treatment. More importantly, cross-linked hollow fiber membranes are 
resistant to plasticization up to a feed pressure of ca. 50 bar under an equimolar CO2/CH4 feed mixture. 



 
Figure 1. Single gas CO2/N2 and CO2/CH4 separation properties of hybrid precursor and hybrid cross-linked 
membranes. MD simulations snapshots showing the morphologies of free volumes accessible for CO2 (probe radius = 

1.65 �c) for PI-4:1-20% and X-PI-4:1-20% [1]. 
 

 
Figure 2. (a) BPI and BPA as a function of PAA Mw, (b) CO2/CH4 separation performance of BPA_60 (red) and FPA_60 
(blue) compared with previously reported polymeric hollow fiber membranes fabricated by the dry-jet/wet-quench 
process, dip-coating, or interfacial polymerization. The CO2/CH4 separation performance of FPA_60 was observed for 

samples aged 240 days and 376 days at 25 �ƒC, RH 45 ~ 55%. Equimolar CO2/CH4 mixed gas separation performance of 

(c) BPA_60 (aged 410 days) and (d) FPA_60 as a function of feed pressure at 35 �ƒC [2]. 
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Introduction. Membrane separation technology is gradually replacing conventional gas separation 
methods in many fields, and the demand for improved performance in increasingly complex separations 
necessitates an ongoing exploration of superior materials. One of the separations of recent interest is 
related to the use of hydrogen as a renewable energy source and the potential transport of 
hydrogen/methane mixtures in the existing methane grid, which requires efficient H2/CH4 separation to 
recover pure H2 after transport. The synthesis of cutting-edge materials is crucial for crafting novel 
membranes that exhibit enhanced gas transport properties, thereby facilitating the widespread adoption 
of membrane technology in such emerging fields. In this work we present our most recent findings in 
H2/CH4 separation, using a series of copolymers of intrinsic microporosity containing the benchmark PIM-1 
and various other novel comonomers. 
 
Experimental/methodology. The presentation will be focused on different classes of PIM-1 copolymers, 
with an excellent combination of permeability and permselectivity. The pure gas transport parameters 
were determined in a fixed-volume/pressure-increase instrument, employing the time-lag method to 
determine the gas permeability, P, diffusivity, D, and (indirectly) solubility, S.[1] A custom made constant 
pressure/variable volume setup was utilised for mixed gas permeation measurements. This instrument, is 
equipped with a quadrupole mass spectrometric residual gas analyser for the continuous on-line analysis of 
the permeate gas composition.[2] The transport properties of some promising copolymers were assessed in 
self-standing membranes and thin film composite (TFCs), prepared via spin-coating.  
 
Results and discussion. Three series of copolymers were prepared, and the introduction of a second 
comonomer in PIM-1 allowed the selective increase of either the permeability or the selectivity, in both 
cases moving into the direction of the 2019 Robeson Upper bounds for CO2/N2 and CO2/CH4, and the 
H2/CH4 data exceeded the 2008 upper bound. The trends in permeability were successfully described by the 
equation for miscible polymer blends. In most cases, the increase in selectivity was mostly due to increased 
size-selectivity, as witnessed by an increase in the slope of the correlation between the diffusion coefficient 
and the effective gas diameter squared. The most promising samples were also investigated in the form of 
thin film composite membranes, which generally demonstrated a higher selectivity than the corresponding 
thick films, most likely due to accelerated aging of the thin films. Mixed gas permeability measurements 
confirmed the good performance of the self-standing membranes for several gas pairs and the possibility to 
improve the performance of the copolymers compared to the benchmark PIM-1 for the above gas pairs, 
while the introduction of tetraethylthiospiropyrimidinone groups in the comonomer also favours a high 
propene/propane selectivity, as a result of the increased size-selectivity of this copolymer. Structure-
property-performance correlations will be extensively discussed. 
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Introduction. Polymers of Intrinsic Microporosity (PIMs) consist of contorted and rigid macromolecular 
structures, exhibiting a unique combination of properties such as good solution-processability, high free 
volume and exceptional chain rigidity. These properties enable PIMs to be directly solution-proceed into 
membranes for energy-efficient gas separations[1].  Compared with most other classes of polymers, PIMs 
have been demonstrated as promising materials  to define the state-of-the-art for the trade-off between 
selectivity and permeability for membrane-based gas separation[2]. 
 
Experimental/methodology. Rigid triptycene has traditionally been employed to produce ultrapermeable 
PIMs; however, the preparation of triptycene is expensive and time-consuming. In this study, an analogus 
novel building block, branched triptycene (btrip), was designed (Figure 1a) and the corresponding PIM 
(termed as PIM-btrip) was synthesized through a facile procedure. Furthermore, we prepared a series of 
btrip/TTSBI copolymers by varying the monomer ratio of btrip and the commercial 
tetramethylspirobisindane (TTSBI).  The copolymerisation provides a straightforwad and scalable approach 
to adjusting pore architecture and optimising gas separation performance[3]. The PIM-btrip and copolymers 
are readily proceeded into robust self-standing memrbanes via solution casting method (Figure 1b). 
 
Results and discussion. Gas sorption analysis showed that the copolymers exhibit higher N2 and CO2 
adsorption, increased apparent BET surface areas (SABET), and a greater fraction of small micropores (< 0.5 
nm) compared to homopolymers, including archetypal PIM-1 and PIM-btrip (Figure 1c). In the gas 
permeability test, the incorporation of btrip simultaneously enhances both gas permeability and the ideal 
selectivity for one gas over another. The separation performance of these copolymers for several 
important gas pairs such as CO2/CH4 and CO2/N2 surpasses the 2008 Robeson upper bounds, suggesting the 
potential application in biogas purification and carbon capture from CO2-rich flue gas. 
 

     
 
Figure 1. (a) 3D model of btrip building block; (b) photo of the PIM-btrip-co-TTSBI (25:75) membrane prepared via 
solution casting method; (c) N2 adsorption and desorption isotherms of PIM-btrip-co-TTSBI (25:75), PIM-1 and PIM-
btrip at 77 k. 
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Introduction.  
Biogas is a CO2-neutral energy source but must be cleaned from CO2 and other impurities such as H2S, H2O 
before being fed into the gas grid. Membrane technology consumes low energy, is flexible and free of 
chemicals and is beginning to establish on the market based on polymer membranes. However, nanoporous, 
inorganic membranes based on carbon or zeolite SAPO-34 promise higher permeances, selectivity and 
robustness and thus greater effectiveness in biogas processing 
Experimental/methodology.  
Carbon membranes were prepared by coating porous ceramic tubes (di 7 mm / do 10 mm, length 105 mm) 
with a polyester followed by crosslinking and pyrolisis at 800°C in N2/Ar according to [1, 2]. SAPO-34 
membranes were prepared by slurry coating for seeding, hydrothermal crystallization and detemplating at 
450°C on ceramic support tubes. For both membrane types in a first scaling-up step the procedure was 
transferred to porous ceramic tubes of 0.5 m length. All membranes were characterized by single gas 
permeation and mixed gas separation in CO2/CH4-mixtures. Carbon membranes were tested in a direct 
connection with two different biogas plants for 4 weeks on every location by variation of biogas 
pretreatment. 
Results and discussion.  
A nearly constant separation performance was found for carbon membranes in synthetic CO2/CH4-mixtures 
over a wide range of variation in pressure (from 0.2 MPa to 1.2 MPa) and gas composition (from 10% to 
90% CO2). By only one membrane step a mixture of a typical biogas composition of 0.57 CH4 / 0.43 CO2 was 
separated in a highly concentrated CH4-stream of 94% at 1.2 MPa and a highly concentrated CO2-stream of 
91% at 0.1 MPa. In real biogas treatment on two different biogas plants a robust membrane performance 
during the testing period of at least one month was observed. CH4 of 94% was produced from the biogas in 
only one membrane step. Water as well as H2S (up to 180 mg/m³) permeated through the membrane without 
any damage of the membrane.  
Excellent CO2/CH4 selectivities of around 200 were found for SAPO-34 membranes on 105 mm long tubes in 
single and mixed gas permeation. However, in mixed gas permeation CO2/CH4 selectivity decreased from 120 
down to 70 with increasing transmembrane pressure from 1.5 bar to 5 bar. Reasons are potentially 
membrane defects indicated by a certain SF6-permeance in single gas permeation. Synthesis optimization 
resulted in membranes with reduced overall gas permeances, no measurable SF6-permeance and CO2/CH4 
selectivities of around 250 (best selectivity of 1,250) on both 250 mm and 500 mm long support tubes. In 
mixed gas permeation CO2/CH4 selectivity kept nearly constant in the range of 150 with increasing pressure. 
Carbon membranes showed very good separation properties in real biogas tests. Due to their excellent 
CO2/CH4 separation properties, zeolite SAPO-34 membranes promise very high potential for effective biogas 
processing. 
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Introduction.  
In this work we present the findings from experiments evaluating the vapor permeability of VOCs in 
nitorgen streams with various composition through polymeric membranes blended with ionic liquids. 
Specifically, we focus on the influence of the structure of ILs on the permeation properties of the 
membranes. The investigation sheds light on the potential of these blended membranes for applications 
such as gas separation, chemical sensing, and environmental remediation. 
Experimental/methodology.  
This study investigates the vapor permeability of volatile organic compounds (VOCs) through polymeric 
membranes prepared via blending ionic liquids into Pebax®1657 polymer and polyvinyl alcohol (PVA). The 
membranes were synthesized with a fixed concentration of 40 wt.% of three distinct ionic liquids: 1-ethyl-3-
methylimidazolium dicyanamide ([EMIM][DCA]), 1-ethyl-3-methylimidazolium trifluoromethanesulfonate 
([EMIM][TFO]), and 1-butyl-3-methylimidazolium trifluoromethanesulfonate ([BMIM][TFO]). 
The vapor permeability measurements were conducted using home-build automatized apparatus [1] for 
a range of volatile organic compounds from linear alkanes  up to aromates including also polar liquid as 
organic alcohols, aiming to assess the efficacy of prepared membranes on selective organic vapour 
separation. The experimental results provide insights into the influence of different ionic liquids (ILs) on the 
permeation behavior of VOCs through the polymeric membranes. 
Results and discussion.  
The results reveal significant variations in the vapor permeability of different VOCs across the membranes 
containing various ionic liquids depending on anion and cation. These findings underscore the importance 
of selecting appropriate ionic liquids and membrane compositions for tailored gas separation processes [2]. 
Overall, this study contributes to the advancement of membrane technology by elucidating the relationship 
between ionic liquid blending and vapor permeation properties, offering insights into the design and 
optimization of polymeric membranes for selective gas separation applications based on mutual solubility 
estimation using Hansen and other solubility coefficients [1,3]. 
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Introduction. It is commonly accepted that membrane air separation is a viable method for producing 
reasonably pure streams with 95 percent N2 or 60�t80% O2. Easy optimization of the transport of gases 
through membranes is being worked on because selective membranes are an advantageous instrument for 
air separation. Lighter products are produced by hollow fiber membrane because it provides a greater 
membrane area per unit volume in the membrane module. Because gas permeability and dense layer 
thickness are inversely correlated, it might be necessary to thin the dense selective layer in order to create 
membranes that are more effective. The goal of our research is to fabricate and optimize of polysulfone 
hollow membrane for air separation with dimethylformamid (DMF), dimethylacetamide and n-methyl-2-
pyrrolidone. 
Experimental/methodology. Polysulfone hollow membranes were successfully produced by dry-wet 
spinning method with three different solvents. The outer surface of the hollow fibers was coated with 
a protective layer of PDMS to cover defects in hollow fiber membranes. PDMS coating was done up to 
3 times at various temperatures for curing. Additionally, curing at vacuum oven was also applied. 
Results and discussion. Fig. 1 shows the membrane structure of the fabricated hollow fiber membrane. 
Average external diamater of the fabricated hollow fiber membrane is approximately 350 µm. 

