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Preface – Proceedings AMK 2024 

Welcome to Aachen. Welcome to the 19th Aachener Membran Kolloquium. 

Already for the 19th time, we are happy to bring the membrane community – end-users, technology 

providers and academics – back together in Aachen for the AMK to discuss the newest developments 

in product and process development. As we strive to tackle the grand global challenges such as energy 

and water supply, health and climate control, we are well advised to foster synergies between the key 

players in industry and academia. It is the mission of AMK to be a hub for experts from different fields, 

to spur creativity and to initiate co-operations. In this spirit, we are looking forward to an inspiring 

conference. 

The present proceedings contain the abstracts and papers of the oral and poster presentations, giving 

you a summary of the topics and providing detailed background information. You will also find contact 

details for all companies participating in the industrial exhibition. 

We are glad to announce our two keynote speakers: Tim Merkel, Vice President of Technology at 

Membrane Technology and Research Inc., will talk about the experience of MTR to bring carbon 

capture membranes to a commercial scale – a technology which will remain highly relevant even after 

complete replacement of fossil fuels. Over 15 years the collaboration of MTR and the U.S. Department 

of Energy advanced the capture technology from concept to the cusp of commercialization. What are 

the future research directions and critical challenges for developing efficient carbon capture 

processes? 

Fausto Gallucci, Full Professor at Eindhoven University of Technology, will present his results on 

process intensification using membrane reactors in chemical production. A topic of high significance 

as process intensification in the chemical industry can lead to an increase in energy efficiency and 

hence a decrease of anthropogenic CO2 emissions. The current research focuses on the use of 

membranes for dehydrogenation reactions and for chemical production. Is process intensification the 

key to a more efficient chemical industry? 

The Aachener Membran Kolloquium is the only international conference where industrial lectures 

prevail, where industry meets and inspires academia and vice versa on the full breadth of membrane 

applications. We work hard to continuously shape the AMK such that it remains one of the leading 

international conferences on industrial membrane applications. 

We succeeded in composing a well-balanced and exquisite program that will hopefully convince you 

to rejoin our Aachener Membran Kolloquium in the future. Until then, enjoy the lectures, the poster 

session, the industrial exhibition and the accompanying social events. 

We thank you for your open and inspiring contributions.  

 

Matthias Wessling    
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Keynote I

MTR’s Experience Bringing Carbon Capture
Membranes to Commercial-Scale
Timothy C. Merkel, Ph.D1 (tim.merkel@mtrinc.com)

Abstract
There is widespread recognition that the world needs to decarbonize the
power and industrial sectors to mitigate the adverse impacts of global
climate change. A key aspect of any realistic carbon management strat-
egy is to capture the CO2 produced by fossil fuel combustion or indus-
trial processes and utilize or store the CO2 underground in a process
known as carbon capture, utilization, and storage (CCUS). This CCUS
approach is needed even after complete replacement of fossil fuels with
renewable energy because industrial processes where CO2 is produced
regardless of energy source (such as steel and cement production) will
continue to operate and generate CO2 emissions for the foreseeable fu-
ture. Carbon capture plants can reduce emissions from these persistent
industrial sources, as well as from the large installed base of fossil fuel
energy plants until they are replaced by renewable alternatives. Also,
combined with bioenergy production, CCUS is the most economical way
to achieve negative CO2 emissions, which appears increasingly necessary
as a backstop to meet net-zero emission targets.
Membranes as a CO2 capture technology have many attractive features,
including simple passive operation, environmental friendliness (no chem-
ical handling, storage, or emissions), compact size, low water require-
ments, and the use of only electricity. Over the past 15 years, MTR has
worked with the U.S. Department of Energy (DOE) to advance mem-
brane capture technology from concept to the cusp of commercialization.
This work has included membrane, module, and process improvements
validated in field tests of progressively larger size at sites including the
U.S. National Carbon Capture Center (NCCC) and Technology Cen-
tre Mongstad (TCM) in Norway. Over this time, the capacity of these
field systems has been scaled up by more than 3 orders of magnitude.
Today, the world’s largest membrane capture system is installed at the
Wyoming Integrated Test Center (WITC) in Gillette, WY. This 150
tonnes CO2/day capture system is now in commissioning with a planned
12 months of operations starting before the end of this year. Concur-
rently, ongoing front-end engineering and design (FEED) studies are
evaluating costs for commercial systems ranging in size from the WITC
unit to approximately 10 times larger capacity.

1Membrane Technology and Research, Inc. 39630 Eureka Drive, Newark CA 94560-
4805

4



S
1

L 1.1 — T. Merkel

This presentation will review the development of MTR’s membrane cap-
ture technology, describe where capture membranes are best suited for
use, and discuss remaining commercialization challenges and opportuni-
ties for improvements.
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L 2.1 — T. Yamaguchi

Systematic material design and development
for polymer electrolyte fuel cells and anion
exchange membrane water electrolysis
Takeo Yamaguchi1 (yamag@res.titech.ac.jp)

Abstract
For large-scale use of renewable energy, a hydrogen society is necessary
to overcome the supply and demand mismatch in time and space. Re-
newable energy should be converted into hydrogen or hydrogen carriers
by water electrolysis, stored and transported, and used as electricity by
fuel cells at the required time and place. Polymer-electrolyte fuel cells
(PEFC) and anion exchange membrane water electrolysis (AEMWE)
represent superior systems that exhibit high efficiency, offer better power
generation, and meet the desired levels of demand for renewable energies
through hydrogen. However, to facilitate the widespread use of water
electrolysis and fuel cells, efficiency, cost, and lifetime problems must be
resolved.
We are systematically designing and developing new materials from the
molecular level to the device level. In both fuel cells and water electrol-
ysis, different components such as membranes, catalysts, and catalyst
layers share significant functions and work in a well-coordinated man-
ner; hence, the total cell system must be optimized for the best perfor-
mance. The systematic design and development approaches concerning
materials for PEFC and AEMWE will be proposed.
Pore-filling thin electrolyte membranes enable us to achieve high perfor-
mances [1,2] for polymer electrolyte fuel cells. Carbon-free nano Pt al-
loy connected catalysts showed high ORR activity and durability [3,4,5].
Water electrolysis using anion exchange membranes can efficiently pro-
duce hydrogen without using precious metals, and the development of
highly durable anion exchange membranes is key to achieving the tech-
nology [6,7,8,9]. Non-precious metal electrocatalysts can be designed
using materials informatics methodology [10,11,12,13]. These new mem-
brane, catalyst, and cell design strategies will be explained.

References
[1] Y. Oshiba, J. Tomatsu, and T. Yamaguchi. Advances in power
sources: A comprehensive study. Journal of Power Sources, vol. 394,

1Institute of Integrated Research, Laboratory for Chemistry and Life Science, Insti-
tute of Science Tokyo (former Tokyo Institute of Technology)
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systems and their optimization. International Journal of Hydrogen En-
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[3] T. Tamaki, H. Kuroki, S. Ogura, T. Fuchigami, Y. Kita-
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[4] H. Kuroki, T. Tamaki, and T. Yamaguchi. Electrochemical ad-
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Polymer-composite membranes as porous
thin-film electrodes for electrochemical
applications
Anna Volz1 (Lukas.Fischer@uni-due.de), Ignacio Sanjuán2, Co-
rina Andronescu2, Mathias Ulbricht1, Lukas Fischer1

Abstract
In light of the transition toward renewable energy and the electrification
of production processes, various electrolyzer technologies have emerged,
specifically for water, CO2, and N2 electrolysis. However, these technolo-
gies still face significant challenges, particularly in the design of porous
catalyst layers (CLs) and gas diffusion electrodes (GDEs). In each of
these systems, gas-liquid transport processes determine the supply of
substrate to electrocatalytically active sites and the release of formed
products. Consequently, the pore properties of CLs and GDEs are cru-
cial factors in governing this mass transport. However, current fabrica-
tion methods offer limited possibilities for adjusting the pore structure
of CLs and GDEs.
Therefore, we developed a fabrication approach for intrinsically conduc-
tive polymer-composite membranes containing carbon filler, enabling a
pore structure variation through film casting cum phase separation pro-
tocols [1]. These porous composite membranes are a new class of free-
standing thin-film electrodes with potential use in a variety of electro-
chemical applications.
For their use as functional GDEs in CO2 electrolysis, we further es-
tablished a coating procedure to present Cu active sites within defined
regions of the conductive pore system. When used as free-standing cath-
odes in a CO2 flow electrolyzer, these membrane electrodes achieved
Faradaic efficiencies greater than 70% for CO2 electroreduction prod-
ucts at current densities up to 200 mA/cm2. Our data suggests that the
presentation of copper in an electrolyte-wetted, electrically conductive

1Lehrstuhl für Technische Chemie II, Universität Duisburg-Essen, Germany
2Technische Chemie III, Universität Duisburg-Essen, Duisburg, Germany
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pore structure can promote C–C coupling, enhancing C2H2/CO selectiv-
ity by up to threefold. Furthermore, we observed that a large pore size
is essential to facilitate CO2 gas transport to Cu sites after electrolyte
infiltration into the pore. Additionally, our findings indicate that an
anisotropic structure inhibits liquid distribution within the pore system,
reducing the number of CO2 transport pathways blocked by excessive
electrolyte wetting. Similarly, coating a dense Cu film on the outer sur-
face of an anisotropic membrane limited electrolyte uptake into the pore
system of the underlying gas-distributing membrane, which further pre-
vented CO2 transport pathway blockage due to electrowetting at higher
current densities.

To prepare free-standing CLs for water electrolysis, nickel nanoparticles
can be directly blended with a carbon filler-containing polymer casting
solution. This yields porous, conductive membrane electrodes integrated
with an electrocatalyst and exhibiting either anisotropic or isotropic pore
morphology. We showed that these can be employed as cathodic CLs in
an anion exchange membrane (AEM) water electrolyzer without nega-
tively impacting the overall cell resistance compared to a spray-coated
Pt/C CL. Additionally, we found that the pore morphology of the mem-
brane electrodes significantly affects H2 crossover from the cathode to the
anode, highlighting the role of gas-liquid transport. We attributed this
phenomenon to the capillary pressure at the gas-liquid interface within
the pore system, where factors such as pore size gradient, hydropho-
bicity, and surface roughness collectively influence H2 bubble transport
out of the CL. When this transport is inhibited, bubbles accumulate,
increasing contact with the AEM, which in turn enhances H2 solution
into the AEM and ultimately promotes diffusion to the anode side.

