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PREFACE

Dear Colleagues, Ladies and Gentlemen,

On behalf of the Czech Membrane Platform, it is our distinct pleasure to welcome
you to the seventh international conference MELPRO 2026, a premier event dedicated
to the advancement of membrane and electromembrane processes across research,
development, and industrial applications. Following the highly successful integration
of our previous edition into EUROMEMBRANE 2024 in Prague - which significantly
enhanced the international visibility of the MELPRO series — we are delighted to return
to our independent format and continue building upon this long-standing tradition.

The MELPRO conferences have consistently served as a vital forum where experts from
academia, industry, and research institutions gather to exchange knowledge, debate
novel ideas, and explore emerging trends in membrane science. Following the virtual
edition in 2020 and the exceptional joint event in 2024, we are thrilled to welcome
you once again in person. We believe that nothing can truly replace the value of direct
interaction, spontaneous informal discussions, and the vibrant atmosphere that face-
to-face meetings uniquely provide.

This year’s contributions are organized into six key thematic areas, spanning from
Pressure-driven and osmotic membrane processes to New trends in membrane
applications. As with previous editions, a particularly strong representation can be
foundin the field of Novel membrane materials. Each session offers valuable insights and
reflects the diversity, innovation, and growing importance of membrane technologies
in addressing today's pressing environmental and industrial challenges.

We trust that MELPRO 2026 will provide you with an inspiring scientific programme,
fruitful discussions, and excellent opportunities for new professional collaborations. We
wish you a pleasant and memorable stay in Prague, and we are confident that this year’s
conference will exceed your expectations. Thank you for being a part of this journey,
and we look forward to welcoming you to future MELPRO meetings.

Czech Membrane Platform
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Plenary lecture 1

INSIGHTS INTO THE ADSORPTION- AND PHASE
BEHAVIOUR OF FLUIDS IN NANOPOROUS
MATERIALS: TOWARDS AN ADVANCED TEXTURAL
AND SURFACE CHARACTERIZATION

M. Thommes

Institute of Separation Science & Technology, Department of Chemical and Biological
Engineering, Friedrich-Alexander University, Erlangen-Niirnberg (FAU)

Abstract: Nanoporous materials (e.g. carbons, zeolites, metal organic framework
materials, ordered and hierarchically structured meso-macroporous oxides etc.) have
been the subject of extensive research targeted towards a wide range of applications
because of their unique textural properties (e.g., increased surface area and the ability
to customize the pore size and pore size distribution). In addition, unique nano-
confinement effects including shifts in the phase diagram of pore fluids and altered
thermophysical properties can be observed. In order to utilize effects of nano-
confinement in various application areas (e.g., separation, catalysis, gas-energy
storage) a detailed understanding of the interplay between effective fluid-fluid and
fluid-(pore) wall interactions on the one hand and the effects of confined pore space
and pore geometry/pore network on the other hand is required.

Within this context, we discuss important aspects associated with the adsorption-,
phase- and wetting behavior of fluids in nanoporous materials and link these with
recent advances in the development and application of advanced and novel adsorption
methodologies for assessing key aspects of (i) their pore network characteristics (e.g.,
pore connectivity, characteristic parameters correlated with of pore network
disorder/restrictions), and (i1) pore surface properties (e.g.,
hydrophobicity/hydrophilicity).
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Plenary lecture 2

SEEING THE INVISIBLE: MOLECULAR SIMULATIONS
REDEFINING MEMBRANE OPERATIONS

E. Tocci

Institute on Membrane Technology, National Research Council of Italy (CNR-ITM), Via P.
Bucci 17/C, 87036 Rende (CS), Italy

Abstract: Membrane processes are increasingly challenged to achieve higher
separation efficiency under stringent energy and material constraints. Transport
phenomena govern their performance at nanoscales and at dynamic interfaces, where
molecular interactions within confined environments remain largely inaccessible to
experimental observation. Molecular simulations provide a unique framework for
accessing these scales, enabling direct analysis of transport pathways, interfacial
phenomena, and dynamic molecular rearrangements that determine separation
performance. Beyond their traditional interpretative role, simulations are increasingly
enabling the quantification of mechanisms governing selectivity, transport
anomalies, and interfacial processes such as nucleation and crystallization at
membrane surfaces. When integrated with experimental studies, multiscale
modeling, and machine learning approaches, molecular simulations establish
quantitative links between molecular behavior and macroscopic process
performance. This integration is driving a transition from empirically optimized
systems to predictive, rationally designed membrane processes. In this perspective,
molecular-level phenomena are no longer hidden variables but become actionable
parameters for process design, opening new opportunities for the development of
more efficient and sustainable separation technologies. When combined with
experimental studies, multiscale modeling, and machine learning, molecular
simulations enable the transition from empirically optimized systems to rationally
designed, predictive membrane processes. Seeing the invisible is therefore not only
a matter of understanding, but a prerequisite for predictive membrane process design.
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Plenary lecture 3