 

Fig. 1: Cross-section scanning electron microscopy images of PSf hollow fiber membranes by different 
solvents. 
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Introduction  
Polymers blends could be promised materials for membranes. In this work, we use polymer blend to 
increase permeance of the polyetherimide membranes. Polyetherimide, whose typical representative is 
Ultem 1000, is a suitable membrane material with a good price, useful selectivity and a low tendency to 
plasticize. Its disadvantage can be low gas permeability. Ultem 1000 was used as the majority polymer 
component of the membrane material. It was combined with Matrimid 5218 polyimide or another 
polyimide equivalent made in China. Matrimide-type polyimides show good selectivity and excellent 
permeability. An obstacle to the wider use of this material can be its very high price and tendency to 
plasticize with carbon dioxide at higher pressures. These disadvantages can be eliminated by using 
a polymer blend as membrane material. 
The permeation of gases through membranes based on polymer blend does not show a simple mechanism, 
and the resulting permeability strongly depends on the achieved microstructure of the polymer blend.  
 
Experimental 
The individual components of the polymer blend were characterized by infrared spectroscopy. Rheometry 
measures at diferent conditions were realised on polymer solutions in various aprotic solvent. Hollow fibers 
were formed from the polymer solution by the phase inversion method. Spinning conditions were gradually 
optimized to maximize membrane permeance and selectivity. Hollow fiber membranes were tested in small 
laboratory modules as well as in larger ones with a membrane area of around 5 m2. Permeance was 
measured on single gases as well as on gas mixtures. The microstructure of the membranes was studied by 
light and electron microscopy and DSC. 
 
Results and discussion 
By spinnning a solution containing two types of polymers, it was possible to prepare hollow fiber 
membranes. The best membranes showed an air separation selectivity of 8 at an oxygen permeance of 
12 GPU. Furthermore, these membranes showed an ideal selectivity for hydrogen and methane separation 
of 200 at a hydrogen permeance of 130 GPU. DSC measurements showed the presence of two glass 
transition temperatures, which proves the two-phase structure of the membrane. Temperatures of glass 
transition allow to estimate the proportion of polymer components in the individual phases of the polymer 
blend. 
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Introduction. Polymeric membranes play a crucial role in gas separation applications, but there is a delicate 
trade-off between their permeability and selectivity. Overcoming this trade-off is a major challenge in 
membrane technology. Polymers of Intrinsic Microporosity (PIMs), due to their high free volume and 
customizable backbone structure, can help improve both permeability and selectivity, although they do have 
their own challenges. Plasticization can lead to a loss of permselectivity, while physical aging phenomena 
can decrease permeability. To gain a mechanistic understanding of their performance, one increasingly 
popular approach is molecular simulation, which can predict the properties of polymeric membranes. With 
this in mind, we utilized a molecular simulation approach to study the separation characteristics of 
spirobisindane (SBI)-based membranes and their plasticization behavior. 
Experimental data. Simulation approaches were carried out on four different polyimides (PIs), consisting of 
a novel SBI dianhydride, illustrated in Figure 1, and diethyl-metadiamine toluenes (DETDA), 2,4,6-trimethyl-
m-phenylenediamine (DAM), �ï�U�ï�[-hexafluoropropylidene di(methylaniline) (DM4APF), and �õ�U�õ�rb�]�•�~�ð�r
aminophenyl) fluorine (BAPF) diamines. The study employed the LAMMPS simulation package and GAFF 
force field to model molecular interactions [1]. The Amorphous Cell module in Material Studio software was 
used to create cubic simulation cells. Multiple molecular dynamics (MD) runs were executed until the 
simulation results were consistent with the experimentally observed density of the polymer. Sorption-
relaxation cycles (SRCs) were applied to replicate the polymer�[s plasticization [2]. The fractional free volume 
(FFV) distribution analyses were used to monitor the polymer plasticization behavior. To validate the 
simulation methodology, the results were compared against experimental data for PIs made from the highly 
investigated two different dianhydrides, namely �ð�U�ð
;-(hexafluoroisopropylidene) diphthalic (6FDA) and 
3,3',4,4' biphenyltetracarboxylic (BPDA) dianhydrides. 

 
Figure 1. The chemical structures of SBI dianhydride. 

Results and discussion. The consistency between the experimental and simulated densities of PIs made from 
the highly investigated two different dianhydrides is a positive indication of the methodology�[s reliability. 
The investigation into SBI-based PIs is particularly noteworthy, as it revealed a higher FFV, suggesting that 
the CO2 adsorption capacity is tied to the swollen �W�/�[�• FFV, correlated to the flexibility of PI. The results 
support the idea that similar FFV values result in similar CO2 concentrations, with limited differential impact 
from CO2 and adsorption site interactions in PI. SBI-based PIs revealed hindered plasticization behavior 
according to the analysis carried out up to 40 bar as well as high glass transition temperature exceeding 
550°C. In addition, SBI-based PIs had a slightly higher FFV (7-10%) compared to those based on common 
dianhydrides, resulting in twice as high gas diffusion coefficients due to the interconnected free volumes. 
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Introduction. Membrane technology has been pointed out as an attractive technology for gas separation 
because it is energy-lean compared to adsorption and absorption. So far, many types of membranes have 
been developed for gas separation, including polymer membranes, proton-conducting membranes, 
metallic membranes, silicon membranes, carbon molecular-sieve membranes, and MOF membranes 1,2. 
However, most of the reported membranes display low permeance and selectivity. To arrive at energy and 
cost-efficient gas separation processes, improved membranes are strongly needed. Zeolites are inorganic 
porous materials, which display remarkable properties due to their well-defined system of pores with 
���]���u���š���Œ�•�� �À���Œ�Ç�]�v�P�� �����š�Á�����v�� �í�X�ï�� ���v���� �í�ï�� ���X Owing to the well-defined porous structure, thin zeolite 
membranes can potentially display very high permeability and selectivity 3,4.  
In the present work, ultra-thin zeolite membranes were developed and the membranes displayed high 
permeability and selectivity for separation of various gas mixtures, for example, for biogas and natural gas 
upgrading5,6, noble gas recovery7, and hydrogen production8. Zeolite membrane processes for gas 
separation were designed based on the experimental data.  
Experimental/methodology. The method, which has been presented in a patent9, is suitable for synthesis 
membranes with different geometries. Disc, short tube, and long tube membranes with functional 
membrane areas of 2.8, 15, and 100 cm2 were synthesized, respectively. The membranes were sealed in 
stainless steel cells for separation of various gas mixtures at different feed pressures and temperatures.  
Results and discussion. SEM images (data not present here) show that all synthesized membranes have 
a thickness of less than 700 nm. Some separation examples are summarized in Table 1. The membranes 
showed high permeances and selectivities for separation of various gas mixtures, including humid gas 
mixtures. The high permeability and selectivity are ascribed to the thin membranes and few defects. These 
results demonstrate the industrial potential of the highly permeable zeolite membranes for gas separation. 

Table 1. Partial examples of promising applications of our highly pereamble zeolite membranes 
Separation Separation factor Permeance 10-7 

mol/(m2�|s�|Pa)  
Temperature 
�£�� 

Membrane 
type 

Ref. 

CO2/H2 35 103 20 MFI 8 

CO2/CH4 > 100 55 20 CHA 5 

CO2/CH4 > 700 45 25 DDR 6 

CH4/N2/He 152 for (CH4+N2)/He 133 -120 MFI 7 

H2/CH4 207 7 20 DDR Unpublished 
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Introduction. Biogas upgrading using membrane technology has been proven a good solution to increase 
the methane content of the raw gas mixture obtained in an anaerobic fermentation process [1]. In this 
study, a lab-scale gas separation system was established with a 100 cm2 commercial PDMS membrane 
module in the core.  
 
Experimental/methodology. In order to investigate the separation of various CH4/CO2 binary mixtures, 
a separation system containing a PDMS membrane module and internal permeate recirculation was 
established [2], and in this system, we investigated the effect retentate volumetric flow rate (1.5-2.5 
mL/min) and temperature (-10 oC �t 37 oC) on the attainable process performance through consecutive 
feeding cycles. 
 