In conclusion, our results underscore the potential of membrane fabri-
cation protocols for producing porous thin-film electrodes with tunable
pore structures, as well as the substantial impact that the pore structure
in CLs and GDEs can have on performance in water and CO2 electrol-
ysis.
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Prediction of Conductivity vs. Selectivity
Trends for Membranes Using Non-Equilibrium
Ab Initio Molecular Dynamics
Pang Xiaoxian1, Benedict Schier1, Abhishek Khetan1

(askhetan@modes.rwth-aachen.de)

Keywords: Ion transport, molecular dynamics, ion selectivity, conduc-
tivity, polymeric membranes, CCC-NEMD

Abstract
Membranes that separate the electrolytes while allowing ion transport
are central to the performance of low-cost flow batteries. However, the
design of membranes with optimal ion selectivity, conductivity, and sta-
bility remains a challenge. Particularly, the trade-off between conduc-
tivity and ion selectivity is a bottleneck. Polymeric membranes are espe-
cially difficult to model in MD simulations because of the heterogeneous
structure and long simulation time scales. To observe bulk conductivity
in practical simulations, an often-employed approach is to perform sim-
ulations at elevated temperatures and extrapolate to room temperature
using the Arrhenius relation. The higher kinetic energies of the atoms
at higher temperatures make these jumps more likely at higher temper-
atures. However, this method cannot be applied when phase changes
occur when increasing the temperature or the structure gets abnormally
distorted, which makes the application of an extrapolation nonphysical.
We utilize Chemical-Color-Coded Non-equilibrium molecular dynamics
(CCC-NEMD) simulations to elucidate the mechanisms of ion trans-
port through various polymeric membrane materials. The CCD-NEMD
method applies a field that encourages the occurrence of these jump
events. By using fields with different strengths, it is possible to iden-
tify a region with linear behavior between the field strengths and the
corresponding values for the observed ionic conductivity. This region
can then be used to apply an extrapolation towards a value for a field
strength of zero.
Further, we investigate the effects of membrane structure, charge den-
sity, and functional groups on ion selectivity and permeability. Our work
paves the way for relatively fast prediction of the conductivity vs selec-
tivity trends across any class of membrane materials and for any type of
ion. Using these methods, it would be possible to perform throughput
virtual screening for a diverse range of membranes at the ab initio level

1MODES – Multiscale Modelling of Heterogeneous Catalysis in Energy Systems,
RWTH Aachen, Schinkelstraße 8, 52062 Aachen, Germany
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and to identify promising candidates for experimental validation based
on their predicted conductivity and selectivity.
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New rules and challenges in the water sector –
what´s in for membranes?
Thomas Wintgens1 (wintgens@isa.rwth-aachen.de )

Keywords: Wastewater treatment, water reuse, membrane processes

Abstract
The water sector is facing huge challenges due to different pressures
such as climate change leading to more frequent extreme weather events
such as floods and droughts, degradation of ecosystems which provide
essential services in the water cycle, as well as pollution with an enormous
spectrum of pollutants, many being persistent in the environment [1].
At the same time, environmental regulations are becoming more strin-
gent and require additional treatment and monitoring efforts both in
water supply and wastewater treatment. Among the new regulatory
frameworks within the European Union is, for example, the Drinking
Water Directive (2020/2184), which had to be transposed into national
law by 2023 and includes, e.g., limit values for perfluorinated substances
(e.g., PFAS below 0.5 micrograms per liter), which will pose a challenge
to many utilities having to achieve this target by 2026 [2]. Among the
options to remove this class of mobile and persistent pollutants are two
specific activated carbon types, ion exchange resins, and dense mem-
brane processes such as nanofiltration and reverse osmosis [3].
With respect to wastewater treatment, the re-cast of the Urban Wastew-
ater Treatment Directive (UWWTD) is expected to bring about several
new requirements and indicative targets [4]. The need to remove microp-
ollutants in larger plants (e.g., above 150,000 population equivalents) in
connection with stricter targets for nitrogen removal calls for widespread
upgrades and extensions of municipal plants, which are nowadays largely
equipped with conventional activated sludge systems. While ozonation
and activated carbon (AC) adsorption or combinations of both are al-
ready applied for micropollutant removal in a number of full-scale ref-
erences, the implementation of membrane bioreactor technology with
simultaneous powdered AC dosing is a promising hybrid process with a
number of benefits [5].
Membrane processes become particularly attractive in municipal wastew-
ater treatment when water reuse is envisaged with beneficial use of re-
claimed water in agricultural or urban greenspace irrigation, industry

1Institut für Siedlungswasserwirtschaft / Institute of Environmental Engineering,
RWTH Aachen University, Germany

17



S
3

Water treatment I

(e.g., cooling or process water), or managed aquifer recharge. The Eu-
ropean Regulation (2020/741) for the first time established minimum
requirements for water reuse in agricultural irrigation and defines wa-
ter quality classes for different applications. The strictest water quality
class A for unrestricted irrigation requires an E. Coli count below 10 per
100 mL and a process performance validation procedure including, e.g.,
a 6 log10 reduction target for Coliphages as indicators of viral pathogens
[6]. This ambitious target can typically only be achieved by a com-
bination of mechanical-biological (secondary) treatment plus filtration
(tertiary treatment) and disinfection (e.g., UV-based). The filtration
step can be carried out by membranes (e.g., micro- or ultrafiltration,
also in membrane bioreactors) but, also due to the multi-barrier con-
cept, porous membranes do not replace a final disinfection step. Dense
membrane processes play a role in very high-quality applications such as
indirect potable reuse, but only a few cases exist so far in Europe [7].
Membranes are also widely used in industrial water systems and have
possible applications in resource recovery from waste streams (e.g., phos-
phorus from sewage sludge ash) [8]. A key sustainability aspect is related
to the management of brines and the options to recover valuable com-
pounds from them [9]. While there is a range of prospects for membrane
applications in the water sector, challenges remain mainly related to in-
vestment and operation cost, operational ease, as well as energy demand
and concentrate disposal or utilization.
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Polymer Membrane Modification Using
Electron Beam Irradiation for the Removal of
Endocrine Disruptors from Water
Zahra Niavarani1 (zahra.niavarani@iom-leipzig.de), Daniel Bre-
ite, Agnes Schulze

Keywords: Microfiltration, Water treatment, Electron beam, Endocrine
disrupting chemicals

Introduction
The increasing detection of endocrine-disrupting chemicals (EDCs) in
water sources has raised significant environmental concerns. These chem-
icals can interfere with hormonal systems at low concentrations, posing
risks to wildlife and human health [1]. Conventional water treatment
processes often fail to remove these persistent pollutants, necessitating
more effective and economically feasible technologies.

1Leibniz Institue of Surface Engineering (IOM), Germany
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Membrane technology has shown great promise in removing EDCs from
water. In this study, electron beam irradiation is used to modify micro-
filtration membranes, significantly enhancing their adsorption capacity
and selectivity for EDCs.

Materials & Methods
To enhance the adsorption efficiency of polyethersulfone (PES) mem-
branes, urethane functional groups were introduced through surface mod-
ification. The process involved soaking the PES membrane in a polyvinyl
alcohol solution followed by electron beam irradiation to create reactive
sites. Subsequently, the membrane was treated with hexamethylene di-
isocyanates in n-hexane to form urethane groups. Another approach
utilized precipitation polymerization to synthesize adsorber and selec-
tive polymer particles, which were integrated into the membrane using
nonsolvent-induced phase inversion and secured by electron beam irradi-
ation. The modified membranes underwent characterization using SEM,
FTIR, and contact angle measurements to confirm successful modifica-
tion. Their adsorption efficiency was tested through dynamic adsorption
experiments simulating real-world water treatment conditions.

Results & Discussion
Adsorber microfiltration membranes were developed to efficiently remove
EDCs from water. Modifying the surface of PES microfiltration mem-
branes with urethane functional groups significantly enhanced their ad-
sorption capacity towards specific EDCs, likely due to the formation
of hydrogen bonds [2][3]. Additionally, incorporating adsorber polymer
particles within the membrane structure led to a substantial increase in
adsorption capacity [4]. The introduction of molecularly imprinted poly-
mer (MIP) particles into the membrane matrices imparted selectivity,
enabling the membranes to selectively adsorb target molecules [5]. The
modified membranes demonstrated superior adsorption capacities com-
pared to conventional nanofiltration membranes and offered the advan-
tages of high water permeability and operation without the need for high
pressure. Figure 1 demonstrates the dynamic removal mechanisms of the
modified membranes. Furthermore, these membranes maintained their
adsorption capacity across multiple adsorption cycles after undergoing a
regeneration procedure, highlighting their potential for sustainable and
efficient water treatment applications.
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Figure 1: PES membrane integrated with polymer adsorber particles for
the dynamic adsorption of EDCs from water.
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Introducing Powdered Activated Carbon
Counter Flow to an Inline-Dosing Membrane
Hybrid Process – Impacts on Membrane
Performance
M. Zimmermann1 (zimmermann@isa.rwth-aachen.de), M. Hoff-
mann2, C. Staaks2, B. Aumeier3, T. Wintgens1

Keywords: Membrane Hybrid Process, Ultrafiltration, Adsorption, Ad-
vanced Wastewater Treatment

Abstract
Drastic changes in climatic conditions and the hereby increased pres-
sure on existing water resources require the exploitation of alternative
water resources. The reuse of municipal wastewater in agricultural ir-
rigation can provide a stable water supply in water-scarce areas. This
non-potable reuse requires advanced treatment of wastewater treatment
plant efÒuents, including disinfection and removal of organic micropol-
lutants [1]. Ultrafiltration membrane hybrid processes allow for near-
complete disinfection, as well as organic micropollutant removal when
utilizing powdered activated carbon (PAC) as an adsorbent [2].
Such a hybrid process has been operated in pilot scale in this study for
a duration of over two years, utilizing real wastewater as influent. After
conventional biological treatment, PAC was dosed prior to a DuPont
Water Solutions/ inge GmbH Multibore® hollow fiber membrane. The
treatment capacity of the process was 500 L/h respectively for two treat-
ment trains. One mimicking a conventional Ulm Process including a
contact reactor for activated carbon accumulation, the other represent-
ing a novel inline-dosing concept. In this inline-dosing approach, the
required contact volume is reduced to less than one minute, which is
possible by utilizing fine PAC products with increased adsorption ki-
netics. Ultimately, a PAC counter-flow scheme was introduced to the
process, which allowed for a vast reduction in required PAC dosage by
up to 50% compared to the inline process without recirculation.
Within this study, we investigated the impact of variations in the inline
adsorption parameters (contact time, PAC dose, PAC size) and of the
PAC counter flow on the performance of the ultrafiltration membrane.

1Institute of Environmental Engineering (ISA), RWTH Aachen University, Mies-
van-der-Rohe-Str. 1, 52074 Aachen, Germany

2Dupont Water Solutions / inge GmbH, Germany
3Urban Water Systems Engineering, TU München, Germany
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Depending on the prevailing setting, permeabilities (normalized to 20°C)
of around 300 L/(m² h bar) could be reached despite a challenging wa-
ter matrix. The vast reduction of required carbon dosage (compared to
other studies without a recirculation [3][4]) by the counter-flow scheme
does not seem to influence the performance of the membrane plant mean-
ingfully.
It is expected that the combined treatment that this hybrid process of-
fers will provide meaningful cost synergy and improved ecological eval-
uation, offering a long-term resilient treatment option, with a life cycle
assessment pending.
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Composite Hollow Fiber Nanofiltration
Membranes via Chemistry in a Spinneret
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Abstract
The fabrication of composite membrane structures typically requires sev-
eral procedurally complex membrane modification steps. In recent years,
we have demonstrated that the scalable technology basis of ”Chemistry
in a Spinneret” serves as a one-step fabrication process for composite
hollow membranes, providing an intelligent alternative for the multi-
step membrane modification processes. The formation of a porous hol-
low fiber membrane acts as an underlying process superimposed with
chemical reactions and/or ionic interactions of additives occurring at
the interface of the polymer solution and lumen fluid.
In this paper, we present three different material systems that have been
successfully converted into composite hollow fiber nanofiltration mem-
branes using the ”Chemistry in a Spinneret” technology.