SCALABLE AND INTEGRATED MEMBRANE
PROCESSES FOR INDUSTRIAL RESOURCE RECOVERY

M. Bobék!, L. Seda!, M. Grosik'

"MemBrain s.r.0., Pod Vinici 87, 471 27 Straz pod Ralskem, Czech Republic
(marek.bobak@membrain.cz, www.membrain.cz)

Abstract: Industrial operations generate large volumes of saline wastewaters and by-
products that are costly to manage and often lead to the loss of valuable resources.
This plenary lecture presents an integrated membrane-based technology platform that
converts such streams into marketable products — including high-purity solid salts,
regenerated chemicals, and reusable water — while substantially reducing energy
demand and residual waste. The work is focused on commercial applications with
measurable economic benefits and resource recovery within a circular economy
framework.

Presented will be a newly developed process that builds on the well-known ability of
electrodialysis to concentrate aqueous solutions and integrates this effect into a
membrane-based route for the recovery of sparingly soluble salts, without reliance
on chemical additives or energy-intensive evaporation. The approach enables
recovery of target salts as a high-purity product, with substantially improved energy
efficiency and environmental performance compared to conventional alternatives,
while also generating a reusable water stream suitable for minimal or near-zero liquid
discharge concepts. Laboratory and pilot-scale validation demonstrate a step-change
reduction in energy consumption and operating costs compared to conventional
thermal or chemical routes, with ongoing pilot operation under real industrial
conditions confirming scalability and robustness.

Beyond this flagship technology, the lecture will summarize key results in
membrane-based recovery of salts and chemicals from industrial wastewaters,
including electrodialysis with bipolar membranes (EDBM) for on-site regeneration
of acids and bases from spent ion-exchange streams. These solutions close chemical
loops, significantly reduce waste volumes, and are currently being piloted in
industrial environments. Together, the presented results outline a coherent pathway
from membrane research through pilot validation to industrial deployment and
commercialization, delivering tangible environmental and economic advantages for
water-, energy-, and chemical-intensive industries.
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Plenary lecture 4

DEMONSTRATING THE POTENTIAL OF MOLECULAR-
LEVEL ENGINEERING FOR THE PREPARATION OF
HIGHLY EFFICIENT COMPOSITE MATERIALS FOR
TARGETED GAS SEPARATIONS

S. Ashtiani!, J. Schneider!, J. Flore¢ova!, D. Gardend', Z. Sofer?, K.
Friess!

Department of Physical Chemistry, University of Chemistry and Technology Prague,
Technicka 5, Prague 6 16628, Czech Republic

2Department of Inorganic Chemistry, University of Chemistry and Technology Prague,
Technicka 5, Prague 6 166 28, Czech Republic

Abstract: Since 2020, our research group has been developing an innovative
molecular engineering (MLE) concept for the fabrication of efficient mixed matrix
membranes (MMM) for gas separation with targeted nanoparticles. The concept
enables precise control of additive properties and their deposition, thereby
eliminating the common weaknesses of material MMMSs, such as randomness, phase
separation, aggregation, and additive sedimentation. In general, MLE enables the
targeted development of nanostructured MMMs for fabricating highly efficient
membrane separation materials with tailored morphology and surface properties.