Results and discussion. With this approach employing feed gas mixtures containing 40-60 % methane (and 
carbon dioxide to balance), it could be assessed on statistical basis (i.e., through a full factorial 
experimental design) what membrane operating setting would lead to significant enrichment of CH4 and 
thus, achieve notable biogas upgrading. 
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Introduction. Recently, there has been a significant focus on reducing the amount of CO2 emissions into 
the atmosphere. Polymer membrane-based CO2 separation, specifically through the use of hollow fiber 
modules, has proven to be both technologically and economically advantageous. This method can be 
applied to separate CO2/N2 from flue gas, CO2/CH4 from biogas, CO2/H2 from syngas, and other similar 
applications [1]. 
Experimental/methodology. The objective of this work was to prepare porous hollow fiber membranes as 
the support with a separation layer suitable for separating CO2, primarily from flue gas. Porous hollow 
fibers were coated with the thermoplastic elastomer PEBAX®MH 1657, which is composed of rigid 
polyamide segments and flexible polyether segments, making it suitable for CO2 separation. The long-term 
stability of transport and separation properties is a crucial factor for the practical use of hollow fiber 
separation modules. The investigation focused on changes in transport and separation properties, as well 
as the morphology of the PEBAX separation layer during ageing.  
Results and discussion. It was observed that long-term ageing significantly reduced the flux across the 
membranes and decreased the selectivity between CO2 and N2 from the original value of 40 to 1. Significant 
changes in the morphology of the PEBAX separation layer were also observed during ageing (see Fig. 1). 
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Fig.1 Effect of long-term aging on the transport and separation properties of hollow fibers with PEBAX 
separation layer 
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This study investigates the role of 
monomer building blocks on the 
design of porous nitrogen-rich 
polymers for the adsorption of CO2, 
CH4, H2S, and N2 gases. These gases, 
integral to environmental and 
industrial processes, demand 
efficient separation technologies 
due to their diverse applications, 
from greenhouse gas mitigation to 
energy resource utilization. 
Utilizing molecular simulations, 
four porous polymers comprising 
of piperazine (PIP), 1-(2-aminoethyl)piperazine (EAP), 1,4-bis(3- aminopropyl)piperazine (DAPP) and m-
xylenediamine (XLN) were systematically explored across temperatures (273 K, 298 K, 303 K, and 313 K) 
and pressure up to 10 MPa, revealing a consistent adsorption hierarchy in the order CO2 > H2S > CH4 > N2. 
Langmuir model fitting was employed to elucidate essential equilibrium parameters, encompassing 
adsorption capacity, heterogeneity, and CO2 selectivity in a mixture of binary and ternary gases. 
Additionally, the study calculates the fractional free volume at 298K for each polymer and estimates the 
diffusion coefficients of all gases. Meanwhile, the polymers demonstrate excellent potential for the 
cryogenic H2 storage at 77 K, and 1 bar. These empirical findings, supported by isosteric adsorption heats, 
and simulated distributions of potential energy profiles, underscore the crucial role of monomer building 
blocks in dictating the efficacy of polymers in selective gas adsorption, and could pave the way for the 
rational synthesis of porous polymers for the purification of industrial gases. 
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Introduction.  
With ethene and propene being produced at higher levels than any other commodity organic compound, 
the separation of olefin-paraffin mixtures has become one of the most critical processes. Historically, the 
predominant technology for this separation has always been cryogenic distillation which, owing to the very 
similar volatility of olefin/paraffin gas pairs, is energy-intensive and costly. As an alternative, separation 
processes based on membrane separation, absorption, and adsorption technologies have been 
proposed.[1] Based on promising earlier results of PIM-1, this study aims at the enhancement of the 
performance of PIM-1 for the challenging propene/propane separation by chemical modification and/or 
copolymerization. Here we report a study on dense membranes and thin film composites (TFCs) containing 
different derivatives of PIM-1, and their propene/propane transport properties.  
Experimental/methodology.  
Dense membranes were prepared by the solution casting and solvent evaporation procedure, while the 
thin film composites were fabricated via spin-coating on a polyacrylonitrile ultrafiltration membrane 
support. Single gas permeation measurements were carried out by the time-lag method in a fixed volume / 
variable pressure setup, and the mixed gas permeation was studied with an innovative permeation setup, 
based on the continuous online analysis of the permeate composition by a quadrupole residual gas 
analyser.[1,2] A special method was developed for the deconvolution of propene signals originating from 
the ionization of propane. 
Results and discussion.  
All membranes were first tested with six light gases (He, H2, N2, O2, CH4, and CO2) to obtain deeper insight 
into their gas transport properties concerning other data reported in the literature, revealing a slightly 
higher selectivity and lower permeability in the copolymers than in PIM-1 for various gas pairs. Due to their 
larger molecular dimensions, propane and propene showed several orders of magnitude slower diffusion 
than the light gases. The propene/propane selectivity ranged from almost 5 for pure PIM-1 to ca. 20 for the 
copolymer-containing triptycene units after 30 days of aging. This was found to be due to the small but 
significant difference in the effective molecular size of propene and propane, and to the very high size-
selectivity of the rigid PIMs. This paper will further discuss the effect of the gas pressure and the mixture 
composition on the separation performance. 
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The SF6 is considered the most potent greenhouse gas because of its extremely long lifetime (3200 years) 
and its high 100-year global warming potential (23,900). Because of its good electrical insulating properties, 
SF6 is usually used in gas mixtures containing N2 (70% SF6 and 30% N2) for many industrial applications. For 
the recovery or the decomposition of SF6, several technologies have been used such as cryogenic 
distillation, adsorption, and membrane separation but our main focus is on membrane-based separation.  
 
Most of the membranes studied for SF6 separation are polymeric membranes. Currently, glassy polymeric 
membranes are the center of attention for gas separation because of their mechanical strength and 
reproducibility. The mechanism for small molecule transport through dense polymeric materials is 
described by the solution-diffusion model. According to this mechanism, the permeability coefficient for 
gas A, that its flux normalized by membrane thickness and driving force, is equal to the product of the 
solubility coefficient, and diffusion coefficient. Therefore, fabrication of ultrathin membranes may increase 
the efficiency of membrane due to the short permeation path for permeating molecules through a thin 
membrane. Due to the issue of the permeabilityselectivity trade-off related to pure polymeric membranes, 
using mixed matrix membranes (MMMs) contributes to increasing both selectivity and permeability 
simultaneously.  
 
The objective of this study is to produce a N2-selective ultra-thin mixed matrix membrane for SF6 
separation. Membrane will be produced by in situ Reversible additionfragmentation chain transfer (RAFT) 
polymerization on a disc shaped alumina support in order to increase its mechanical stability using Poly 
(ethylene Glycol Dimethacrylate) (PEGDMA). ZIF-90 (pore diameter 0.35 nm) and ZIF-8 will be added to the 
membrane formulation as a filler which increase the membrane performance (flux and selectivity). After 
single gas permeability measurements of H2, N2, CO2 and SF6 gases, the potential of produced membrane in 
F-gas separation will be investigated. This study will be the first mixed matrix membrane made up of three 
components (polymer, filler, and support) in the literature that will be used in SF6/N2 mixture gas 
separation process with SF6 content above 70%. 
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Introduction 
Membrane processes such as nanofiltration, gas separation, reverse osmosis mainly use thin film 
composite membranes. A majority of the composite membranes available are produced using interfacial 
polymerization (IP) on flat sheets and are based on polyamides which have limited chemical and thermal 
stability. Hollow fiber membranes have several advantages over flat sheets such as high packing density, 
high surface area to volume ratio, and they are self-supporting. But the fabrication of thin film composite 
hollow fiber membranes via IP is a time consuming process. Moreover, the success rate of defect free 
layers via IP on the inner surface of hollow fibres is low [1]. This can therefore be done using the so-called 
chemistry in a spinneret technique where one monomer is added in the dope solution and another in the 
bore fluid. When these solutions are extruded through a spinneret a porous support structure is formed via 
the phase inversion process and a selective layer is formed in the lumen side by a crosslinking reaction of 
the monomers in a single step [2,3]. This study aims at combing the principles of chemistry in a spinneret 
and non-conventional interfacial polymerization by including phosphonitrilic chloride trimer (HCCP) in the 
bore fluid and an aromatic alcohol in the dope solution with DMSO as the solvent. The addition of KOH to 
the dope solution then deprotonates the alcohol, thereby enhancing its nucleophilicity to react with the 
phosphorous atom of HCCP [4]. 
 
Experimental 
A polymer solution is prepared by first dissolving biphenyldiol in DMSO and then adding KOH. This solution 
is heated at 60 °C for 2.5 hours. After this solution is cooled, Polyether sulfone (PES) was added to it. The 
resulting polymer solution was then flat sheet casted and immersed into a coagulation bath that consisted 
of a solution of HCCP dissolved in DMSO/Water.  
 
Results and outlook 
When the casted flat sheet was immersed into the coagulation bath, PES formed the porous structure while 
a condensation reaction between the deprotonated biphenyldiol and HCCP forms the selective 
polyphosphazene layer. Thus proof of principle with flat sheet membranes was obtained, which will be 
translated onto the hollow fiber membrane geometry. The resulting membranes are then anticipated to 
have applications in separation tasks with harsh conditions such as high temperature gas separation and 
organic solvent nanofiltration.  
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Introduction. 
Carbon monoxide (CO) is a high-value feedstock used for synthesis of various basic chemicals in chemical 
industries. A large amount of CO is produced by various industrial processes as a by-product of off-gases 
containing N2, CO2, CH4, and H2. To recover CO from other gases, CO/N2 separation is an important process 
because CO and N2 have similar kinetic diameters and boiling points. In this study, we report a chitosan 
(CS)/Ag(I) thin-film composite membranes with facilitated transport, which was successfully fabricated by 
introducing silver nitrate (AgNO3) into a CS selective layer 
Experimental/methodology.  
The CS solutions were coated onto the polysulfone support using a bar-coating method. Subsequently, the 
obtained CS composite membrane was immersed in an AgNO3 aqueous solution for 12 h. The coordination 
interactions between the Ag+ ions and polar groups, including amino, hydroxyl, and carbonyl groups of CS, 
were investigated by via FT-�/�Z�����v���� �y�W�^�����v���o�Ç�•�]�•�X���d�Z�����‹-complexation of the CO molecules with Ag+ ions in 
the membrane was confirmed by CO uptake measurements. The gas separation performance of the 
CS/Ag(I) composite membranes was systematically investigated by adjusting the AgNO3 content and 
thickness of the selective layer. 
Results and discussion.  
In this study, a highly CO-selective CS/Ag(I) thin-film composite membrane was successfully fabricated by 
introducing AgNO3 into the CS selective layer on the microporous polysulfone support.  The 
CO/N2 selectivity of the CS/Ag(I)�tXM composite membranes gradually increased with increasing 
AgNO3 content, indicating the pivotal role of Ag+ ions as carriers for CO-facilitated transport. The 0.25 �…�u-
thick CS/Ag(I)-5M composite membranes exhibited excellent CO separation performance with a CO 
permeance of 13.2 GPU and CO/N2 selectivity of 19.7. The mixed-gas test under various feed compositions 
of the CO/N2 mixture (50/50�t80/20 mol.%) obtained a CO purity of 87�t97% for the CS/Ag(I)-3M composite 
membrane. To the best of our knowledge, the CS/Ag(I) thin-film composite membranes fabricated herein 
exhibited the highest CO/N2 separation performances, compared to those of the previously reported CO 
separation membranes. We believe that insights on the CO/N2 separation performance under various 
operation conditions, gained in this work can provide guidance for the separation of CO from N2-containing 
off-gas streams produced in steel industries. 
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Introduction. Olefins are highly important synthetic chemicals due to their use in a wide range of industrial 
processes and applications. However, they are always mixed with paraffins during their production, and 
separating such mixtures is a major challenge due to subtle differences in the physicochemical properties 
of saturated/unsaturated hydrocarbons. The increasing demand for high-purity olefins to serve as building 
blocks in a great variety of products has increased the interest in alternative energy-efficient separation 
technologies to industrial cryogenic distillation. In this regard, membrane technology has received 
substantial attention as a promising approach for these separations, offering a reduced energy 
consumption and a low environmental impact. 
 