1University of Twente, The Netherlands
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in the permeate [3], which may form harmful disinfection byproducts
[4]. Early scaling detection, i.e., before measurable permeability loss,
could allow adjusting the operation in time to counter incipient scaling,
e.g., by lowering the recovery or performing a forward flush. This could
presumably reduce or even avoid the addition of ASs.
This study investigated various options for early CaCO3-scaling detec-
tion in conventional and continuous plug flow reverse osmosis (PFRO)
and upcoming discontinuous operation as closed-circuit RO (CCRO) on
a pilot and bench scale. The pilot plant was equipped with two series
of four-inch spiral wound RO elements (∼16 m²). The bench-scale plant
has one 2.5-inch RO element (∼2.6 m²). Both plants can be operated
as conventional PFRO with concentrate recirculation or as CCRO and
were fed with a real water matrix inducing CaCO3-scaling (SIFeed ∼

0.4).
The results of the PFRO operation showed that CaCO3-scaling can be
seen early in dropping concentrate pH, typically multiple hours before
the permeability starts to fall. Other parameters manifesting membrane
scaling, e.g., lowered retention and increasing pressure loss, reacted sig-
nificantly later than the pH drop. CCRO operation confirmed early
detection by the concentrate pH. Moreover, the cyclic nature of CCRO
facilitates incipient CaCO3-scaling detection. A steady increase in con-
centrate pH showed no scaling tendency within a closed-circuit mode
(i.e., no concentrate discharge). In contrast, flattening the pH and even
dropping the pH in the closed-circuit mode indicated incipient CaCO3-
scaling way before dropping permeability. Using the concentrate pH as
an early CaCO3-scaling detection tool allowed both PFRO and CCRO to
operate on the edge of CaCO3-scaling without AS dosage. A CCRO ex-
periment using the concentrate pH as a control parameter was conducted
for over 50 days. Therefore, the recovery was lowered (i.e., reduced
closed-circuit time) whenever a pH drop was detected, which allowed to
counter membrane scaling and prevent heavy permeability drops.
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concentrate toxicity following application of antiscalants - Acute toxicity
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Hollow Fiber Nanofiltration Membranes - From
colour removal to efficient total solutions
Henk Koops1 (h.koops@nxfiltration.com)

Keywords: hollow fiber nanofiltration, total solution, wastewater, sur-
face water, micropollutants, PFAS, colour removal

Abstract
NX Filtration started in 2016 with industrial scale production of hollow
fibre nanofiltration (HFNF) membranes, which were developed at the
University of Twente. Now, 8 years later, the company is listed at the
Euronext Amsterdam Stock market, moved into a brand new large scale
production facility, has 3 product portfolio’s, and is growing fast, both
in the number of projects sold, and in size of the projects. This pre-
sentation shows how NX Filtration developed as a company in those 8
years, starting with HFNF removing colour from rivers in Indonesia up
to total solutions for producing high quality water from secondary mu-
nicipal wastewater and surface water with HFNF at the core: the two
sweet spot applications for HFNF. The hollow fibres are kept clean easily
(forward flush and backwash) as it has a smooth flow path (spacer free)
and are chlorine tolerant for disinfection. This makes NX Filtration’s
HFNF a key enabler for sustainable and affordable water treatment.
Initially, with its low fouling properties, NX Filtration focussed on HFNF
for direct surface water treatment, and booked its first large scale suc-
cess in Dumai, Indonesia (4 MLD) on river water treatment in 2020. A
simple strainer (130 micron) as pre-treatment followed by HFNF, pH ad-
justment and post chlorination resulted in perfectly clear, clean and safe
drinking water. The main challenge here was removing colour (humic
acids). Several similar large scale applications followed since; Fossmark,
Sweden (0.9 MLD), multiple containerized solutions in Canada, and
three more in Indonesia: Meranti (1 MLD), Bengkalis (4.8 MLD) and
Medang Kampai (10 MLD). And at the same time many more projects
are in the pipeline, varying from pilot phase, up to project development,
in South East Asia, Scandinavia, and North America.
NX Filtration quickly learned that their HFNF is a key enabler in munic-
ipal wastewater treatment and drinking water production from surface
water. The application of HFNF often creates an efficient total solution
when the membrane is more open and combined with other treatment
technologies. This might seem counterintuitive as one wants to remove
as much organic molecules as possible. True, but the HFNF does not

1NX Filtration, The Netherlands

34





S
5

Process engineering

limited pre-treatment, making the addition of coagulants and floccu-
lants obsolete. The HFNF allows monovalent ions to pass. The limited
bi-valent ion retention ensures that the process does not require anti-
scalants, remineralization, and results in a relatively easy-to-discharge
concentrate stream. Last but not least, the hollow fibres can be kept
clean easily (forward flush and backwash) as it has a smooth flow path
(spacer free), are chlorine tolerant (for disinfection) and back-washable.
This makes NX Filtration’s HFNF a key enabler for sustainable and
affordable water treatment.

Microsieve bulk filtration (an update)
Franz Liebermann1 (fl@microsieve.net)

Abstract
Microsieves are membranes made from silicon wafers using micro-engineered
manufacturing processes known in the semiconductor industry for micro-
filtration. Microsieves are almost ideal and inert membranes character-
ized by uniform pores from 0.1 to 10 microns. Bulk filtration based on
microsieves is a difficult task. Challenges include very fast pore clogging
and blocking, breaking membranes, up-scaling to industrial level vol-
umes, in-line hydrophilization, membrane integrity testing, and more.
MicroSieve Technology has solved these challenges by developing new
microsieves adapted to its proprietary, patented, and scalable high fre-
quency flow reversal (HFFR) technology. This technology is designed
to keep the microsieve pores open and allow stabilizing the high flux
specific to microsieves without breaking.

1MicroSieve Technologies
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Recent and Potential Use of Membrane
Contactors for the Hydrogen Industry
Norbert Selzer1 (nselzer@solventum.com), Martin Ulbricht1

Keywords: Hydrogen, membrane contactor, water treatment, degassing

Introduction
The increasing generation and use of hydrogen plays an important role
as part of the necessary technology changes towards climate protection.
This also requires an adaptation of auxiliaries, such as the treatment of
water. Among several other membrane technologies, membrane contac-
tors are already regularly used for the specific requirements of hydrogen
generation. This presentation provides an overview of already estab-
lished applications in the generation of grey, blue, green, etc. H2, and
mentions recent developments and potential applications on both the
generation and use sides of the hydrogen industry.

Feed Water to Electrolysis
The dominant application is CO2 removal from water. PEM electrolyz-
ers typically require the highest efficiency of ion removal, making CO2

removal essential upstream of polishing steps like Electrodeionisation
(EDI) or mixed resin beds. Alkaline stacks are less sensitive to residual
ions but require CO2 removal up to very low levels to avoid precipitation
of carbonates. Membrane degassing is the state-of-the-art technology for
physical inline CO2 removal from water. Recent projects also investigate
N2 removal from feed water to support higher H2 gas purity.

Hydrogen Generation by Steam Reforming
The established use of membrane degassing involves O2 removal as part
of the water treatment for the steam system. Compared to traditional
thermal degassing, a higher level of flexibility and efficiency may be
achieved with lower installation efforts. The potential use of membrane
contactors for capturing CO2 to produce blue H2 from grey H2 is a recent
research target.

Flexible H2-Fueled Combined Cycle Thermal Power
Beyond hydrogen use in industrial processes or transportation, its op-
portunities for balancing/buffering renewable electric power are of major

13M Healthcare Germany GmbH, Germany
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Electromembrane technologies for sustainable
chemical industry: technology ranking and
industrial perspectives
Michele Tedesco1 (michele.tedesco@tno.nl)

Abstract
Electromembrane technologies can be broadly defined as technology aim-
ing to (selectively) recover or remove a target compound by means of ion
exchange membranes under the effect of an applied electric field. Ini-
tially developed for desalination and water treatment applications, elec-
tromembrane technologies (such as, e.g., electrodialysis, bipolar electro-
dialysis, electrodialysis metathesis, shock ED) are receiving increasing
attention across different sectors, with the possibility to unlock novel
sustainable applications [1]. In fact, such technologies offer several ad-
vantages, i.e., modularity (ease of scale-up), flexibility (rapid ramp-
up/down), mild operating conditions, enhanced mass transfer given by
the electric field, easy reaction kinetics control, and metering of prod-
ucts.
In this contribution, we will present the results of our analysis on dif-
ferent electromembrane technologies (e.g., electrodialysis and related
processes), including a qualitative ranking based on a list of technical
and environmental key performance indicators, as well as a number of
promising industrial applications (including, e.g., metal recovery, car-
bon capture [2], biobased downstream processing). Based on this initial
ranking, we have identified the most promising electromembrane technol-
ogy for each specific application and experimentally investigated bipolar
electrodialysis for selective carboxylic acid recovery as a case study.
Finally, we will present our results of the techno-economic analysis, to
assess the economic viability of each investigated concept. Notably, al-
though energy efficiency is often mentioned as an advantage, our analysis
shows that such a statement is strictly process-dependent and therefore
cannot be generalized. CAPEX/OPEX should be estimated case by case
and benchmarked against the best available thermally-driven alternative.

References
[1] G. Mutch. Electrochemical separation processes for future societal
challenges. Cell Reports Physical Science, vol. 3, pp. 100844, 2022.