In the initial phase, we developed multifunctional magnetic nanoparticles (SMNPs)
from metal-organic framework (MOF) UiO-66, decorated with CoosNigsFeCrOs
spinels, which were directly grown on oxidized single-walled carbon nanotubes
(SWCNTs) and graphene oxide (GO) monolayers'. Subsequently, a single-crystal
magnetically responsive core-shell MOF UiO-66-NH, grafted with magnetic
nanoparticles was prepared and exhibited magnetic-stimulus-responsive behavior.
This material was used for controlled deposition in polymethyl methacrylate
(PMMA)-based MMMs. The controlled deposition of the MOF yielded excellent
permeability and H,/CO» selectivity, exceeding the Robeson upper limit of 2008
compared to PMMA+MOF MMMs without controlled magnetic deposition®>. We
further synthesized a channel layer of zeolite-imidazole framework (ZIF-8)
nanoparticles on a free-standing, chemically modified single-walled carbon nanotube
(SWCNT) membrane via chemical bonding. The SWCNT-ZIF-8 composite support
was sprayed with a thick hydrophobic PDMS layer, and the resulting composite
membrane exhibited improved mechanical and thermal stability, as well as excellent
performance in CO,/N; gas separation and C; olefin/paraffin vapor separation.?

Another example is the multifunctional 2D-MXene-based nanocomposite, in which
CoFe204 nanoparticles are grafted onto TisC.Tx sheets and aligned in a
polyethersulfone (PES) matrix via magnetic-field-assisted deposition. The resulting
films synergistically combine structural organization with high stability, magnetic
sensitivity, and exceptional sorption capacity. In addition, the material exhibits
excellent gas separation performance, with an O, permeability of 67 Barrer and an
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02/N: selectivity of 11.5, which exceeds the upper limit of Robeson theory across the
temperature range from 298 to 350 K and at inlet pressures of 0.1 to 2 bar.*

In addition to the above examples, the lecture will present further examples
demonstrating the MLE concept's ability to prepare highly efficient MMM separation
materials from common polymers and with minimal nanoparticle content (< 10
wt.%). The above findings underscore the potential of the MLE concept to achieve
simultaneous increases in permeability and selectivity for various gas pairs, thereby
moving to the upper-right corner of the Robeson diagrams and potentially
guaranteeing both performance and cost for successful use in industrial applications.

Keywords: Gas separation, Mixed matrix membranes, Molecular engineering, O»/N»
separation, Magnetic field, Chemical bonding, gas sorption

Acknowledgements: This research was supported by a project of the Grant Agency
of the Czech Republic (grant no. 24-11041S) and a specific research grant of the
University of Chemistry and Technology in Prague IGA no. A1_FCHI 2025 001
and 2026.

1. S. Ashtiani et al., Chemosphere 255, 2020, 126966.

2. S. Ashtiani et al., Int. J. Hydrog. Energ. 47,2022, 20166.
3. S. Ashtiani et al., Sep. Purif. Technol. 74, 2021, 119003.
4. S. Ashtiani et al., Chem. Eng. J. Adva. 24, 2025, 100937.
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Plenary lecture 5

INTERFACIAL POLYMERIZATION: NEW
CHEMISTRIES, SYNTHESIS AND ADVANCED
CHARACTERIZATION

S. P. Nunes
King Abdullah University of Science and Technology (KAUST)

Abstract: Interfacial polymerization has been one of the most successful methods of
large-scale membrane fabrication with application in desalination and nanofiltration.
The flexibility of the method enables a rich variety of approaches and exploration of
monomers and reactions that could extend the applications to more challenging
separations and minimize the limitations of the current membranes. Examples of
membranes for reverse osmosis and nanofitration developed in our research group
will be presented. Among them are membranes based on macrocycles such as amino-
functionalized cyclodextrin, crown ether and other monomers. The influence of pre-
assembly of monomers on the membrane formation and performance will be
discussed. The morphology of interfacial polymerized layers is complex. To fully
understand the membrane formation and transport and be able to propose new
approaches, we have been working at the frontier of the currently available methods
of morphological characterization. We apply advanced methods of high-resolution
transmission electron microscopy and synchrotron x-ray ptychography, with the
objective of resolving sub-nanometer structures or providing information in water,
closer to the operation conditions.
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Mo-D2.1 - GSC

MEMBRANE DISTILLATION BEYOND DESALINATION:
WHERE CAN THE TECHNOLOGY DELIVER REAL
VALUE?

G. Viano', C. Quist-Jensen?, A. Ali'”
'AAU Energy, Aalborg University, Pontoppidanstrede 111, 9220 Aalborg @st, Denmark

2Department of Chemistry and Bioscience, Aalborg University, Fredrik Bajers Vej 7H, 9220
Aalborg Ost, Denmark

Abstract: Membrane distillation (MD) has emerged as a promising thermally driven
separation technology capable of producing high-quality water from highly saline,
contaminated, and difficult-to-treat streams. However, despite decades of research
and significant technological advancements, commercialization of MD has remained
limited. This gap between apparent progress and industrial adoption highlights the
need for a realistic reassessment of where MD can create real value and what barriers
continue to hinder its commercial deployment.