Experimental/methodology. In order to reduce the use of highly toxic solvents in nonsolvent-induced 
phase separation (NIPS) process in accordance with green chemistry guidelines and directives, integrally 
skinned asymmetric (ISA) membranes based on 6FDA-DABA were successfully prepared via dry/wet NIPS 
using a green solvent dihydrolevolucozenone (Cyrene�¡ ). An extensive characterization of the prepared 
membranes was performed, including scanning electron microscopy with energy dispersive X-ray 
spectroscopy (SEM/EDX), Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis 
(TGA), X-ray photoelectron spectroscopy (XPS) and swelling tests. The gas separation performance of the 
membranes was evaluated with an in-house developed gas permeation set-up by measuring single gas 
permeability and ideal selectivity using pure ethane, ethylene, propane and propylene gases. The mixed-
gas separation performance was also investigated with ethane/ethylene and propane/propylene gas pairs. 
 
Results and discussion. Along with polymer concentration and dry step time, different volatile cosolvents 
and solvent/cosolvent mixing ratios in dope formulations were investigated to better understand the 
impact of these parameters on the membrane morphology and gas separation performance. Furthermore, 
the influence of nonsolvent additives (NSA) on membrane performance was assessed by varying NSA 
concentration used. A relationship between the volatility of cosolvent/nonsolvent used in dope solutions 
and membrane performance was demonstrated. After determining the optimal preparation conditions for 
defect-free membrane fabrication, transition metal ions (Ag+ and Cu+) were incorporated into prepared 
asymmetric membranes with the interest of further improving their separation performance towards 
olefins over paraffins by �‹-complexation. The effect of incorporated metal type, source of metal ions and 
concentration of metal salts used was also studied. The results obtained provide new insights into the role 
of dope solution formulation in membrane performance and morphology, extending the usability of 
Cyrene�¡  as a primary solvent in the preparation of gas separation membranes to fluorinated polyimides for 
the first time. 
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Introduction. Membranes of graphene oxide (GO) present suitable application for hydrogen (H2) 
purification. The deposition of a selective and high permeable GO membrane on a proper substrate is still 
a challenge. Meng et al. [1] modified a porous alumina substrate with silicalite-1 to improve GO adhesion 
and the composite membrane presented H2 permeability up to 1.22x10�>�ó mol m�>�î s�>�í Pa�>�í and H2/N2 
selectivity of 40.7. Here we applied the vacuum-assisted method to deposit a GO layer on asymmetric 
spinel (MgAl2O4) hollow fibers. 
Experimental/methodology. Dolomite and alumina were used as the ceramic starting material to produce 
the hollow fiber substrate according to the phase inversion method. The sintering process was carried out 
in a tubular furnace at 1350°C, which enabled spinel formation. The GO membrane was deposited on the 
fiber outer surface according to the vacuum-assisted method. The individual gas (H2, N2 or CO2) was fed on 
the membrane shell side and the permeate gas was fluxed from the lumen side at transmembrane 
pressures from 0.15 to 0.30 MPa and at room temperature (approximately 25 °C). 
Results and discussion. Figure 1a presents cross-section SEM image of the spinel hollow fiber support after 
GO deposition. The GO membrane was well-adhered to the substrate and formed a homogeneous layer 
with a thickness of 1.7 ± 0.2 µm. Figure 1b shows the gas permeation data for the prepared MgAl2O4/GO 
composite membrane. The H2 permeance was greater than the CO2 and N2 permeance values since H2 has 
the lowest kinetic diameter. Values of H2/CO2 selectivity varied from 5.30±0.06 to 11.39±0.12 depending on 
the applied transmembrane pressure. These selectivity values indicate the molecular sieving separation 
mechanism is predominant, since H2 molecules are able to permeate across the structural defects of the GO 
membrane, while CO2 transport is mitigated due to the CO2 molecular size and the CO2 adsorption on the 
GO membrane [2]. 

 

(a) 

 

(b) 

Figure 1. (a) Cross-section SEM image of the spinel hollow fiber support after GO deposition. (b) the single gas 
permeation (N2, CO2 and H2) data for the prepared MgAl2O4/GO composite membrane. 
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Introduction. Membrane gas separation is a promising and growing technology for capturing CO2. The 
development of mixed matrix membranes (MMMs) incorporating crystalline porous fillers, such as metal-
organic frameworks (MOFs), can improve considerably the efficiency of the separation processes [1]. The 
use of fluorinated MOFs combined with perfluoropolymers represents one possible strategy to develop 
membranes that exhibit a good compromise among the permeability and separation factors for CO2 
capture [2]. 
Experimental/methodology. Grand Canonical Monte Carlo (GCMC) method, Infrared (IR) and solid-state 
NMR (SSNMR) spectroscopies are preliminary used to investigate the potentiality of a novel per-
fluorinated Ce(IV)-based MOF having MIL-140A topology for CO2 capture in dry and hydrated conditions. 
The CO2 adsorption capability of F4_MIL-140A(Ce) is defined at 273 K and 1 bar using the GCMC method. 
The visualization of the pore size distribution, the characterization of the anisotropy channels, and the 
study of the radial distribution functions provide the available adsorption sites of the investigated MOF. 
Dense MMMs are prepared by loading 20 wt% of F4_MIL-140A(Ce) in Hyflon®AD60X solution. The 
combination of IR and SSNMR spectroscopies with volumetric adsorption experiments provides evidence 
of the capability of the MMMs to capture CO2. Single-gas permeation tests on the perfluorinated MMMs 
are obtained by the time-lag method at 25°C and 1 bar.  
Results and discussion. The simulated CO2 adsorption isotherms of F4_MIL-140A(Ce) agree with the 
experimental data at 1 bar and 273 K. The definition of the anisotropic character of the channels and the 
available void space identifies the most populated channels and the dimensionality of the voids. The main 
effect of embedding F4_MIL-140A(Ce) into Hyflon®AD60X is the enhancement of the selectivity for 
CO2/CH4 and CO2/N2 gas pairs at 25°C with no significant reduction in permeability. The interactions 
between MIL-140A(Ce) and CO2 depend on the specific pore sizes and on the electronic properties. The 
volumetric adsorption measurements confirmed the improvement of the CO2 adsorption capability of the 
MMM compared to the neat membrane of Hyflon®AD60X and the concerted rotation of the per-
fluorinated aromatic linkers. The compatibility among the specific CO2-philic and the highly polar fluorine 
atoms is confirmed by the transport properties of the developed MMMs at 25°C. 
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Introduction. Global climate change as a result of anthropogenic carbon dioxide (CO2) emissions is one of 
the most pressing issues facing humanity. Massive efforts are being put forth to develop technologies which 
preferentially separate CO2 from other gases, such as nitrogen (N2) and methane (CH4), for sequestration or 
other end uses. Membrane based separation of CO2 is widely studied since it is considered to be more energy 
efficient than conventional thermal separation processes. For industrial viability, membranes must have high 
CO2 permeability and permselectivity. Polyether membranes based on poly(ethylene oxide) (PEO) have 
shown desirable CO2/N2 separation performance due to their polar ether oxygen groups which exhibit 
a strong affinity toward CO2 [1]. Since poly(1,3-dioxolane) (PDXL) has a higher ether oxygen content than 
PEO, it is expected to have enhanced separation performance. However, pure PDXL displays high crystallinity 
which dramatically reduces the gas permeability. Here, random PDXL-based terpolymers were synthesized 
through copolymerization with epoxides to promote amorphous, rather than crystalline, membranes.  
Experimental/methodology. CO2 and C2H6 sorption isotherms were obtained at 35 °C. Pure-gas permeation 
tests were conducted at 35 °C for CO2, CH4, and N2. Mixed-gas permeation tests were conducted at 35 °C 
and 50 °C for CO2/CH4 and are in progress for CO2/N2. 
Results and discussion. The developed polymers display a preferential interaction with CO2 compared to 
other gases (cf. Fig 1a). CO2/N2 �•���‰���Œ���š�]�}�v���‰�Œ�}�‰���Œ�š�]���•�����Œ�������}�u�‰���š�]�š�]�À�����Á�]�š�Z���Z�}�����•�}�v�[�•���î�ì�ì�ô���µ�‰�‰���Œ�����}�µ�v�� (cf. 
Fig. 1b). For example, the terpolymer based on propylene oxide displays a pure-gas CO2 permeability of 330 
Barrer and ideal CO2/N2 permselectivity of 52 at 35 °C. Further, the same terpolymer displays an ideal CO2/CH4 
permselectivity of 17 at 35 °C. Under mixed-gas conditions, the CO2/CH4 permselectivity ranges from 14�v 16 
at 35 °C and 10�v 12 at 50 °C (cf. Fig. 1c). Although these values are below the upper bound, this material has 
competitive selectivity to the industrial standard, cellulose acetate (CA), and displays CO2 permeability that 
is over an order of magnitude higher (i.e., 7 Barrer vs. 275�v 451 Barrer). Ultimatley, this study demonstrates 
that random PDXL-based terpolymers yield amorphous membranes that are highly selective for CO2 and 
display favorable gas separation capabilities. 