1TNO, Sustainable Process and Energy Systems, Kessler Park 1, 2288 GS Rijswijk
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Blood purification beyond Low- and High Flux
membranes for ESRD patients
Bernd Krause1 (bernd_krause@baxter.com) , Markus Storr

Keywords: Blood Purification, Medical Devices, Membranes

Abstract
The majority of the approximately 5 million patients worldwide with
end-stage renal disease (ESRD) currently undergo treatment via extra-
corporeal blood purification using low- or high-flux membranes. How-
ever, are there innovative approaches to enhance morbidity and mortality
outcomes for patients reliant on blood purification? This presentation
explores three distinct concepts where advancements in membrane tech-
nology hold the potential to significantly improve patient outcomes.
(i) As dialysis membrane technologies have advanced, the ability to clear
increasing numbers of uremic toxins has occurred. To date, however, the
class of uremic toxins known as large middle-molecules has been clas-
sified as “difficult to remove.” Expanded hemodialysis (HDx) utilizes
a new generation of MCO membranes; these membranes provide the
ability to remove large middle-molecules effectively for the first time,
without significant albumin loss. Clinical studies indicate that HDx
can improve clinical outcomes such as patient mortality and morbidity
versus conventional high-flux hemodialysis. HDx has been shown to im-
prove patient-reported quality of life aspects of kidney disease, including
symptom burden, restless legs syndrome criteria, pruritus, and dialysis
recovery time. HDx therapy has the potential to reduce the total cost
of care, primarily driven by potential reduction of cardiovascular events,
infections, medication usage, all-cause hospitalizations, hospitalization
rate and length of stay.
(ii) Liver failure (LF) is associated with significant morbidity and mor-
tality and can occur in the presence or absence of underlying chronic
liver disease. Acute-on-chronic liver failure (ACLF) generally presents
after an acute decompensation in a patient with preexisting liver disease
or cirrhosis. In contrast, acute liver failure (ALF) arises in the absence of
underlying chronic liver disease. The underlying mechanisms involved in
LF are multifactorial and are associated with the accumulation of hepa-
totoxins, including proinflammatory cytokines, and endotoxins released
from intestinal flora and with alterations in the functional capacity of
albumin. Impaired hepatic clearance of these toxins leads to a cascade

1Gambro Dialysatoren GmbH, Holger-Crafoord-Straße 26, 72379 Hechingen,
Deutschland
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bumin protein or industrial lipase enzyme. By employing a design of
experiments approach, models were developed to predict the protein
grafting yield or enzymatic activity respectively. The effectiveness of a
lipase-modified membrane was demonstrated by the enzymatic removal
of olive oil fouling in successive filtration and self-cleaning cycles. To un-
derstand the mechanism of this radiation-based functionalization, static
quantum chemical calculations were performed to investigate the cou-
pling of two small model molecules, glycine and taurine.

Results & Discussion
PVDF membranes were effectively modified with albumin protein, re-
sulting in an optimized coverage of approximately 1000 mg/m² (using
11.5 g/L albumin, 2.7 min incubation time, 117 kGy electron beam dose)
[1]. A model to predict the grafting yield was confirmed and used to re-
duce process costs significantly compared to literature. Subsequently,
this technique was applied to immobilize an industrial lipase on PVDF
to create lipolytic membranes used in fouling tests with olive oil [2].
By placing the strongly fouled membranes in an aqueous buffer at 37
°C, complete restoration of filtration performance was achieved within
3 hours. Surface characterization using SEM, XPS, and FTIR spec-
troscopy confirmed the results. Finally, a reaction mechanism was pro-
posed which was supported by density functional theory calculations,
molecular dynamics simulations, and experimental investigations [3]:
Exposure to high-energy electrons leads to activation of the polymer
material, primarily by generating radical sites. Furthermore, radioly-
sis of water as solvent results in the generation of reactive species like
OH and H radicals or solvated electrons, which subsequently activate
the dissolved biomolecules mainly through H-abstraction reactions. Ul-
timately, immobilization via the establishment of covalent bonds is ac-
complished through radical recombination between activated polymer
and biomolecules.

References
[1] Schmidt, M.; Abdul Latif, A.; Prager, A.; Gläser, R.;
Schulze, A. Frontiers in Chemistry, 2022, 9, 804698.

[2] Schmidt, M.; Prager, A.; Schönherr, N.; Gläser, R.; Schulze,
A. Membranes, 2022, 12, 599.

[3] Schmidt, M.; Zahn, S.; Gehlhaar, F.; Prager, A. et al. Poly-
mers, 2021, 13, 1849.
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Figure 2: Initial concept design of the combined lung and kidney assist
device.
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Membrane reactors for chemical production
F. Gallucci1 (f.gallucci@tue.nl)

Keywords: Membrane reactors, carbon membranes, Pd membranes

Abstract
Process Intensification is an important topic for the chemical industry
as it can lead to an increase of energy efficiency and hence a decrease of
anthropogenic CO2 emissions. Process intensification can be achieved in
different ways, and one is the integration of process functions in a single
unit. In this respect, one can integrate the reaction and the separation
in a single unit (a membrane reactor is an example).
Membrane reactors have been explored for different chemical production.
Examples are CO2 conversion, ammonia production, hydrogen produc-
tion, etc.
In this talk, we will be focusing on the use of Pd membranes and car-
bon membranes both for dehydrogenation reactions such as reforming,
cracking, and dehydrogenation reactions, where hydrogen is the main
product or a by-product. Additionally, we will discuss the use of porous
membranes for the production of chemicals such as DME and methanol
production from CO2, ammonia production as energy storage, etc.
The talk will summarize the research results of different projects such
as Arenha, Biocomem, Andreah, Macbeth, and Ambher, which have
received funding from Horizon Europe or Horizon2020 workprogrammes.

1Inorganic Membrane and Membrane Reactors, Sustainable Process Engineering,
Eindhoven University of Technology, Eindhoven, The Netherlands
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performed to produce the more soluble salt lithium hydroxide (LiOH),
which can be concentrated simultaneously. [4]
LbL nanofiltration membranes show promising separation performance
for monovalent/multivalent cation and anion separation. FCDI provides
excellent anion/cation separation, enabling an innovative LIB recycling
process. Both membrane technologies enable Li+ recovery from salt lake
brines and an innovative LIB recycling process for sustainable, contin-
uous, and energy-efficient lithium recovery. In this study, we showcase
LbL membranes as well as IEMs incorporated into FCDI as a suitable
technology for Li+ recovery from various sources.
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Design of High-Performance Gas Separation
Membranes: From Research to Translation and
Commercialization

Ingo Pinnau1 (ingo.pinnau@kaust.edu.sa)

Abstract

Membrane-based gas separation systems were first introduced in the
early 1980s for hydrogen recovery with polydimethylsiloxane-coated poly-
sulfone hollow fibers and carbon dioxide removal from natural gas using
cellulose acetate flat-sheet membranes. Since then, the gas separation
application spectrum has continuously grown by applying glassy polymer
membranes (e.g., tetrabromo-polycarbonate, polyimides, poly(phenylene
oxide)) for nitrogen production and dehydration of air, CO2 removal
from biogas, etc. Reverse-selective rubbery silicone-based thin-film com-
posite membranes were introduced for the recovery of organic vapors
such as olefins from nitrogen-containing off-gases in the petrochemical
industry in the mid-1990s. Currently, the annual membrane gas sepa-
ration business has been estimated to be in the range of 1–1.5 billion
USD.
Although hundreds of advanced membrane materials with significantly
improved permeability and selectivity have been developed over the past
three decades for a wide variety of industrial applications, only very few
have been translated into high-performance membranes with properties
sufficiently suitable for scale-up and commercial deployment. In fact,
most industrially successful gas separation membranes are still made
from commercial polymers with materials performance below the 1991
Robeson performance ‘upper bounds’. The limitations of newly devel-
oped membrane materials for gas separation applications are often linked
to (i) materials scale-up, (ii) poor processability, (iii) insufficient me-
chanical properties, (iv) poor long-term stability, e.g., physical aging,
(v) materials cost, and others.
This presentation will highlight some examples that overcame these bot-
tlenecks and strategies to more efficiently translate and commercialize
academic materials research in necessary collaboration with industrial
membrane producers.

1Chemical Engineering Program, Physical Science and Engineering Division, King
Abdullah University of Science and Technology, Thuwal, Saudi Arabia
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the swelling of polymer chains, which allows the H2S molecules to pass
through, but there is still significant competitive sorption between con-
densable gases (H2S, CO2, and H2O) versus CH4, which helps in pre-
serving or slightly increasing selectivity. Based on the obtained results
at various pressures, temperatures, and different gas mixtures of sour gas
(15% H2S) with heavy hydrocarbons (up to butane, toluene), and up to
high levels of humidity, it is evident that the performance and the sta-
bility of the investigated materials is promising. With the improvement
of selectivity due to the combination of H2S plasticization and competi-
tive sorption in the presence of humidity, membrane technology can be
attractive for humid high H2S natural gas feed streams.

Conclusion

In the current work, the performance of various membrane materials
in H2S-containing natural gas mixtures (up to 15 mol% H2S) including
various levels of humidity and in the presence of higher hydrocarbons
such as toluene. Based on different feed-gas process conditions, the sep-
aration performance and the stability of the investigated materials are
promising. Thanks to the combination of H2S plasticization and com-
petitive sorption in the presence of humidity observed experimentally,
membrane technology can be attractive for humid natural gas streams
with high H2S content.
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High Throughput Simulation (HTS) of Gas
Separation Processes and the Application of AI
Peter Kreis1 (peter.pk.kreis@evonik.com), Leif Nett1, Markus
Priske2

Keywords: High throughput simulation, Gas separation, Membrane
processes, Artificial intelligence, Multi-stage processes

Abstract
Resource efficiency is a decisive factor for the success of the chemical in-
dustry. One approach for the development of more efficient downstream
processes is the early consideration of innovative separation processes,
such as membrane processes, in process development. Membrane pro-
cesses are increasingly applied, especially for the separation of gaseous
mixtures. Industrial examples include upgrading of technical gases (hy-
drogen, helium, synthesis gas), biogas and natural gas, recovery of con-
densable valuable products from exhaust gases, and CO2 capture.
Existing limitations in single-stage processes in terms of purity and yield
can be overcome by intelligently combining membrane processes into
multi-stage processes. Here, detailed/rigorous mathematical models are
used for process design, which are usually integrated into commercial
process simulation software. In order to take into account relevant influ-
ences of the operating parameters and non-idealities on the membrane
separation and thus also to determine an optimal process configuration,
very extensive simulations are necessary. This is where a method for
High Throughput Simulation (HTS) starts, in order to run the complete
parameter field in a very short time despite a combinatorial explosion in
the parameter variation.
Examples of this include simple one-stage separations up to 2, 3 or 4
stage membrane processes, as well as the application of machine learning
tools to predict the relevant parameters in (milli)seconds.

1Evonik Operations GmbH, Process Technology & Engineering, Germany
2Evonik Fibres GmbH
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filtration; …) on coated membrane structure and separation performance
were studied in detail. Correlations between the extent of flux decline
during reactive coating as a function of parameters and the resulting
coating thickness with impact on coated membrane permeance were es-
tablished. Information from such correlations was then utilized for the
transfer to spiral-wound modules, for example by keeping all “chemi-
cal” and almost all “engineering” parameters constant and only varying
the duration of reactive filtration, to ensure on the one hand a suffi-
cient thickness of the coating to improve fouling resistance but on the
other hand to limit the reduction of permeance to < 10%. Detailed
characterizations, including autopsies of modules, yielded information
about structure and homogeneity of the coating. Salt rejection was
slightly improved, which can be explained by the “repair” of defects in
the membranes by the coating. Lab- and pilot-scale studies confirmed
the improvement of overall separation performance due to the antifoul-
ing coatings for most investigated application scenarios. Parallel lab-
scale studies also yielded deeper insights into the interplay of different
foulants and the specific antifouling coating structure, with consequences
for the success of fouling mitigation [4]. The chemical stability of the
polyacrylate-based zwitterionic hydrogel coating allows the use of acid
cleaning, but it also enables the removal of a used (and no longer func-
tional) coating under alkaline conditions, with the option to thereafter
recoat the membrane to renew the antifouling functionality.
Finally, implications of the results of this work for methodologies that
will enable a “second life” of the rapidly growing number of end-of-life
(spiral-wound and other) membrane modules will be outlined, and first
results toward recycling of used RO membranes by initially removing the
polyamide layer and then applying a NF-selective layer will be presented.
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3.2.1.