This presentation draws on knowledge and experience gained from our three ongoing
EU-funded projects, including CORNERSTONE, MELODIZER, and SpurUP, to
critically evaluate application domains where unique characteristics of MD can
provide a clear technological and economic benefit. Attention is given to industrial
wastewater treatment and resource recovery applications where significant quantities
of low-grade heat are available but remain underutilized. The technology is especially
attractive in applications requiring exceptionally high-quality water, such as the
production of ultrapure water for green hydrogen production through water
electrolysis.

At the same time, the presentation emphasizes that the availability of waste heat alone
does not guarantee process viability. A comprehensive assessment of the overall
energy footprint remains essential. In particular, electrical energy consumption
associated with pumping and auxiliary equipment, as well as the often-overlooked
cooling requirements of MD systems, can significantly influence both process
performance and economic competitiveness. These factors must be systematically
integrated into technology assessments and scale-up strategies.

The presentation concludes that the future success of MD lies in targeting
applications where its unique strengths align with real industrial needs. The greatest
opportunities exist where low-grade heat is abundant, water quality requirements are
stringent, wastewater streams are challenging to treat, and integrated water-energy
solutions generate additional value. By directing research, development, and
commercialization efforts toward these high-impact niches, MD can move beyond its
status as a promising laboratory technology to become a practical and economically
viable solution for advanced water treatment and resource recovery applications.
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Acknowledgements: This work was funded by the European Union Horizon Europe Program
under grant agreement numbers 101091915 (acronym “MEIoDIZER”), 101072449 (acronym
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Mo-B1.3 - NMM

SYNERGISTIC MAGNETIC ALIGNMENT AND
POLYMER-BRUSH FUNCTIONALIZATION IN 3D COF
MIXED-MATRIX MEMBRANES FOR EFFICIENT CO:/H:
AND CO:/CHs SEPARATION

S. Ashtiani!, P. Izak', K. Friess'

"Department of Physical Chemistry, University of Chemistry and Technology Prague,
Technicka 5, Prague 6, 16628 Czech Republic

Institute of Chemical Process Fundamentals of the Czech Academy of Sciences, Rozvojova
135, 165 00 Prague 6, Czech Republic

Advanced Mixed-Matrix Membranes for CO, Separation

4 X

' Functionalized 3D COF Particles Aligned Mixed-Matrix Membrane l

Incorporation & S
Magnetic Alignment )

PEO Matrix

* Magnetic Core -»\/Fast CO, Diffusion @@ Enhanced Selectivity

i Gy p

| © PMMA Brushes €O, /CH, & CO,/H, =P 0} Magnetic Alignment
T

High Permeability Superior CO, Selectivity Magnetic Response
Next-Generation Separation Membranes

Abstract: We report a high-performance mixed-matrix membrane (MMM) for
efficient CO2/CH4 and CO2/H. separation, achieved by integrating magnetically
responsive three-dimensional covalent organic frameworks (3D COFs)
functionalized with polymer brushes into a poly(ethylene oxide) (PEO) matrix. The
3D COF scaffold, prepared via Schiff-base condensation of tetrahedral amine and
aldehyde monomers, provides a robust, isotropic microporous network featuring
interconnected transport channels. To improve filler—matrix compatibility and impart
CO:-selective affinity, poly(methyl methacrylate) (PMMA) brushes were covalently
grafted onto the COF surfaces through surface-initiated polymerization. These
brushes enhance interfacial adhesion with the PEO phase suppressing non-selective
voids at high loadings and create confined domains that boost CO- solubility via
favourable interactions.
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Incorporation of magnetic FeCo nanoparticles within the COF pores enables external
magnetic-field alignment during solvent evaporation casting, yielding oriented filler
structures with minimized diffusion tortuosity. This hierarchical design
synergistically overcomes the permeability—selectivity trade-off: magnetic alignment
establishes low-resistance pathways for enhanced permeance, while brush
functionalization selectively augments CO: solubility and diffusivity in pore-
confined regions, improving ideal selectivities for both gas pairs without
compromising flux. Brush-mediated interfacial rigidification further eliminates
defects, preserving selectivity at elevated filler contents.