Fig. 1. a) CO2 and C2H6 sorption isotherms at 35 °C. Robeson upper bound plots for b) CO2/N2 and c) CO2/CH4. Note 
that all data presented here was collected using the terpolymer based on propylene oxide. 
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Introduction. The applicability of two-dimensional graphene oxide (2D GO) as a filler in the MMMs is also 
limited by the presence of undesirable GO-polymer matrix interfacial defects [1]. These defects occur as 
a result of the poor adhesion of the polymer to the surface of filler, leading to the trade-off relationship 
between CO2 permeance and selectivity [2]. Therefore it is necessary to apply interfacial engineering to the 
GO material to limit the number of defects and thereby prevent the loss of selectivity or Knudsen diffusion. 
Herein, we describe the grafting of PEG chains onto a GO surface modified with GMA. The use of the 
modification approach increases the interstitial spacing between the GO layers. The extended gas 
separation pathway played a pivotal role in enhancing the interaction between the PEG chains and CO2 
molecules, contributing to increased CO2 permeance and selectivity. 
Experimental/methodology. The GO was dispersed in EtOAc. GMA was then added to the GO solution and 
allowed to react at 70 �öC. The GO-GMA samples were washed with EtOH. A specific amount of GO-GMA 
was dispersed in EtOH, and POEM was added to the suspension. Separately, AIBN was dissolved in acetone 
and added to the mixture. The reactants were purged with N2 and �Œ�������š���������š���ó�ì���öC. After the reaction, the 
solution was precipitated in n-hexane and EtOH before centrifugation to obtain the GOGP. The product 
�Á���•�����Œ�]���������š���ñ�ì���ö���X 
Results and discussion. Surface modification causes the distance of the basal plane perpendicular to the z-
axis of GO to increase following GMA synthesis (Fig. 1). The diffraction peak shifts to a smaller angle 
compare with GO, which correspond to the distance between interlayer increases. This increase in the 
interlayer d-spacing can be attributed to the application of the proposed modification technique [3]. All 
GOGPx membranes achieved a CO2 permeance value of >1000 GPU and a CO2/N2 selectivity value of 28. 
The primary reasons; First, the grafting of the PEG chain onto the GO-GMA surface by chemical bonding 
minimized the occurrence of polymer matrix/GO filler interfacial defects, preventing any decrease in 
selectivity. Second, the chemical grafting of the CO2-philic POEM provided a better CO2 permeable 
pathway. Increasing the permeance of thin-film MMMs can be achieved by optimizing the thickness of the 
selective layer, when the occurrence of defects or Knudsen diffusion is prevented [4]. It should be noted 
that the chemically bounded PEG chain on the GO surface would emphasize the CO2 permeance while 
preventing the N2 or CH4 transport (Fig2). 

  
Fig. 1. (a) Schematic of increasing d-spacing and (b) XRD patterns of GO and GO-GMA. 

 
Fig 2. (a) CO2/N2 and (b) CO2/CH4 separation performance plot of GOGPx-thin composite membranes at 25 °C and 
1 bar and (c, d) permeance vs selectivity plots of previously reported polymeric composite and GOGPx-thin MMMs. (e) 
Schematic illustration for the CO2 separation mechanism of GOGP-thin composite membrane. 
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Introduction. Hydrogen production through electrolysis, utilizing water as the primary feedstock, is 
emerging as a promising solution to produce green fuels and chemicals. However, electrolyzers have 
stringent water quality requirements, with conductivity thresholds of lower than 1 µS/cm. The future 
global demand for ultrapure water for hydrogen production will potentially be met by extracting it from 
a wide range of sources including seawater, surface water, industrial wastewaters, and greywater. 
Membrane distillation (MD) is an interesting solution to produce ultrapure water from different water 
�•�}�µ�Œ�����•�����v���������v���������}�‰���Œ���š���������Ç���µ�•�]�v�P���Á���•�š���r�P�Œ���������Z�����š�X���d�Z�������µ�Œ�Œ���v�š���•�š�µ���Ç���]�v�À���•�š�]�P���š���•�����Æ�‰���Œ�]�u���v�š���o�o�Ç���š�Z����
potential of MD to produce ultrapure water from various water sources for the production of green 
hydrogen through electrolysis. The study also evaluates the potential of using low-grade heat released by 
the electrolyzer to operate MD process. 
Experimental/methodology. MD was performed on seawater, river water, tap water, and wastewater 
from a brewery. The tests were performed at different feed inlet temperatures ranging from 45 to 75oC. 
The membranes used in the work were �‰�}�o�Ç�‰�Œ�}�‰�Ç�o���v�����Z�}�o�o�}�Á���(�]�����Œ���Á�]�š�Z�������u�����v���‰�}�Œ�����•�]�Ì�����}�(���ì�X�î���…�u�U�����v����
a porosity of 73%. The effect of the water source and the operating temperature on the flux and 
conductivity of the permeate was investigated. The permeates extracted from various water sources were 
tested within a PEM electrolyzer cell featuring a membrane electrode assembly with an active area of 2.89 
cm2.  
Results and discussion. The results demonstrated the capability of MD to recover ultrapure water from all 
the water sources considered in the study with no significant decline in flux observed. The final conductivity 
of the permeate in all the cases remained below 1.4 µS/cm. Application of the permeates obtained from 
different water sources in PEM electrolyzer showed minor depreciation in performance measured in terms 
of an increase in cell voltage. The observed decrease in performance was attributed to the possible 
adsorption of ions from the permeate on the nafion membrane and the catalyst layers. To further 
understand the performance of the electrolyzer for different permeates, electrochemical impedance 
spectroscopy is being conducted now and the results will be presented at the conference. Energy analysis 
of the system demonstrated that the waste-heat released by splitting 1 m3 of water in an electrolyzer could 
produce up to 2 m3 of ultrapure water through MD. Thus, it was concluded that the MD-electrolyzer system 
represents an ideal combination in which the two systems mutually complement each other. 

 

A schematic diagram of the integrated MD-
electrolyser system 

Table: Flux and conductivity of permeates obtained 
from different water sources 

 
Water type Av. flux (kg/m2.h) Per. cond. 

(µS/cm) 
 45oC 60oC 75oC  
Seawater 3.2 5.4 9.2 1.37 
Tap water 3.5 6.1 9.8 1.1 
River water 3.3 5.2 9.5 1.2 
Brewery water 3.4 5.6 9.8 1.2 
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Introduction.  
To further increase energy efficiency and reduce carbon emissions, hydrogen has emerged as one of the 
most attractive energy carriers because of its zero-carbon characteristic and high energy density [1]. 
Moreover, hydrogen can be obtained from a wide variety of feedstock through multiple technological 
processes at small or large scale, thus receiving great attention to be combined with renewable energies 
and integrated in the development of circular economy for realistic decarbonized scenarios [2]. However, 
despite the numerous advantages of hydrogen-based systems, their widespread adoption faces several 
challenges from production steps to its transportation and storage [1,2]. In this context, the use of highly 
selective membranes is proposed to improve the efficiency of thermochemical production routes and 
purification processes even combining both in membrane reactors [3]. Particularly, Pd-based membranes 
exhibit an excellent performance for these applications, being usually fabricated by electroless plating as 
stacked layers onto the external side of tubular porous substrates incorporating ceramic intermediate 
layers to reduce the original roughness and average pore-mouth size while preventing any eventual metal 
interdifussion during operation. In this context, the current study presents the optimization of the 
membranes synthesis procedure for planar supports under flowing plating solutions and final permeation 
behavior of composite-membranes. 
Experimental/methodology.  
Planar Pd-membranes are fabricated as successive stacked layers placed onto commercial 316L porous 
stainless-steel supports purchased from Mott Metallurgical Corp. (0.1 �Pm media grade) and cut into 
smaller pices of 90x50 mm. Raw supports were initially calcined at 600°C for 12 h to generate a first Fe-Cr 
mixed oxide intermediate layer. Then, an additional ceramic intermediate layer is incorporated by brushing 
with a paste containing Pd-doped CeO2 particles and subsequent calcination at 450°C for 5 h. Finally, Pd 
deposition is carried out by using Electroless Pore-Plating (ELP-PP) with hydrazine as reducing agent. 
Diverse membranes were prepared under varying synthesis conditions during ELP-PP (i.e., hydrazine 
���}�v�����v�š�Œ���š�]�}�v�U�� �(�o�}�Á�]�v�P�� �À���o�}���]�š�Ç�U�� �����‰�}�•�]�š�]�}�v�� �š�]�u���Y�•�� ���v���� ���}�u�‰�o���š���o�Ç�� ���Z���Œ�����š���Œ�]�Ì������through gravimetric 
analysis, DRX, mercury porosimetry, SEM (Phenom XL G2 model), and permeation tests at multiple 
operating conditions.  
Results and discussion.  
Original PSS supports exhibit an average pore-mouth size around 4 µm with surface porosity of 14,02%. 
These parameters were adequately modified to facilitate the incorporation of top Pd-films with thicknesses 
in the range 2-6 µm with help of the continous flowing of chemical solutions during ELP-PP. H2 permeances 
greater than 8.50·10-4 mol m-2 s-1 Pa-0.5 and complete H2-selectivity at 400oC were reached. These values 
represent an improvement of the permeation capacity in the range 35-45% in comparison to any other 
previous ELP-PP membrane fabricated onto tubular supports and tested at similar operating conditions.   
Acknowledgments 
The authors thanks the financial support received from Agencia Estatal de Investigación (Government of Spain) 
through the project PID2020- 117273RB-I00. 
References 
[1] Yu, S. et al.  Int. J. Hydrogen Energy 2023, 48 (89), 34906-34929. 
[2] Tang, D. et al. Energy Storage 2023, 64, 107196. 
[3] Karagöz, S. et al. Int. J. Hydrogen Energy 2020, 45 (12), 7339-7353. 



H2 purification with carbon membranes in presence of H2S 
 

A. Arratibel1*. J. Ollo1, M. J. Bellón, M. A. Vega, A. Nieto2, A. Ruiz2 
 

1TECNALIA, Basque Research and Technology Alliance (BRTA), Mikeletegi Pasealekua 2, 20009 Donostia-San 
Sebastián, Spain. 

2Tecnicas Reunidas, S. A. Av. Burgos 89, 28050, Madrid, Spain 
*alba.arratibel@tecnalia.com 

 
Keywords: Depleted reservoirs, hydrogen sulfide, hydrogen purification, carbon membrane 
 
Introduction. The future of hydrogen energy relies on large-scale storage solutions, which can be facilitated 
by geological formations such as depleted reservoirs to manage fluctuations in demand and supply. Depleted 
natural gas reservoirs present the most cost-effective and secure options. However, the presence of 
contaminants like H2S complicates the process of hydrogen purification using membrane technology due to 
its poisoning effects. Palladium membranes have been extensively investigated for hydrogen separation due 
to their exceptional properties. Nonetheless, their stability is compromised in the presence of even small 
amounts of hydrogen sulfide. Alloying with metals such as gold can enhance their performance [1], but they 
still fall short of being suitable for use in gas separation streams with high H2S concentrations, such as those 
found in depleted reservoirs. In this study, we propose the use of a carbon membrane for hydrogen 
purification from a stream containing a high concentration of hydrogen sulfide (50 ppm). 
Experimental/methodology. Carbon molecular sieve membrane (CMSM) has been developed for hydrogen 
purification from a gas mixture H2 (20 vol.%)-CH4 (80 vol.%) containing 50 ppm of H2S. The tests carried out 
were performed at 30 °C and a pressure range of 15-45 barg. Recovered hydrogen and its purity have been 
evaluated under different feed flows while permeate stream (high hydrogen content) has been analyzed by 
gas chromatography. 
Results and discussion. A CMS membrane with a 142 mm length has been prepared onto an alumina porous 
substrate (asymmetric and outer surface with 100 nm pore size). It has been found that hydrogen can be 
purified from 20 vol% up to 98.23 % at 15 barg (Figure 1 left). Hydrogen recovery can be improved by 
adjusting the feed flow rate (Figure 1 right) reaching to a value from 80.9 up to 85.8 % from 15 to 45 barg. 
The interesting point of this work is that a membrane can operate in presence of high hydrogen sulfide 
content without instant degradation like it happen in palladium membranes that are widely used for 
hydrogen purification.  