(b) Polyamide morphology for (1) pristine (2) flat compacted (3)

patterned prepared at 90 bar, 90°C, 30 min

2 µm 2 µm
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2 µm

Type of Membrane PWP 

(LMH/bar)

NaCl retention

(%)

Increase in active 

surface area (%)

Pristine Flat-sheet TFC 4.4 ± 1.0 97.9 ± 0.1 -

Patterned TFC 50 bar 2.5 ± 0.2 96.5 ± 0.5 13

Patterned TFC 70 bar 2.6 ± 0.4 97.8 ± 0.8 22

Patterned TFC 90 bar 3.4 ± 0.5 97.4 ± 0.2 27

Fig.1. Pattern fidelity, topographical analysis, and performance for surface-patterned TFC membranes vs. pristine flat membrane.
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Development of a Ceramic Membrane-Based
Process to Re-Refine Used Lubricant Oil
A. Buekenhoudt1 (anita.buekenhoudt@vito.be), P. Vandezande,
H. Richter, M. Weyd, C. Pflieger, A. Perez, W. Riedl

Keywords: Ceramic membranes, Membrane extraction, Grafting, Lu-
bricant oil, Pilot demonstration

Abstract
The EU project CUMERI aims to develop and demonstrate innovative
customized membranes for greener and more resilient industries. De-
velopments focus on two specific applications: H2 recovery with CO2

capture from coke oven gas in the steel industry, and two-step liquid fil-
tration to re-refine Used Lubricant Oil (ULO) in the oil & gas industry.
This contribution focuses on the Liquid Treatment Line where we en-
vision that ultrafiltration (UF) followed by membrane extraction (ME)
can replace current energy-intensive distillation-based re-refining.
ULO is a highly viscous stream containing, in addition to the base lubri-
cant oil, some water, diesel, naphtha, and a high level of metal-containing
impurities from lubricant additives, fouling, and wear. The viscosity di-
rects to a high-temperature treatment with robust ceramic membranes
for both UF and ME steps. Tuning of the chemistry of the membranes
by grafting can further optimize process performance and stability in the
low polarity oil. Experiments have shown that UF leads to a first impor-
tant purification step, while ME can be used as a further metal polishing
step. Results encompass fluxes, retentions, extraction rates, and efficien-
cies in lab-scale screening and parameter optimization in medium-scale
proof-of-concept tests. Modeling is used for understanding and simula-
tions. The processes are fine-tuned in collaboration with an industrial
partner and end-user in the project.
In the next step, the two-step process will be demonstrated at TRL7
on-site at the end-user. To this end, an existing mobile ATEX filtration
pilot unit from VITO will be used, adapted to the specific CUMERI
needs. TEA and LCA have already been applied to gain first insights
into economic and ecological benefits compared to the benchmark, and
to pinpoint the most important membrane and process parameters to
optimize.
The CUMERI project has received funding from the European Union’s
Horizon Europe Research and Innovation programme under Grant Agree-
ment No. 101091812.

1VITO, Belgium
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Preparation and Testing of Sustainable
Membranes for MD Applications
A. Figoli, F. Galiano, M. Frappa1 (m.frappa@itm.cnr.it), E.
Drioli, O. Lorain, L. Leva, W. Yave, A. Angelini, A. Ali, H. F.
Sulaiman, M. Fasano, A. Tiraferri, F. Macedonio

Keywords: Green solvent, Sustainability, Membrane preparation, Mem-
brane Distillation

Introduction

MEloDIZER is a European project funded under the Horizon Europe
programme 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 trans-
form membrane distillation (MD) into products that benefit industry and
society [2]. The best design of this technology, when combined with the
most appropriate membranes and mix of renewable energy resources, is
the key to its effective application in different fields, both in industry
and on a domestic or community scale.

Experimental/Methodological

One of the main activities of the first 18 months of the project was the
fabrication and testing of PVDF-based membranes through the use of
non-toxic solvents (e.g., N-butylpyrrolidone with the trade name Tami-
solve) in both hollow fiber and flat-sheet configurations. Subsequently,
in order to improve the MD performance of the membranes, they were
coated with a fluorinated oligomer (trade name Fluorlink®), and the per-
formance of the coated and uncoated membranes was compared. More-
over, the preparation and coating procedure were optimized to promote
industrial scale-up.

1Institute on Membrane Technology - National Research Council (ITM-CNR) c/o
University of Calabria, Italy
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Results and Discussion
The characterization of the fabricated membranes proved that the PFPE
coating improved the hydrophobicity of the PVDF membranes. In par-
ticular, for commercial-based PVDF membranes, the contact angle in-
creased from 132° to 150°. The performance of the various PVDF mem-
branes was evaluated in MD devices using different synthetic and real
wastewater solutions as feed in strong cooperation between the various
partners involved in this activity (e.g., CNR-ITM, Aalborg University,
Deltamem, Polytechnic of Turin, Polymem).
The comparison of the results achieved in the experiments allowed the
identification of the best-performing membranes and operating condi-
tions. For example, it was determined that the commercial-based PVDF
membranes with coating did not get wet and maintained very high rejec-
tions when used in VMD configuration at permeate pressure not lower
than 10 kPa or at feed temperature equal to or lower than 60-63°C.
Furthermore, the analysis of real wastewater samples made it possible
to identify which samples require pretreatment before concentration via
the MD process.

Acknowledgments
Funded by the European Union (Grant Agreement #101091915
MEloDIZER HORIZON-CL4-2022-RESILIENCE-01). Views and opin-
ions expressed are, however, those of the author(s) only and do not
necessarily reflect those of the European Union or the European Health
and Digital Executive Agency (HADEA). Neither the European Union
nor the granting authority can be held responsible for them.

References
[1] MEloDIZER Project. Available at: https://www.melodizer.
eu/.

[2] Zou, D.; Nunes, S.P.; Vankelecom, I.; Figoli, A.; Lee, Y.M.
Green Chem., 2021, 23, 9815-9843.

81

https://www.melodizer.eu/
https://www.melodizer.eu/




S
12

L 12.3 — R. Verbecke

Epoxide-based membranes: an emerging
platform for liquid and gas separations
Dr. Rhea Verbeke1 (rhea.verbeke@kuleuven.be)

Keywords: Epoxide chemistry, robust membranes, interfacial poly-
merization, nanofiltration, gas separation

Abstract
Epoxide chemistry has been applied for many decades in a variety of in-
dustries owing to its excellent chemical, physical, and thermal resistance
and the simple tunability of its chemical composition. However, in mem-
brane technology, the use of epoxides for membrane synthesis has only
recently been demonstrated by our group. In this presentation, I would
like to give an overview of our research on epoxide-based membranes
[1-5] and demonstrate that it can serve as a novel synthesis platform for
liquid and gas separations.
The different membrane synthesis techniques that can be used to make
epoxide-based membranes, such as thin-film composite (TFC) mem-
branes and integrally skinned asymmetric (ISA) membranes, will be
highlighted. To underline the versatility of epoxide chemistry and the
available polymerization mechanisms, membranes with vastly different
performances and physicochemical properties will be shown. To im-
prove salt rejection for desalination applications and achieve CO2/N2

selectivity for gas separations, further densification of the interfacially
polymerized thin film by inducing additional cross-links is required.
Besides desalination and CO2/N2 separations, the epoxide-based mem-
branes could also purify aqueous streams containing solvents and were
stable for 5 days in organic solvents. The membranes are also intrinsi-
cally thermally stable (up to 350 °C) and chemically stable in oxidizing,
caustic, and acidic environments, as demonstrated by their full stability
in sodium hypochlorite, NaOH (pH 14), and HCl (pH 0), respectively.
Thanks to their intrinsic high robustness and high degree of tunability,
the epoxy-based membranes may therefore lay the foundation for a new
generation of stable membranes for liquid and gas separations.
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Tips for Developing Thin Film Composite
Hollow Fiber Membranes by Dip Coating
Oguz Karvan1 (o.karvan@emi-twente.nl), Jurjen Regenspurg,
Ilse Pierik, Ozlem Kap, Patrick de Wit
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Abstract
The thin film composite (TFC) approach using the dip coating technique
is a simple and flexible option to utilize selective membrane materials
that are either unable to fabricate self-standing films or fibers or are
too expensive to use as the porous supports of integrally asymmetric
structures. Besides the porous support and the selective layer, depending
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Figure 1: Degradation of propranolol over time for 10 cycles (each 3 h)
under UV light activation.
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effect on an esterification reaction is examined. From the system point
of view, a harmonization procedure has been developed to coordinate
the different analyses (techno-economic, environmental, social, and cir-
cularity) to ensure uniformity of the complementary results.

Figure 1: Overview of the modelling activities in MEASURED

Multi-scale Modeling of Membrane Distillation
Demonstrators for Wastewater Treatment and
Desalination in MEloDIZER Project
Aamer Ali, Matteo Fasano1 (matteo.fasano@polito.it), Oliver
Gloth, Joachim Koschikowski, Matteo Morciano, Roberto Raf-
faele Meo, Alba Ruiz-Aguirre, Alberto Tiraferri, Carlos Plana
Turmo, Daniel Winter, Guillermo Zaragoza

Keywords: Membrane distillation, Wastewater recovery, Desalination,
Multi-scale modelling, Solar energy, Computational fluid
dynamics

Abstract
The MEloDIZER project implements high-performance membranes and
modules in strategic applications of membrane distillation (MD) aiming
to advance MD technology significantly. Two prototypes (2-5 m³/day,
0.5-2 m³/day) are demonstrated in industrial facilities (textile, bever-
age, chemical industries) to reuse wastewater (70-90%), thereby reducing
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Introduction
Despite the strong progress in recent years, currently developed mem-
branes do not fully meet the permeation selectivity and chemical / me-
chanical resistance required by the market. While novel nanomaterials
and processing technologies have demonstrated superior performance at
the laboratory scale, their Technology Readiness Level (TRL) remains
low, presenting a challenge for scaling and deployment in industrial set-
tings. The MEASURED project identifies three membrane processes—
membrane distillation, gas separation, and pervaporation—targeted for
scale-up to TRL7 in the chemical industry.
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Versatile fit-for-purpose membranes and
processes
From water, wine and beer to milk & whey filtration and gas
separation

Dr.-Ing. Jens Potreck1 (jens.potreck@pentair.com)