Gas permeation data reveal substantially higher CO: permeability and CO»/H: and
CO./CHsa selectivities compared to neat PEO, surpassing the 2008 Robeson upper
bound. Structural integrity is confirmed by PXRD, TEM, SEM, and XPS,
demonstrating retained COF crystallinity, uniform brush coverage, homogeneous
dispersion, and effective alignment. This modular approach leveraging 3D COF
topology, tailored brush chemistry, and magnetic organization establishes a versatile
platform for advanced, energy-efficient polymeric gas separation membranes that
exceed conventional material limits.

Keywords: COF, MLE, Polymer brush, MMM, Magnetic
Acknowledgement

The authors are grateful for support from the Czech Science Foundation (GACR 24-
11041S) and GACR 24-10288S.
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Tu-D2.1 - DAM4CO2

MIXED MATRIX MEMBRANES WITH TAILORED
POROUS FILLERS FOR ENHANCED GAS SEPARATION
AND CO»

M. Carta!*3, C. Grazia Bezzu', A. Al Ruwaili!, M. Taddei*, M. Lessi*,
F. Nerli*, A. Fuoco?®, M. Vaccaro®, C. Rizzuto?, J.C. Jansen?

'Department of Chemistry, Swansea University, Faculty of Science and Engineering,
Singleton Park, Swansea, SA28PP, UK.

%Instituto de Sintesis Quimica y Catalisis Homogénea, CSIC-Universidad de Zaragoza,
C/Pedro Cerbuna 12, Facultad de Ciencias, Zaragoza 50009, Spain

3Institute on Membrane Technology “Enrico Drioli”, National Research Council of Italy
(CNR-ITM), via P. Bucci 17/C, Rende (CS), 87036, Italy

“Department of Chemistry and Industrial Chemistry, University of Pisa, via G. Moruzzi 13,
56124 Pisa, Italy.

Abstract: The development of energy-efficient processes for gas separation
and carbon dioxide (CO,) valorisation is a central challenge in the transition toward
low-carbon industrial systems. Among emerging technologies, mixed matrix
membranes (MMMs) represent a highly promising approach due to their ability to
combine polymer processability with the superior transport and sorption properties
of porous fillers. In this work, we report the systematic design of MMMs based on
different classes of porous materials, including metal-organic frameworks (MOFs)
and porous organic Polymers (i.e. PIMs and hypercrosslinked polymers), with
tailored pore structures and surface functionalities. Particular attention is devoted to
optimizing polymer-filler interactions to minimize non-selective interfacial voids and
enhance molecular sieving effects. The influence of filler loading, particle size, and
chemical functionalization on membrane morphology and transport properties is
critically analysed using SEM, FTIR and sorption techniques. Gas permeation
experiments are performed with CO»/N; for the potential in carbon capture and H2/N,
and O»/N; to better test the enhanced molecular sieving. Selected MMMs exhibit
significantly enhanced performance, approaching or exceeding Robeson upper
bounds. The improved performance is attributed to synergistic effects between
preferential CO, adsorption and controlled diffusion pathways within the hybrid
structure.
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Figure 1. Conceptual cartoon illustrating the main topics of the presentation.
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Mo-B3.3 - NMM

RESEARCH AND INDUSTRIALIZATION OF ADVANCED
MEMBRANES FOR GAS-LIQUID SEPARATION

Z.L.Cui

State Key Laboratory of Materials-oriented Chemical Engineering, College of Chemical
Engineering, Nanjing Tech University, Nanjing 210009, China (zcui@njtech.edu.cn)

Abstract: Efficient removal of dissolved gases is critical for industries ranging from
semiconductor manufacturing to pharmaceutical production and extracorporeal blood
treatment, where even trace gases compromise process quality. Membrane contactors
offer a compact, chemical-free alternative to conventional degassing, yet their full
potential demands systematic integration of material design, fabrication, module
engineering, and surface functionalization.

We established a green thermally induced phase separation (TIPS) platform using
acetyl tributyl citrate (ATBC) for both poly-4-methyl-1-pentene (PMP) and
polypropylene (PP) membranes. Their distinct formation mechanisms were
elucidated by correlating quench conditions, polymer concentration, and diluent
composition with membrane morphology and transport properties, yielding material-
specific fabrication protocols.