 

Figure 1. Hydrogen purity (left) and recovered H2 (right) over feed flow for different operating pressures for 
a gas mixture containing 20 % H2, 80 % CH4 and 50 ppm of H2S. Operating temperature: 30 °C. 
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Introduction. Gaseous hydrogen at high pressures (~800 bar) and ambient temperatures is generally 
stored in fuel cell cars using lightweight tanks made of fibre-reinforced composites. The small size of 
molecular H2 leads to leakage despite the incorporation of an inner plastic barrier liner [1]. It has been 
suggested that cyclomatrix polyphosphazene films obtained using interfacial polymerization and exhibiting 
good hydrogen barrier properties [2] could further reduce the depressurization of the tanks. This project 
combines an experimental and simulation approach in order to investigate more in depth these materials 
[3]. In an attempt to guide the experimental syntheses, molecular modelling has been carried out to 
mimick the interfacial polymerization of the monomers under different conditions. The resulting model 
networks were characterized in terms of their connectivities and molecular dynamics (MD) simulations 
were used to determine their thermodynamic and mechanical properties. Hydrogen sorption isotherms 
were determined up to 800 bar using iterative Grand Canonical Monte Carlo (GCMC) - MD simulations [4]. 
Such in silico measurements avoid the difficult and hazardous experiments using high-pressure hydrogen, 
which only specially-equipped laboratories are able to carry out. Extending the MD simulations to longer 
timescales also provided estimates of hydrogen diffusion in the networks and hence their permeabilities. 

 Methodology. The simulation work involved a number of steps starting from the screening of eight 
models of H2 available in the literature in order to find one capable of satisfactorily reproducing the 
properties of hydrogen in the range of temperatures (-50°C < T < +90°C) and pressures (0 < P < 2000 bar) 
relevant to hydrogen storage tanks [5]. This was then followed by the development of force fields to 
represent the chosen monomers, phloroglucinol (Phg) and hexachlorocyclotriphosphazene (HCCP), in the 
pure dense phase before creating monomer mixtures at specific stoichiometric ratios. An iterative 
procedure was then carried out combining "polymerization" phases followed by energy minimization and 
MD relaxation to mimick the formation of a percolating network polymer. 

Results and discussion. The connectivities and 
compositions of the networks were found to be 
strongly correlated to the imposed input 
stoichiometry of the initial monomer mixture. 
Variations in the mechanical  properties were 
consistent with the various degrees of connectivity. 
Hydrogen solubility was only moderately affected 
but hydrogen diffusion was particularly sensitive to 
the details of the underlying network structure and 
was thus the main reason for the enhanced barrier 

properties. Simulations with and without trapped monomers revealed the 
contribution of the excess reactants to the barrier properties. 
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Introduction 
Global water scarcity poses a significant challenge, with many regions experiencing water stress, expected 
to affect about 50% of the population by 2025 due to global warming and climate change [1-3]. Membrane 
technology offers high-selectivity and efficiency in separations and purification processes, particularly in 
water purification systems, with reduced chemical usage and modular flexibility [4]. However, membrane 
fouling, flow limitations, selectivity constraints, and pore size issues significantly impact the effectiveness, 
efficiency, and economy of membrane technology [5]. Research efforts are ongoing to develop membranes 
with reduced fouling, addressing limitations caused by colloids, chemicals, and microorganisms. The recent 
advancements in nanotechnology present significant opportunities for next-generation water purification 
systems, offering efficient, multi-functional hybrid processes, and modular systems for high-performance 
water supply. [6-9] Nanoparticles integrated into membrane production enable precise control over 

fouling and membrane structure, enhancing filtration quality, permeability, and resistance to fouling. Multi-

layered carbon nanotubes (CNTs) and titanium dioxide (TiO2) nanoparticles have emerged as key materials, 

enhancing membrane properties and photocatalytic activity. Incorporating photocatalytic nanoparticles 

such as TiO2 catalyzes pollutant breakdown on membrane surfaces, improving reactive properties. Despite 
TiO2's limitations, strategies such as metal doping and surface modification enhance its photocatalytic 
activity, particularly under visible light irradiation. Multi-layered CNTs serve as excellent support materials, 
enhancing photocatalytic activity and anti-pollution properties. The incorporation of nanoparticles in 

membrane production leads to increased mechanical stability, reduced surface pollution, and energy costs 

[10-18]. In this study, multi-layered CNT-modified TiO2 nanoparticles doped polysulfone/polyamide 
composites were synthesized and coated onto support layers to prepare mixed matrix membranes 
(MMMs) and thin film composite nanomembranes (TFNMs). These membranes exhibited high 
permeability, minimal contamination, and mechanical stability, showcasing potential for drinking and 
industrial water treatment applications. 
 
Experimental/methodology. 
CNT synthesis was conducted via an atmospheric pressure CVD process, detailed elsewhere [19]. Briefly, 
a quartz tube within a temperature-controlled tubular furnace was utilized. Ethylene served as the carbon 
source, and hydrogen acted as the carrier gas, flowing over Fe/Al2O3 (Fe/Al = 1:1) catalyst. The furnace 



temperature was maintained at 650°C during depositions. Post-CVD, obtained CNTs underwent treatment 
with dilute hydrofluoric acid and hydrochloric acid solutions. Structural and physical properties of CNTs 
from functionalization processes with 8, 10, and 12 M HNO3 were compared using SEM images with EDX 
analysis. 
Functionalization of CNTs followed experimental procedures described. XRD was employed to determine 
the incorporation of TiO2 onto CNT surfaces, both covalently and through surface adsorption. Attachment 
of titanium ions to other CNT regions without functional groups was achieved through electrostatic 
adsorption. The presence and distribution of metal oxides accumulated on CNT surfaces were determined 
using TEM. 
Preparation of CNT/TiO2 nanocomposites utilized commercial Degussa P25 TiO2 to enhance reactivity. 
Results from CNT functionalization processes showed that those treated with 8M HNO3 exhibited the 
highest ID/IG ratio. However, based on SEM images, EDX analysis, and Raman results, CNTs treated with 
10M HNO3 were preferred for CNT/TiO2 composite synthesis via the sol-gel method due to their lesser 
curvature, lower Fe catalyst content, and similar ID/IG ratios. Characterization of CNT/TiO2 nanocomposites 
was performed using TEM, XRD, and Raman analyses. 
Mixed Matrix Membranes (MMMs) were prepared by incorporating CNT/TiO2 nanocomposites into the 
polymeric membrane via a polymerization process, subsequently coating them with polysulfone and 
polyamide polymers on support layers via interface polymerization. Variables such as pore structure, 
rheological properties during casting, affinity, and compatibility of CNT/TiO2 nanomaterials in polymer 
solutions, polymerization processes, and prevention of nanomaterial agglomeration after polymerization 
were considered. SEM, AFM, and contact angle measurements characterized resulting composite 
membranes. 
Thin Film Nanocomposite Membranes (TFNMs) were prepared by incorporating CNTs into the polymer 
matrix through polymerization, incorporating PSf/CNT mixtures onto supports, completing the 
polymerization process in water, and cross-linking TiO2 and polyamide layers on PSf/CNT polymer 
membranes. Characterization processes involved SEM-EDX analysis, AFM, and contact angle measurement 
analysis. 
Membrane performance tests included determination of porosity, pore size, surface hydrophilic properties, 
and water sorption capacity. Permeability tests evaluated feed flow rate, concentration of insoluble 
substances, transmembrane pressure, pH, temperature, and concentration of suspended substances. Real 
water sample tests were conducted using samples from Konya Municipality and the private company, LCA 
and LCCA analyses were performed according to ISO 14040 standards to assess potential environmental 
and health effects throughout membrane preparation and application stages. 

 
Results and discussion. 

Carbon Nanotube (CNT) Synthesis 
observations from SEM images (Fig. 1) reveal that the irregularities on the surface of CNTs escalate with 
increasing concentrations of HNO3. Additionally, entanglement and adhesion are evident due to the 
treatment with HNO3, as depicted in the images. The EDX analysis results presented in Table 1 indicate that 
the Al catalyst used in CNT synthesis through Chemical Vapor Deposition (CVD) diappear entirely with 
increasing HNO3 concentration, while the Fe catalyst diminishes in quantity but does not disappear entirely. 
TEM images (Fig. 2) show that both the diameter and lattice gap spacing of treated and untreated CNTs 
with 8, 10, and 12 M HNO3 exhibit a slight increase in lattice gap spacing due to acid concentration, causing 
disruptions in the outer wall of CNTs. 



a) b) 
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Figure 1. SEM images of CNTs, a) untreated and treated with b) 8 M, c) 10 M and d) 12 M HNO3 
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c) 

 

d) 

 
Figure 2. TEM images of CNTs, a) untreated and trated with b) 8 M, c) 10 M and d) 12 M HNO3 

 
Table 1. EDX analysis of snyhesised CNTs, untreated and treated with 8,10,12 M HNO3 

 
 CNT(untreated) (%) 8M (%) 10 M(%) 12 M(%) 

C 67.25 74.50 73.79 73.79 

N 10.20 13.37 13.92 14.25 

Fe 1.87 0.32 0.21 0.21 

O 20.69 11.82 12.08 11.75 

 
Mixed Matrix Membranes (MMMs) 

SEM images were utilized to evaluate the effectiveness of CNT/TiO2 nanocomposites in the membrane and 
the structural variations in different proportion CNT/TiO2-MMMs. Surface and section images of 



nanomaterial-contributed membranes, subsequently coated with a polyamide surface layer, were analyzed 
(Figures 3 and 4). Integration of CNT/TiO2 nanomaterial into the membrane structure visibly altered the 
pore morphology of MMMs, particularly evident in the section images. As the CNT/TiO2 ratio increased, the 
membrane thickness and porosity were influenced accordingly. Notably, the membrane thickness was 
lowest at a 0.5% CNT/TiO2 ratio, possibly due to enhanced compatibility between the nanomaterial and 
polymer matrix. 
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Figure 3 SEM images of 0.3% incorporated CNT/TiO2 nanocomposite MMMs (a) surface (b) and (c) cros-
section 
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Figure 4. SEM images of 0.3% incorporated CNT/TiO2-PA nanocomposite MMMs (a) surface (b) and (c) cros-

section 

SEM analysis (Fig. 4) demonstrated that the surface coating with a polyamide layer resulted in a smoother 
and shinier surface for the blank membrane. As the CNT/TiO2 ratio increased, surface roughness and 
deformations (cracks) proportionally heightened. AFM images (Fig. 8) further depicted the surface topology 
changes, with brighter areas signifying higher points and dark areas representing valleys or membrane 
pores [21, 22]. The roughness value (Ra) influenced pollutant adsorption and desorption, impacting 
membrane fouling. Interestingly, MMMs exhibited decreased roughness values compared to unmodified 



membranes, attributed to enhanced compatibility between the nanomaterial and polymer matrix. 