Abstract
1. Ultrafiltration XF75 (and XF53) Development
Innovating the core, that was the starting point for the development of
the new X-Flow XF75 and XF53 Membrane Element. With a fundamen-
tally new UF membrane, a new internal design, and outer dimensions
identical to those of the 55 and 64, the XF75 delivers a performance boost
in a small package. The new X-Flow XF75 Membrane Element looks
exactly the same as the well-known Pentair X-Flow XF64 and XF55
(also known as Pentair X-Flow Aquaflex 64 or Pentair X-Flow Xiga 64)
Elements. However, the new membrane element is only the same on
the outside. The firm’s researchers and product developers have created
a stronger membrane material that enables the fiber’s inner and outer
diameters to be modified, resulting in an impressive extension to 75 m2

of active membrane surface area.
2. Smart S8 and Pentair Q
The BMF +Flux Smart S8 consists of a master controller and mul-
tiple membrane units. The core of the design is that the membrane
units are able to filter and clean independently of each other, making
it a self-foreseeing beer filter. Even when the quality of resources has
fluctuations, the smart steering controller ensures the system runs as ef-
ficiently as possible. Furthermore, the smart steering controller decides
which unit has to run, at which flow rate, and which unit can perform a
cleaning. This implies a reduction of downtime to zero and a non-stop
beer flow!
Pentair’s Pentair Q is the brewer’s virtual assistant to help excel in day-
to-day business. The smart cloud-based software helps optimize the Beer
Membrane Filtration process. Pentair Q’s various dashboards extract
data and turn them into valuable process insights, making manual data
processing a thing of the past. The daily routines of operators and
brewing managers are made easier, so brewers can focus on brewing a
great natural product.
3. Milk & Whey Filtration
Available membrane technologies for the purification, fractionation, and

1Pentair, The Netherlands
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our research aims to investigate thoroughly the effects of concentration
and composition on IEM transport properties. An extensive experimen-
tal campaign was carried out to determine partitioning coefficients, ionic
diffusivities, and membrane conductivity of a commercial homogeneous
cation-exchange membrane equilibrated with multi-ionic solutions over
a broad concentration range, including Na+, K+, Ca2+, Mg2+, and Cl−.
These results provide valuable insights into the behavior of different ions
in IEMs, elucidate the effect of concentration and composition on IEM
transport properties, and through this understanding, pave the way for
advancements in IEM design and modeling.
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in the two-channel configuration, the alkaline SP increased by 25% at
300 A/m² and water consumption was reduced by 50%. This study re-
vealed new potential configurations of interest for applications of EDBM
in circular approaches to produce chemicals.
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Experimental
Surface-patterned TFC membranes were prepared by direct patterning
of commercial FilmTec™ LC LE-4040 membranes via hot embossing
micro-imprinting lithography using a brass mold with regular lines-and-
grooves pattern (line width: 20 µm, line-to-line distance: 20 µm, groove
depth: 10 µm). The flow in the membrane fouling simulator was set
at a constant crossflow velocity of 0.15 m/s. Tracer particles with dif-
ferent characteristics were employed. Shake-the-Box (STB, Lagrangian
Particle tracking) PIV with instantaneous measurement of three veloc-
ity components in a complete 3D measurement volume was employed.
Different operating conditions (with/without permeation, with/without
feed spacer) were examined.

Results and Discussion
Fluid dynamics measurement using STB in spacer-free channels 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 mem-
brane surface in spacer-filled channels are measured to investigate the
joint effects of surface patterning and feed spacer design on hydrodynam-
ics 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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Biofouling visualization in spacer-filled
membrane filtration channels using OCT and
CT
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Abstract
Spiral wound membrane elements are widely applied in reverse osmosis
and nanofiltration, yet they are prone to biofouling [1]. Optical coher-
ence tomography (OCT) has become a key technology for non-invasive
monitoring of biofouling, but imaging challenges arise due to the com-
plexity of detecting and visualizing feed spacers [2, 3, 4, 5]. This study
presents an automated 3D OCT image processing method that utilizes
a computed tomography (CT) scan of the feed spacer to generate a
template, which is then overlaid onto the OCT image. This approach
corrects distortions, reduces background noise, and enables precise visu-
alization and quantification of fouling with reference to the feed spacer
and membrane. By reproducible image alignment, this method allows
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Introduction
Water contamination is a global issue, with groundwater arsenic contam-
ination being a significant concern that affects over 230 million people
worldwide [1]. In response, a three-step water remediation scheme has
been developed, as depicted in Figure 1. Although designed to address
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arsenic contamination, the scheme is versatile and can readily apply
to contaminants such as fluoride, lithium, and various metals and non-
metals. Moreover, it has industrial applications for recovering valuable
metals or products, promoting circularity. The scheme comprises three
components: an adsorption-desorption unit, a membrane unit, and a
biodigester or a precipitation unit. Contaminants such as arsenic or
fluoride are removed through adsorption. Once the adsorbent reaches
saturation, it is regenerated using either a NaOH or HCl wash solution,
depending on the charge of the species. The regeneration process pro-
duces a NaOH/HCl solution rich in arsenic or fluoride, which is then fed
to the membrane unit. In the membrane unit, the arsenic or fluoride is
concentrated in the retentate, while the NaOH/HCl solution is recovered
from the permeate and reused for further regeneration. The arsenic or
fluoride retentate is then fed in either a biodigester or a precipitation
unit for bioremediation or recovery in its salt form. This study focuses
on the membrane part where arsenic study is carried out.

Figure 1: Schematic diagram of the three-step water remediation scheme.

Methodology
Experiments to verify that arsenic separation from the sodium hydrox-
ide wash is possible using the membrane were carried out using a stirred
cell dead-end setup with Hydracore70pHT membrane. In each experi-
ment, the dead-end cell was filled with a high-pH arsenic solution, and
the sodium hydroxide concentration was fixed based on the desired pH.
The desired pressure was achieved using N2 gas, regulated by a pressure
regulator. The concentration of arsenic and NaOH is measured for per-
meate and retentate samples. Based on the experimental results, system
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scale modeling is done to calculate the mass recovery of each component
in the permeate and retentate side.

Results and discussion
For the proposed scheme, it is desirable to get a low concentration of As,
a high concentration of NaOH, and high water recovery in the perme-
ate. Experimental results with Hydracore70pHT membrane show 85%
As(III) and 95% As(V) rejection at 30 bar with a feed concentration of
500 ppb at pH 11, indicating low As concentration in permeate. Based
on the experimental results, system-level modeling predicts 82% As(III)
and 94% As(V) mass recovery in retentate. However, the experimental
NaOH rejection is 65%, with a predicted mass recovery of 24%. Ongoing
work focuses on reducing NaOH rejection and enhancing mass recovery.
The findings will be presented at the conference. The modeling results
obtained for arsenic and water are in good agreement with the desired
outcomes of the scheme.
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Extraction of curcumin and its concentration
using organic solvent nanofiltration
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Introduction
Curcumin is a polyphenol derived from the turmeric plant and an es-
sential bioactive component in pharmaceutical products. It has mul-
tiple medicinal properties, such as anti-inflammatory, anti-cancerous,
anti-viral, anti-microbial, and antiseptic properties [1]. With an annual
growth rate of 16%, the global market value of curcumin is expected to
reach 191.89 million USD in 2028 [2]. However, extraction of curcumin
is challenging due to its low solubility and heat degradation. Curcumin
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is extracted from turmeric by a solvent that dissolves it and removes it
from the plant material. The resulting dilute solution of curcumin is
traditionally concentrated using evaporation, which requires high tem-
perature and energy. Pressure-driven membrane technology, such as
nanofiltration, is a promising alternative to evaporation, as it avoids
phase transition, significantly reduces energy requirements, and lowers
operating temperatures to prevent thermal degradation of curcumin. A
patent has been applied for the same (Indian Patent No: 202441000534).

Experimental/methodology
To devise an advantageous nanofiltration system to isolate high-quality
curcumin, efforts must be made to optimize the system’s energy require-
ment while maintaining a high solvent recovery ratio and curcumin sep-
aration efficiency. Computational modeling was carried out to calculate
the curcumin extract concentration using nanofiltration at varying op-
erating conditions. First, a transport model was developed based on the
hindered transport theory (HTT) to evaluate curcumin rejection [3]. The
developed transport model was extended to the system scale to evaluate
the curcumin extract concentration along the nanofiltration unit. The
second law (thermodynamic) efficiency, system sizing, solvent recovery,
and curcumin yield of the concentration process in nanofiltration were
calculated and compared with multi-effect evaporation at various oper-
ating conditions.

Results and discussion
Nanofiltration was found to have better thermodynamic efficiency, twice
the efficiency of evaporation for the same final concentration of concen-
trated curcumin. Although the active curcumin flow rate in multi-effect
evaporation (MEE) is higher than in nanofiltration, most of the cur-
cumin in MEE is degraded and wasted due to heating, while it is not
in nanofiltration and can be recycled. The amount of solvent recovered
in nanofiltration is higher than the solvent recovered in MEE. The set
of most advantageous operating conditions for concentrating curcumin-
ethanol solution to its saturation point using nanofiltration is achieved.
The developed model, coupled with lab-scale nanofiltration results, tar-
gets optimizing solvent selection and membrane choice for curcumin iso-
lation, enhancing overall system performance.
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a sustainable membrane production based on the obtainment of con-
trolled pore size and homogeneous distribution of these pores in the
membrane structure. Therefore, the integration of advanced technology
nanoscale processes with each other is very important for the produc-
tion, modification, and functionalization and structuring of membranes
[1]. Membrane modification is a versatile technique for the production of
novel electrospun membranes with numerous properties. In this study,
the preparation of graphene/MOF hybrid membranes with controlled
pore size and a certain morphology, the establishment of a reproducible
production process and detailed characterization were aimed.

Experimental Section
The components of the polymer solutions prepared for producing fibers
by electrospinning include DMF as the solvent, PAN, PAN/GO, PAN/ZIF-
8, and PAN/GO+ZIF-8 polymer solutions for nanofibers. A 10% PAN
solution and PAN/GO were added to DMF as powder and mixed at 800
rpm for 2 hours at 50°C. For GO and ZIF-8 addition, a pre-dispersion
process with sonication was used instead of direct mixing, ensuring ho-
mogeneous dispersion in DMF. For nanofiber membrane preparation,
the solution was taken into a syringe, ensuring no air bubbles remained,
and placed in the automatic pump of the device. The flow rate and
distance between the needle tip and collector plate were adjusted, and
after setting the voltage, the device was started.

Results and Discussion
The prepared membranes were characterized by thermal analysis (TA),
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and
EDX measurements [2]. All measurements are explained in detail and
compared with references.
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Figure 1: QQ activity of anti-biofouling membranes prepared with dif-
ferent polymers.
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Abtract
Membrane filtration is applied in many industrial fields like water purifi-
cation, wastewater treatment, food and beverage industries, as well as
chemical industries, and is an important separation technique. Due to
the isothermal condition, membrane filtration is advantageous compared
to other separation techniques. Especially polymer-based membranes
have many fields of application. Unfortunately, the required material
is often based on fossil resources, which is a point of concern. Reuse
and recycling of membranes at the end of their lifetime as well as mem-
branes based on recycled polymers are emerging fields of research. In
this study, polymer membranes were prepared based on recycled poly-
carbonate (PC).
Recycled PC is purified by first dissolving the polymer flakes in N-methyl
pyrrolidone (NMP) followed by precipitation in water or ethanol un-
der rigorous stirring. The precipitated polymer is kept stirring and
is subsequently dried overnight. Membranes are prepared from recy-
cled 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. The concentrations of the compo-
nents and preparation parameters are varied according to a design of
experiment approach. After preparation, all membranes are washed
and dried. Characterization is carried out using scanning electron mi-
croscopy (SEM), permeance measurements, water contact angle mea-
surements, and tensile testing. Further investigations are carried out
using Hg porosimetry, X-ray photoelectron spectroscopy, and zeta po-
tential measurements for selected samples.
PC membranes could be prepared with a permeance in the range of 300
– 3500 L m−2 h−1 bar−1 while the tensile strength varies in the range of
0.8 – 2.0 N mm−2 (membranes without support and a thickness of 120
µm). The water contact angle results range from 60 to 80° depending
on the preparation parameters. Different types of recycling-based PC

1Leibniz-Institut für Oberflächenmodifizierung, Germany
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are investigated to prepare membranes. It is possible to prepare mem-
branes from all types of investigated PC sources, including e.g., PC from
car parts or substitute glass sheets. While the latter has low amounts
of impurities, the former was blended with another polymer. Neverthe-
less, membrane preparation is possible in both cases, resulting in highly
permeable filters.

Nutrient Recovery Using Ceramic Membrane
Contactors
Sarah Trepte1 (sarah.trepte@ikts.fraunhofer.de), Christian
Pflieger2, Marcus Weyd2, Hannes Richter2, Yana Shopova1

André Wufka1, Burkhardt Faßauer1, Marc Lincke1

Keywords: Nutrient recovery, nitrogen, membrane extraction, ceramic
membrane, contactor, transmembrane chemisorption

Abstract
Motivation and Potential
Membrane extraction or transmembrane chemisorption using ceramic,
temperature-stable, chemically resistant, and abrasion-proof membrane
contactors is a promising key technology for recovering ammoniacal ni-
trogen (NH4/NH3) from aqueous residues. Nitrogen is a valuable ma-
terial used in a variety of ways, and as a nutrient, it is a cornerstone
of high-yield agriculture. In terms of saving resources and environmen-
tal protection, the recovery of nitrogen from residues represents a cost-
effective and sustainable alternative to mineral fertilizers and offers the
possibility of efficiently closing nutrient cycles. Additionally, there are
further potential applications in the field of sustainable energy supply,
among others.

Development and Production of Ceramic Membrane Contac-
tors
In the BMBF-funded project abonocare®, Fraunhofer IKTS pursued the
goal of developing and testing tubular ceramic membrane contactors for
nutrient fractionation integrated into an agricultural fermentation pro-
cess (FKZ 03WKD13C, final report available online). For this purpose,
membrane samples based on single-channel and multi-channel tubular

1Fraunhofer Institute for Ceramic Technologies and Systems IKTS, Winter-
bergstrasse 28, 01277 Dresden, Germany

2Fraunhofer Institute for Ceramic Technologies and Systems IKTS, Michael-
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the QM_zeroCross membrane’s tensile strength value was measured at
approximately 2 MPa (Fig. 1). These results suggest that the crosslink-
ing reaction can effectively enhance the mechanical properties of the
membranes. The produced AEMs were evaluated by structural analysis,
thermal analysis, water uptake capacity, swelling ratio, ionic conductiv-
ity, and ion-exchange capacity measurements.

Figure 1: (a) 1H-NMR spectra of the polymer, (b) stress-strain curve of
membranes at different degrees of crosslinking.
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Results and discussion
After the 24-hour chloromethylation reaction of the inert pristine PSU,
the degree of substitution was calculated as 0.25 from 1H-NMR using
the integration areas of the signals of the –CH3 and –CH2Cl protons [5].
The structure of MXene synthesized from MAX precursor was verified
via Raman Spectroscopy, XRD, XPS, and SEM. The results showed that
the incorporation of MXene into the membrane matrix led to an increase
in ionic conductivities of all the samples prepared with different quat-
ernization agents. The membrane samples of MIm and DABCO agents
containing MXene demonstrated an increment in ionic conductivity with
surface functional groups of MXene as compared to the samples having
no MXene. The water uptake, swelling ratio, and ion exchange capacity
of the membranes were also investigated.
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ultrasonic baths with solvents like acetone and ethanol. BCP films were
spin-coated at various speeds and thermally annealed using chloroform
vapor to induce microphase separation. Metal nitrate solutions in 1-
butanol were deposited on the BCP films, followed by UV-O exposure
for 3 hours to remove the polymer and create a metal oxide mask. Ad-
ditional heat treatment at 400°C was applied when necessary to ensure
complete polymer removal. SEM and AFM were used to analyze the
phase separation and pore formation [2].

Results and Discussion
The BCP films displayed effective microphase separation and pore for-
mation, as observed through SEM and AFM imaging. Solvent choice,
particularly chloroform, was critical in achieving proper phase separa-
tion. UV-O exposure successfully removed the polymer, allowing the
metal oxide mask to form on the surface. AFM images showed the de-
velopment of periodic nanopores after UV-O treatment, confirming the
success of the etching process.
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Experimental Section
The transport process of MB was carried out using a specially designed
laboratory device consisting of two Teflon chambers. The nanofiber
membrane was placed between these chambers with the help of a gas-
ket in a leak-proof manner. The volume of each cell (feed and receiver
phases) was 40 ml. In the experiment, an aqueous solution of MB was
used as the feed phase, placed on the left side of the permeation cell,
while deionized water was used as the receiver phase on the right side.
Both phases were stirred using a magnetic stirrer to prevent boundary
layer formation.

Results and Discussion
MB removal studies were conducted by mixing a 5 ppm dye solution
with 2 x 8 cm nanofiber membranes in a beaker at 100 rpm at room
temperature. The absorbance of samples taken at the start and end of
30-minute intervals was measured at 664 nm using a UV spectropho-
tometer, and concentrations were calculated using a previously created
calibration curve.
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Circular Chemical Use: Producing Acid and
Base with Bipolar Electrodialysis from IEX
Regenerate
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Abstract

Ultrapure water is produced using ion exchange (IEX) columns. These
columns need to be regenerated using acid and base and produce a salt
efÒuent stream. When this efÒuent is treated by electrodialysis with
bipolar membranes (EDBM), the salts are separated and transferred
back into their associated acid and base components. These can then be
used again to regenerate the IEX columns. This enables the circular use
of chemicals and saves water as well. Moreover, it will reduce logistics
and storage of concentrated chemicals.

In this research, we have compared two types of membranes (from dif-
ferent manufacturers) for their performance. The electrical efficiency of
Weifang membranes was 77% at 200 A/m2 for base production com-
pared to 65% for Mega membranes using a NaCl brine. Also, the effect
of other ions present in the IEX regenerate on the electrical efficiency
was investigated using a synthetic stream.

Experimental results were used to evaluate product (acid and base) qual-
ity, recovery efficiency, and energy efficiency of the EDBM process. In
addition to studying pure NaCl brine streams, a stream from a chemical
plant (with ions other than NaCl) was evaluated as well.

The results of this research enable the circular use of chemicals, leading
to a smaller water and chemical footprint in the industry.

1KWR Water Research Institute, Groningenhaven 7 3433 PE Nieuwegein, The
Netherlands
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Figure 1: Schematic diagram of open loop osmotic membrane system for
RO/FO/PRO up to 200 bar.

Results & Discussion
The pressure was controlled stably at 200 bar with constant and limited
deviation in an osmotic membrane process, as shown in Figure 2. The
cassette function was indicated by RO mode testing, where RO water
was channeled to the active surface of the membrane at 150 bar and fur-
ther collected in rejection and permeate tanks respectively. The mean
weight gradient per minute into the feed rejection tank was calculated as
0.530 kg from the difference between feed inlet and permeate, while the
experimental record was 0.526 kg, as shown in Figure 3. The difference
between the record and calculation was less than 1%, indicating that the
cassette functioned properly as the flow could entirely distribute along
the permeate channel. All above results were based on a composite mem-
brane, and it was verified that the standard RO membrane withstands
200 bar and still produces permeate at high pressure. However, for the
non-backing membrane, it was damaged when pressure was raised to 100
bar without a spacer underneath the membrane, as shown in Figure 4.
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Figure 2: Statistical analysis of pressure stability in RO mode at 200 bar
for 1 hour.

Figure 3: Mass balance analysis in RO mode using TFCPA RO mem-
brane at 150 bar.
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Figure 4: Membrane appearance after applying pressure from top up to
200 bar. Left: non-backing membrane, max. 100 bar; Right:
TFCPA RO membrane, 200 bar.
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volume) reduced the undesired effect of diffusion towards the saline chan-
nel and partial neutralization of acid and base. This work demonstrated
the scalability of the EDBM process and highlighted some practical op-
erating conditions to optimize the EDBM performance indicators.
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Introduction
To enhance the performance of electrodialysis, it is essential to explore
new approaches and techniques aimed at better describing membrane
properties and predicting the desalination process. Selectivity is a valu-
able tool for examining the transport of ions through ion exchange mem-
branes, which allows forecasting the rate of reduction in ion concentra-
tion during desalination. Current research focuses on methods for deter-
mining the selectivity coefficient between monovalent and divalent inor-
ganic ions using both homogeneous and heterogeneous membranes. The
main goals were to validate the applicability of the suggested method
and to assess the selectivity coefficients of different membranes.

Materials & Methods
A series of desalination batch experiments was conducted using a labo-
ratory electrodialysis module with ten cell pairs. Feed solutions con-

1MemBrain s.r.o., Czech Republic
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tained various monovalent and divalent ions. A constant voltage of
1V/cp was maintained across the membrane stack, and to examine the
validity range of the selectivity coefficients, different experimental con-
ditions were tested, such as temperature, voltage, ion concentrations,
or the presence of organic non-dissociating compounds. Samples of the
feed were collected during each batch and analyzed to determine the
concentrations of ions.

Results & Discussion
The evaluation revealed that the suggested method can be used for both
homogeneous and heterogeneous ion exchange membranes under a broad
spectrum of operating conditions. It was found that heterogeneous mem-
branes Ralex® exhibit only insignificant selectivity between mono- and
divalent ions, and in the case of CEM, they are even more selective for
divalent ions. The monovalent selectivity of Selemion ASVM membranes
was confirmed. However, it was shown that membranes fumasep® FAB-
PK-130 with hydroxyl-blocking properties have a much higher selectivity
coefficient (Cl− / SO2−

4 ).
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Introduction
In recent years, the demand for lithium has dramatically increased,
largely driven by the growth of electromobility and the corresponding

1MemBrain s.r.o., Czech Republic
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need for lithium batteries. The global assumption is that the demand for
lithium batteries in 2030 will be more than 11 times higher than in 2022.
With limited access to primary lithium sources and lithium listed in the
critical metal list in 2020, lithium’s recovery from secondary sources
becomes more important. Several technologies have been investigated
for this purpose, such as ion exchange, electrodialysis, and membrane
crystallisation, each with challenges that necessitate optimisation. On-
going research and development are vital for enhancing electrodialysis
and other membrane processes and integrating different technologies to
improve lithium recovery initiatives.

Materials & Methods
In this work, the recovery of lithium carbonate was studied using two
technologies. The first technology used was electrodialysis metathesis
with a module made of polypropylene ion-exchange membranes followed
by crystallisation. The second technology applied was membrane crys-
tallisation using a module with anion-exchange hollow fibres. Final crys-
tal purities and process parameters were studied and compared.