 
a) blank 0.3% 

 

  
 

 
Figure 5. AFM surface topography and 3D analysis of 0.3% incorporated CNT/TiO2 nanocomposite MMMs 

Thin Film Nanocomposite Membranes (TFNMs) 
SEM imaging was employed to assess the impact of varying CNT amounts on membrane structure, along 
with the influence of TiO2 on the surface. TFNMs exhibited altered pore morphology with increasing CNT 
ratio, with surface deformation remaining minimal. The membrane thickness increased with CNT 
incorporation, reaching a minimum at a 0.3% CNT ratio, indicating improved compatibility with the polymer 
matrix . 
Upon surface coating with TiO2 and polyamide layers, SEM images revealed a loss of homogeneity on the 
blank membrane surface, with TiO2 nanoparticles accumulating and aggregating as the amount increased. 
EDX mapping confirmed successful TFNM preparation, showing uniform distribution across the membrane 
surface. Surface roughness increased with the addition of material, albeit mitigated by the hydrophilic 
character of the polyamide layer. 
Membrane Permeability; 
Water retention capacity was assessed, revealing increased capacity in TFNMs due to the polyamide layer's 
presence. Conversely, MMMs exhibited decreased water retention with increased CNT/TiO2 ratio, 
attributed to nanocomposite material filling sponge-like membrane pores. Flow tests indicated an inverse 
relationship between porosity and flow values, with TFNMs showing improved flow values compared to 
MMMs. 
Real Water Treatments; 
The performance of selected membranes in treating real water samples from a private company and Konya 
Municipality Water Treatment process was evaluated. Both MMMs and TFNMs demonstrated remarkable 
performance in treating water samples collected during different seasons, underscoring their effectiveness 
in real-world applications. 
Life Cycle Assessment (LCA) 
CNT production emerged as the primary contributor to CO2 emissions, primarily due to energy-intensive 
processes like CVD. Alternative production techniques and procuring commercially available CNTs were 
proposed to mitigate environmental impact and reduce costs. TFNMs were deemed more environmentally 
advantageous compared to MMMs, emphasizing their potential for large-scale production. 

In conclusion; TiO2-modified CNT-containing membranes were successfully prepared, offering mechanical 
stability and reduced fouling propensity. Optimization of CNT/TiO2 ratio and distribution in polymer 
matrices enhanced membrane performance. Notably, TFNMs demonstrated superior environmental 
sustainability compared to MMMs, highlighting their potential for scalable production and effective water 
purification applications. 
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Introduction 
Increasing CO2 emissions have stimulated research on alternative energy sources. Even though hydrogen is 
accepted as a green energy source, direct usage is limited due to a high amount of CO2 content depending 
on the production process. As separation properties of polymeric membranes are limited for H2/CO2 [1], 
MXenes has taken great attention since its first study in 2018 [2] which was reported as the best one 
having the highest H2 permeability and H2/CO2 selectivity for binary gas. However, gas separation studies 
on different MXene types are limited. Therefore, we aimed to examine the membrane-based separation 
potential of the MXene family for H2/CO2 using a molecular simulation approach in a cost- and time-
efficient manner [3]. 
 
Experimental/methodology  
MXene structures of 730 were evaluated from the MXene database, which was established in our previous 
study [4]. To investigate the hydrogen separation performance of MXenes, diffusion coefficients were 
simulated with equilibrium molecular dynamics simulations while adsorption coefficients were calculated 
via grand canonical Monte Carlo simulations. The permeabilities were obtained by multiplying the 
adsorption and diffusion coefficients.   
 
Results and discussion:  
MXene membranes have shown promising results as H2-
selective membranes with a selectivity of 77.3%, 
surpassing the unity of H2/CO2 selectivity. This is an 
important finding since the percentage of MXene 
structures (95.9%) that exceeds the Robeson upper 
bound is greater than those of MOF [5] (23.3%) and COF 
[6] (93.1%) families. This suggests that MXene 
membranes could be a better alternative for gas 
separation applications. The H2/CO2 selectivity and H2 
permeability ranges were 10.6-20.2 and 1.05-4.4×106 
Barrer, respectively, for the best performing MXene 
membranes having functional groups of �tO2 and �tF2 or 
being unfunctionalized. 

Figure 1. H2/CO2 separation performance of MXene membranes. 
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Introduction. Ammonia is a promising hydrogen carrier, but its success depends on dehydrogenation 
technology. Membrane reactors (MRs) can produce a highly concentrated H2 stream in a single unit with 
improved reaction conversion. This work proposed a strategy to improve the performance of an MR for NH3 
decomposition by considering the presence of a traditional reactor (TR) before the MR to better exploit the 
whole membrane area available and ensure a higher partial pressure difference of H2 on the membrane sides 
[1]. 
Methodology. The separation properties of a Pd-Ag (85-15%A %wt) membrane (Tecnalia 2016, Spain) were 
analysed for single gases (H2, CH4, N2, CO2) and related mixtures. The annulus of the membrane module 
contained 7 g of commercial Ru-based catalyst (ThermoFisher). At 400°C, NH3 conversion, H2 recovery, and 
purity were measured as a function of feed pressure (3-4 bar) feeding only NH3 or a mixture of NH3: H2: N2= 
0.34:0.54:0.12, simulating the outlet stream of a TR before the MR with a 50% conversion.  
Results and discussion. The membrane showed a hydrogen permeance of 3276 nmol s-1 m-2 Pa-0.7 and an 
H2/N2 selectivity of 2350. Table 1 shows NH3 conversion of MR and TR for the feeds analysed at various feed 
pressures. MR conversion decreased with pressure when only NH3 was fed. The absence of H2 at the reactor 
entrance induces H2 back permeation through the first part of the membrane, wasting a portion of the total 
membrane area. Furthermore, back-permeation made marginal the effect of the membrane, reflecting in 
MR conversion comparable to the respective TR ones (29% for TR vs 32% for MR at 4 bar). 
MR performance improved significantly when a TR was placed before the MR (Table 1). In this case, NH3 
conversion increased with feed pressure, slightly exceeding the TREC for only NH3 feed at 4 bar. The MR 
conversion observed were 49% and 96% at 3 and 4 bar, respectively, exhibiting an increase compared to TR, 
which were 32% and 23% at the corresponding pressures. A positive outcome is also evident in the 
comparison between the MR fed with a mixture and the one fed with NH3. This is attributed to the presence 
of H2 in the feed, which weakens the back permeation effect, thereby inducing the utilization of the whole 
membrane surface area. The conversion improvement increased H2 recovery (97% at 4 bar) and purity to 
98%. 
 

Table1.  NH3 conversion in MR and TR at various feed pressures for mixture and NH3 feed  

 
Conversion, % 

TR MR TR MR TREC 
Feed NH3 NH3: H2: N2= 0.34:0.54:0.12 NH3 
3 bar 34 36 32 49 93 

3.5 bar 30 - 28 66 92 
4 bar 29 32 23 96 91 
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Introduction.  
The use of hydrogen as a chemical agent in industry can generate waste gas streams with a high H2 
recovery potential. Among these streams, coke oven gas (60.2 vol.% H2) which come from the coke oven 
batteries of the steel industry and the purge gas from the production of methanol (63.1 vol.% H2, MPG) and 
ammonia (58.5 vol.% H2, APG) [1]. Thus, the recovery of hydrogen, which is a high added value compound 
could increase the economic reliability of the process. The development of polymeric materials has focused 
great attention with the aim of reaching the separation degree of more expensive alternatives such as 
ceramic or metal membranes. In this regard, this work analyses the separation recovery of Matrimid®/LaNi5 
mixed matrix membranes from industrial waste streams with the aim of testing the effect of hydrogen 
storage materials as promising fillers in polymeric based mix matrix membranes.  
Experimental/methodology.  
-Hydrogen equilibrium adsorption: The hydrogen adsorption capacity of LaNi5 was measured. In this sense, 
LaNi5 was placed in a reactor which is immerse in a thermostatic bath to control the temperature. 
Hydrogen was feed at different pressures (1-15 bar) and allowed to reach steady-state at a specific 
equilibrium pressure. Then, hydrogen is feed at a higher pressure until the cycle is completed. The process 
was repeated several times until the adsorption capacity remained constant. 
-Membrane preparation: The membranes were prepared by the solvent-casting method. The polymer and 
LaNi5 were weighted and dissolved in dichloromethane. In addition, and then, the polymer solution was 
added to the LaNi5 solution and sonicated to obtain a homogeneous mixture. Finally, the Matrimid®/LaNi5 
solution was poured in the Petri dish and left-over night at room temperature to evaporate the solvent. The 
membranes had a thickness of 70 �…�u�X 
-Gas permeation experiments: The membranes were placed in the membrane modules inside the 
thermostatic chamber to ensure isothermal operation. The membranes were test under different operating 
conditions of temperature, pressure, and feed composition.  
Results and discussion.  
The H2 adsorption curves showed the three characteristic stages of intermetallic compounds: alpha, alpha-
to-beta and saturation zone. Since the maximum adsorption capacity (1.34 wt.%) is constant at 20, 30 and 
50 oC, the temperature effect is observed in the plateau pressure (alpha-to-beta zone), which is higher at 
higher temperatures. Moreover, the results showed that the material is well activated, and it can be used in 
the synthesis of the membranes. Regarding the gas permeation experiments, the Matrimid/LaNi5 mixed 
matrix membranes delivered higher permeability and selectivity than the pristine polymeric membrane. 
The use of a hydrogen storage material increases the affinity of the membrane to H2 leading to an increase 
in the separation performance. 
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Introduction. The utilization of hydrogen as an energy vector in the near future is essential to ensure the 
complete transition into the green economy. In this case, in addition to the the hydrogen production process 
improvement, research on the hydrogen separation process from other gases, for example from CO2 or CH4 
after the reforming process, cannot be neglected. Therefore, the employment of membrane-based 
processes can be promising from the point of view of both separation performance and energy consumption. 
In the last decade, there is then a growing interest in the investigation of metal-organic frameworks (MOF) 
as a high-performance membrane material for gas separation driven by its advantages such as high porosity 
and tailorable aarchitecture. This study aims to advance the utilisation of MOF as a membrane material by 
transforming it into a polymeric membrane, called GEL membrane [1]. Through this transformation, the 
resulting MOF-derived polymeric membrane could offer more stability than its parent strutucre since it is 
now in the polymeric form. At the same time, it could also still inherit the porous nature of the MOF to 
maintain its gas separation capability. Realising this objective, we firstly synthesised surface mounted MOFs 
(SURMOFs) on a porous alumina substrate. Considering the criticality of this step, we utilise the machine 
learning approach aided by the SyCoFinder tool to ensure the quality of the SURMOF. The SURMOF 
membrane is then cross-linked before removing its metal atom to turn it into a SURGEL membrane.   