Results & Discussion
Both technologies are promising for lithium carbonate recovery. Each
technology has advantages – the advantage of electrodialysis lies in the
intermediate product’s high purity and applicability to different solu-
tion compositions. The advantage of membrane crystallisation is the
low pressure and energy consumption required for operation. However,
there are disadvantages in both technologies – high energy consumption
during electrodialysis and the required higher purity of the raw mate-
rial during membrane crystallisation. Both technologies require further
development, and the technology choice depends on the feed solution’s
quality.
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Abstract
The utilization of advanced anion exchange membranes (AEMs) has rev-
olutionized the field of water electrolysis and fuel cells. This study in-
vestigates the roles of commercially available AEMs such as Fumasep
Aemion and Sustainion in the process of converting water to green hy-
drogen via electrolysis under alkaline conditions, focusing on their inter-
action with various extrinsic (from the feed) and intrinsic (produced in
the electrolyser) water components and the consequences for efficiency
and stability of hydrogen production. The work comprises the detailed
analysis of AEMs to comprehend degradation mechanisms including hy-
drolysis, substitution, Hofmann elimination, and radical reactions. Key
properties such as ion exchange capacity, membrane conductivity, water
uptake, membrane swelling, and gas permeability are evaluated. Atomic
force microscopy, scanning electron microscopy, and small-angle X-ray
scattering are employed to study membrane morphology; chemical struc-
ture is assessed using ATR-IR, Raman, and X-ray photoelectron spec-
troscopy. Thermal and mechanical properties are determined through
thermogravimetric analysis coupled with mass spectrometry, differential
scanning calorimetry, and tensile strength measurements. Furthermore,
the study investigates the release of organic degradation products into
water via liquid chromatography coupled with high-resolution mass spec-
trometry and total organic carbon analysis. Ex situ (membranes just
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2Technische Chemie III, Universität Duisburg-Essen, Duisburg, Germany
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under alkaline conditions at high temperature) and in situ (membrane
as separator during electrolysis) experiments are conducted over a rea-
sonable timeframe to observe relevant degradation effects. The research
aims to provide insights into membrane degradation mechanisms and
their impact on water quality and system performance in AEM-enabled
alkaline water electrolysis.
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Abstract
As food production dominates global freshwater consumption and nu-
trient discharge regulations tighten specifically for the greenhouse horti-
culture sector, the performance of novel technologies at an applied scale
needs to be studied to optimize water use and minimize environmental
impact. Water reuse and nutrient recovery from greenhouse wastewater
were assessed using one-pass capacitive electrodialysis (CED) at a pilot
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Figure 1: Cation and anion removal from collective greenhouse WW
(CGW) at 90% water recoveries

Figure 2: Specific energy consumption (SEC) in KWh/m³ for desali-
nating greenhouse wastewater (CGW feed composition). The
color gradient from light green to dark blue represents an in-
crease in SEC corresponding to target conductivities (1 to <0.2
mS/cm), achieved over water recoveries of 60–90%
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Capacitive electrodialysis (CED) energy consumption
For achieving the highest target irrigation water quality (<0.2 mS/cm
conductivity), specific energy consumption (SEC) was estimated at 0.02-
0.14 kWh/m³ for the CED stack for all feeds tested at 90% water recov-
ery (Figure 2). Pumping SEC varied between 0.043 and 0.120 kWh/m³
(pressure drops of 0.35-0.7 bar and 80% efficiency). The total energy
consumption, excluding treatment losses, was estimated at 0.14-0.24
kWh/m³. This study demonstrated lower SEC for greenhouse wastew-
ater treatment compared to reported values for ED (minimum 0.29
kWh/m³) and RO (minimum 0.36 kWh/m³), highlighting CED’s energy
efficiency and economic promise for producing fit-for-use irrigation wa-
ter and recovering nutrients from greenhouse wastewater at an applied
scale.
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Figure 1: Development of a new artificial lung and kidney assist device
with a fiber bundle that integrates gas exchange and dialysis
hollow fibers.
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Abstract
Current extracorporeal membrane oxygenators use hollow fiber mem-
branes to exchange oxygen and carbon dioxide with the surrounding
bloodstream but cannot fully replicate the gas exchange capabilities of
the human lung. The gas exchange rate is limited by the low surface-
to-volume ratio and the long diffusion distances over laminar boundary
layers on the blood side.
Higher surface-to-volume ratios and shorter diffusion pathways can be
realized in microfluidic channels. However, microfluidic devices made
with soft lithography are limited to 2.5D structures, leading to unfavor-
able flow conditions, where the majority of the channel surface does not

1RWTH Aachen University, Germany
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take part in gas exchange. 3D-structured membranes, such as triply pe-
riodic minimal surface (TPMS) structures, offer more membrane surface
and induce mixing with their flow conditions. Macroscopic TPMS oxy-
genators have already shown improved gas transfer rates and reduced
clogging due to enhanced flow conditions.
In this work, we use direct laser writing to 3D-print a microfluidic oxy-
genator with a TPMS-structured membrane. The membrane was printed
from PDMS and features blood and gas channels with diameters of 20
µm, comparable to those of the capillaries in the lung. The combination
of short diffusion pathways, mixing induced by channel geometries, and
large membrane area-to-volume ratios is expected to greatly increase gas
transfer rates and hemocompatibility for the extracorporeal membrane
oxygenator.

Figure 1: 3D printed microfluidic oxygenator with TPMS-structured
membrane.
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hesive. Actinorhodin was also produced in cases where the system could
be maintained for a sufficiently long time.
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Abstract
Fouling is a common issue in membrane bioreactors, significantly reduc-
ing their separation efficiency. Increasing surface shear force is an effec-
tive strategy for mitigating or reducing fouling [1]. This study employed
a shear-enhanced lab-scale membrane bioreactor, featuring a stationary
circular membrane and a rotating impeller with a diameter of 35 mm,
housed within a cylindrical cell with a diameter of 56 mm. Flow field
simulations inside the membrane module were performed using the com-
mercial Computational Fluid Dynamics (CFD) software, ANSYS Fluent.
The influence of different rotational velocities on shear stress distribution
was analysed, and the CFD predictions were compared with theoretical
models. Shear stress contours at a rotation speed of 250 rpm, and the
radial distribution of shear stress on the membrane under various ro-
tation speeds are shown in Fig. 1a and b, respectively. The results
indicate that increasing impeller speed leads to a corresponding increase
in shear stress at the membrane surface, driven by a higher velocity gra-
dient between the impeller and membrane. For instance, the maximum
shear stress at 1000 rpm was 94%, 84%, and 47.5% higher than that
observed at 100 rpm, 250 rpm, and 500 rpm, respectively. Shear stress
increases with radial distance due to the rise in tangential velocity gen-
erated by the rotating impeller. Maximum velocity is observed near the

1TU Dresden, Germany
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Figure 2: Breakdown of the annual CAPEX and OPEX for the
azeotropic distillation process and distillation-pervaporation
process.
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Abstract
Industrial acceptance of organic solvent nanofiltration (OSN) as a sepa-
ration technique is hampered by the slow process of membrane screening
based on trial and error for each solute-solvent couple. Such extensive
experimental screening is still necessary due to limitations of predictive
models which are generally based on separations in water. The com-
plexity and variety of competing interactions of solute-solvent-membrane
affinities challenge our understanding and accuracy of predictions of the
underlying separation mechanism.
Recently, data-driven techniques have shown their potential to enhance
predictability in the field of OSN. We explore the use of data-driven tech-
niques specifically for ceramic membranes, both native and functional-
ized, which have been one of VITO’s technological focus points in OSN
activities for many years. More specifically, we explore the dataspace of
ceramic membranes to determine the key physico-chemical properties to
track, as well as the least important features to discard. This aids the
optimal development of data-driven models to predict OSN performance
by reducing the data dimension and, at the same time, provides much-
needed physical insight into the correlation between descriptors and the
separation process.
The non-swelling property of ceramic membranes reduces the complex-
ity of the separation process and consequently that of the data-driven
prediction models required. However, challenges remain, including the
amount of experimental data needed to represent the chemical space
of interest, the dimensionality of input data, and the quality and com-
pleteness of the data. We believe data-driven models can provide the
predictive power needed in OSN, while also helping to unravel the com-
plex transport processes involved. This approach may ultimately lead to
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Diepenbeek, Belgium
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well-understood designs and leverage the acceptance of the technology
in sustainable chemistry.

Predicting Protein Rejection In Membrane
Separations Using Machine Learning
Techniques
Gbenga Daniels1 (gdani11@lsu.edu), Kofi S.S. Christie1

Keywords: Protein Rejection, Membrane Separation, Machine Learn-
ing, Gradient Boosting, XGBoost, Artificial Neural Net-
works, Random Forest, Ultrafiltration, Microfiltration,
Cross-validation, Mean Squared Error, Coefficient of De-
termination, Ensemble decision-tree

Abstract
Protein rejection is a critical parameter in many applications of mem-
brane separations because protein fouling can lead to reductions in both
permeability and selectivity of a membrane. In this study, we leverage
four machine learning (ML) models (Random Forest, XGBoost, Gra-
dient Boosting, and Artificial Neural Networks) to predict protein re-
jection rates during ultrafiltration and microfiltration with varied op-
erational conditions, membrane properties, and protein concentrations.
Using a database of 505 data points derived from 83 peer-reviewed arti-
cles spanning 30 years, the models were trained and optimized through
cross-validation and hyperparameter tuning to minimize mean squared
error (MSE) and maximize the coefficient of determination (R2). The
Gradient Boosting model was the most effective, achieving an R2 of 0.69,
indicating its ability to explain 69% of the variance in unseen data, and
an MSE of 0.033, demonstrating high prediction accuracy under varied
operational conditions.
Our results demonstrate the superior predictive power of ensemble decision-
tree ML models over traditional approaches and offer valuable insights
into the design and operation of future membrane processes. The Shap-
ley additive explanation method, rooted in cooperative game theory, was
employed to reveal the impacts of different protein, operational, and
membrane properties on the model predictions. This analysis demon-
strated that the ML models can effectively capture the significant ef-
fects of size exclusion in regulating membrane separation. By predicting

1Department of Civil and Environmental Engineering, Louisiana State University,
Baton Rouge, LA, USA
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Figure 2: CO2 flux with gas flow rate for different liquid flow rates.
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INNOMEM – Open Innovation Test Bed For
Nano-Enabled Membranes
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Abstract
INNOMEM provides a single entry point for all membrane related ques-
tions. INNOMEM is a collaboration between 8 parties, each with their
own specialty in the membrane field. The consortium aims at developing
a sustainable OITB (Open Innovation Test Bed) to foster deployment
and scale-up of innovative nano-enabled membranes and their derived
products. Therefore SME’s can contact the OITB for both the acquisi-
tion of technical and non-technical services. The success of INNOMEM
has been demonstrated by several demonstration cases.
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Figure 1: Flow field and temperature field of the enthalpy exchanger
module.

Figure 2: Electron microscope image of the membrane.
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