Experimental/methodology. The SURMOF synthesis was carried out in an 
inert atmosphere by utilising an industrial six-axis robot. The alumina 
substrate was immersed following this sequence: (i) metal solution (10 
minutes) �t (ii) dip rinsing (3 times, 2 minutes each) �t (iii) linker solution (15 
minutes) �t (iv) dip rinsing (3 times, 2 minutes each). The transformation into 
the SURGEL membrane was then carried out by cross-linking followed by 
metal atom removal. The hydrogen separation performance of the 
memrbanes was evaluated by using a Wicke-Kallenbach setup.  
Results and discussion. From the Figure 1 (A), it can be seen that the we 
have succesfully transformed the high-quality highly crystalline SURMOF 
into an amorphous SURGEL and, as can be seen in the Figure 1 (B) the 
hydrogen gas separation performance of the SURGEL membrane is better 
than most of the commercial polymeric membranes as exemplified in the 
case of H2/CO2 separation. 
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Introduction 
Zirfon membranes for alkaline water electrolysis (AWE) are appreciated by electrolyzer manufacturers and 
owners of hydrogen production projects for their durability and sustained performance. Due to 
a combination of high ionic conductivity and low gas permeability, Zirfon membranes enable alkaline 
electrolyzers to operate efficiently while maintaining good gas purities. Furthermore, the patented 
composition of a polysulfone matrix, combined with hydrophilic zirconium dioxide makes Zirfon suitable 
for use in the strongly corrosive and aggressive environment of AWE, ensuring longtime membrane 
stability. As a result, electrolyzers equipped with Zirfon will thus generate more hydrogen at a notably 
lower energy cost compared to the same system using conventional separators. In combination with ���P�(���[�•��
expertise in industrial, roll-to-roll (up to 1.7m width) mixed matrix-membranes production, these features 
allow Zirfon membranes to help unlock the field of dynamic alkaline water electrolysis on a commercial 
scale. 
 
Results and discussion 
This presentation aims to give an overview of the current commercial Zirfon membrane product offering, 
the innovation roadmap and ongoing technology investments. Several examples of industrial membrane 
improvements are given. By reducing membrane thickness going from UTP 500 to UTP 220 an ohmic 
resistance drop to a voltage below 2 V can be obtained at a current density of 20 kA/m². This is visualized 
in Figure 1 showing the I-V curve of Zirfon UTP220, obtained with Raney Ni electrodes (i.e. Platinum Group 
Metal free catalysts) in 30% KOH at 90 °C. Recently, Agfa succeeded in further reducing Zirfon membrane 
thickness with an observed additional ohmic resistance drop of 10-15% (Figure 2). Besides membrane 
resistance, also controlling membrane permeability is key when targetting improved electrolyzer operation 
and safety. Recent efforts in membrane innovation led to the development of membranes at research-
scale with strongly reduced gas permeability (up to -80%) without compromising membrane conductivity. 
Finally, a short outlook and current status is provided on the planned investments at the Agfa site 
(Belgium) in a new, state-of-the-art industrial membrane production line that will allow a yearly production 
capacity of 15-20 GW of membranes. 
 

 
Figure 1: Advanced AWE can equal PEM performance at lower cost Figure 2: I-V curve of Zirfon GEN3 with reduced 
thickness 
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Introduction. Hydrogen has gained considerable attention as a promising clean alternative fuel for both 
small- and large-scale applications[1]. In order to overcome the obstacles of low volumetric energy density 
and handling, hindering the widespread adoption of H2-based technologies in power production, H2 can be 
stored in the chemical bonds of hydrogen carrier compounds[2]. Among all possible candidates, NH3 stands 
out as a promising alternative for long-term hydrogen storage, due to its high volumetric energy density, 
relatively low cost and ease of liquefaction, storage and transportation[2]. Recent advancements in 
membrane reactors have demonstrated their potential for H2 recovery from NH3, since they allow 
complete ammonia decomposition and high purity H2 separation within a single device[2]. Pd-based 
membranes are commonly used for H2 production, exhibiting almost 100% H2 selectivity and high H2 
permeance at medium to high temperatures[1]. The objective of the present work is the evaluation of H2 
permeation and separation properties of commercial Pd-based membranes (Mr.Hydrogen� , REB Research 
& Consulting) towards the design of a membrane reactor for H2 production through NH3 decomposition.  
Experimental/methodology. Permeation tests were initially carried out with pure H2 at temperatures 
ranging between 573K and 773K and a transmembrane pressure range of 200 to 900 kPa, to assess the 
hydrogen permeation mechanisms through the membrane. Moreover, gas separation tests were 
performed using H2/N2 gas mixtures at T=573K-723K and a pressure range of 200-600kPa for various feed 
flow rates, to assess the real separation performance of the membrane. Finally, a membrane reactor 
mathematical model was developed to assist in the design and assess the performance of a reactor 
employing these membranes. 
Results and discussion. The permeation tests indicated that the permeation fluxes increase with increasing 
feed pressure and temperature (Fig.1). The exponent n varies between 0.41-0.56 suggesting that hydrogen 
diffusion through the metal is the controlling step at temperature ranges 573K�H�d�E673K and 698K�E�d�H773K. 
At 673K and 698K and for 0.78<n<0.81, H2 permeance is controlled by the diffusion and the hydrogen 
dissociation on the membrane surface. The separation tests specified that H2 recovery increases with 
increasing �4P, reaching the highest value at 723K (Fig. 2). Finally, the simulation results confirmed the high 
potential of a membrane reactor for ammonia decomposition.  

 
Fig.  1: Hydrogen permeation flux as a function of feed 
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Fig. 2: H2 recovery as a function of transmembrane 

pressure for feed flow rate 0.4l/min 
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Introduction. 
MACBETH Objectives: Catalytic membrane reactors combine two processes of chemical reaction and 
membrane-based product separation in one step. Application of this technology for large-scale industrial 
production has the potential to increase resource and energy efficiency while decreasing greenhouse gas 
emissions by up to 45 %, capital expenditure by up to 50 % and operational expenditure by up to 80 %. The 
goal of the EU-funded MACBETH project of an international consortium is to validate industrial applicability 
of this technology through the long-term operation of demo plants for the large-scale processes of 
hydrogen production from Biogas at technology readiness level 7.  
 
Experimental/methodology.  
Collaboration between the partners from different European Countries involved in the Hydrogen line of 
the MACBETH project, has allowed the development, engineering, manufacturing and integration of 
transportable and turnkey systems for 100 kg a day of pure hydrogen production starting from biogas. 
The tests are planned to start in summer 2024  
 
Results and discussion. 

�9 The membrane reactor for 100 kg/day of pure hydrogen production starting from biogas have been 
designed and manufactured. 

�9 The detailed engineering for the reactor integration into a transportable and turnkey system is 
been performed and the system have been built accordingly. 

�9 The testing phase begun in summer 2024 and the results are expected by the end of 2024 
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Introduction.  
Hydrogen (H2) is gaining traction as a key player in global decarbonization efforts due to its efficiency as an 
energy carrier. Membrane-based separations are increasingly recognized for their energy efficiency and 
adaptability, making them promising for hydrogen purification. Despite advancements, challenges such as 
polymer physical aging persist, leading to decreased gas permeability over time. However, the unique 
aging behavior of 3D CANAL polymers, synthesized through efficient catalytic arene-norbornene 
annulation (CANAL) polymerization, holds promise for enhancing separation efficiency post-aging. Previous 
research on CANAL-Me-S6F showcased remarkable aging characteristics, achieving a 1000% increase in 
H2/CH4 permselectivity and only a 33% reduction in H2 permeability after 158 days, surpassing the 2015 
upper bounds. [1] 
 
Experimental/methodology.  
Gas permeabilities: Gas permeabilities of polymer films were determined using a fixed volume variable 
pressure automated permeation system from Maxwell Robotics. Polymer films were inserted into 
a stainless�>steel permeation cell, which was then vacuum sealed and immersed in a water bath that was 
�š���u�‰���Œ���š�µ�Œ���� ���}�v�š�Œ�}�o�o������ ���š�� �ï�ñ�� �£���� �µ�•�]�v�P�� ��n immersion circulator heater (ThermoFisher SC 150L). All gases 
used for testing (He, H2, CH4, N2, O2, and CO2�•���Á���Œ�����µ�o�š�Œ���>�Z�]�Ph purity gases from Airgas. 
 
Results and discussion.  
Building upon this foundation, our current investigation delves into the gas transport performance of ultra-
aged (>365 days) 3D-CANAL polymers for H2-based separations. We observed a substantial 6100% boost in 
H2/CH4 selectivity and a 2400% increase in H2/N2 selectivity with a mere 55% loss in H2 permeability. 
Furthermore, we assess the stability of these ultra-aged polymers under industrially relevant conditions, 
including binary and ternary gas mixtures and high-temperature scenarios. Longer aging times notably 
enhance H2/CO2 selectivity due to increased size-selectivity, surpassing the 2008 upper bound. Additionally, 
simulations predict the membrane to possess high H2 permeability of 15000 barrer without losing H2/CO2 
selectivity �Á�Z���v�� �š���u�‰���Œ���š�µ�Œ���� �]�v���Œ�����•���•�� �(�Œ�}�u�� �ï�ñ�£���� �š�}�� �í�õ�ì�£���U�� ���� ���}�u�u�}�v�� �‰�Œ�}�����•�•��temperature post-water-
gas-shift reaction. This allows the aged CANAL membranes to rival some of the best-performing 
membranes for H2/CO2 separations in the literature. In conclusion, this study elucidates the robustness and 
potential applications of ultra-selective hydrocarbon polymers for hydrogen separations, contributing to 
advancements in clean energy technologies and the broader landscape of sustainable energy solutions. 
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