Building on optimized hollow fiber membranes, we progressed to the module level,
where fiber packing density and flow configuration were engineered to maximize
mass transfer. The integrated contactors were validated across multiple applications:
dissolved oxygen in semiconductor ultrapure water was reduced to ~1 ppb; ink
degassing achieved <3 ppm’; and NH4+*-N in medical wastewater was reduced from
13,900 to 390 ppm (94.50% removal) under horizontal countercurrent flow?.

To overcome membrane wetting, the principal durability bottleneck, fluorine-
containing coatings (Hyflon AD® and fluorinated nano-SiO2) were applied to
PP membranes, improving long-term stability and raising NH4"-N removal to 98.94%
(1,040 to 10 ppm) in aggressive streams. Extending the platform to biomedical
applications, PMP membranes were evaluated for CO: removal in extracorporeal
membrane oxygenation (ECMO), with surface modifications enhancing
hemocompatibility and suppressing plasma leakage®.

This systematic platform, spanning green fabrication, module engineering, and
surface functionalization, has been industrialized through spin-off company Jiangsu
IKMO High-tech Co., Ltd. Deployed in semiconductor manufacturing and exceeding
the most stringent industry standards, the technology establishes membrane
degassing as a scalable, high-precision solution for critical industries.

References
1.Li X. Q., Cheng Y. M., Zhang H. F. et al., Sep. Purif. Technol. 382: 135852, 2026.
2.DeSilvaG.P.D.,LuZ. Y., Yao Z. H. et al., Sep. J. Membr. Sci. 756: 125781, 2026.
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Mo-C1.4 - EMT

EMERGING INDUSTRIAL APPLICATIONS OF
ELECTROMEMBRANE PROCESSES

T. Dornik
MEGA a.s., Pod Vinici 87, 471 27 Straz pod Ralskem, Czech Republic (www.mega.cz)

Abstract: Electromembrane processes — electrodialysis (ED), electrodialysis
reversal (EDR), electrodeionization (EDI) and electrodialysis with bipolar
membranes (EDBM) — are established in brackish water desalination and in the
production of ultrapure water. Over the past decade the centre of industrial interest
has shifted from desalination as such towards the separation, concentration, and
conversion of ions as a route to recovering water, salts and reagents from streams
previously handled as waste. This contribution reviews the applications emerging
from that shift and the process characteristics behind them.

Three drivers are examined. Discharge limits on salinity, sulphate and chloride are
tightening across jurisdictions, so that dilution has ceased to be a defensible
compliance strategy. Acid and caustic prices follow energy markets, which makes
on-site regeneration of reagents a hedge rather than merely an environmental
measure. And water scarcity, together with decarbonisation commitments, favours
unit operations driven by electricity rather than by heat since electricity can be
supplied from renewable sources.

The applications are grouped by the function the membrane stack performs in the
flowsheet. Concentration duties place ED or EDR ahead of evaporation in zero and
minimal liquid discharge schemes, in water recovery from mine and tailings waters,
and in the post-treatment of reverse osmosis reject, where the absence of an osmotic
pressure limit allows brines to be taken beyond the reach of hydraulically driven
processes. Conversion duties rest on the bipolar membrane, which dissociates water
into H* and OH™ so that a spent salt stream returns to service as its corresponding acid
and base: regeneration of ion-exchange eluates, caustic recovery in textile dyeing,
valorisation of process brines, and the electrical regeneration of alkaline absorbents
in carbon capture, where avoiding thermal stripping is the principal motivation.
Purification and product duties cover EDI for electrolyser feed water in green
hydrogen and for rinse water in semiconductor manufacture, and electrodialysis
metathesis for lithium, in which separation and reaction are combined in a single
stack.

Common to these cases is that feasibility is governed by the ionic composition of the
feed rather than by its nominal salinity: scaling species, organic load and temperature
determine the pretreatment train, the attainable concentration, and the specific energy
consumption. The contribution closes with the limitations that still constrain
deployment — current efficiency and co-ion leakage at high concentration,
membrane lifetime under aggressive cleaning, and the transfer of laboratory
performance to industrial scale.
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H: PRODUCTION BY MEANS OF MINIATURIZED PEM
ELECTROLYZERS FOR SPACE APPLICATIONS

E. Esposito!, A. Minotti%, E. Fontananova', M. Longo!, J. C. Jansen!,
A. Figoli!

Institute on Membrane Technology "Enrico Drioli" — National Research Council (CNR-
ITM), Via P. Bucci 17/c, 87036 Rende (CS), Italy

ZMIPRONS srl, Via Lauri 32, 00037, Segni (RM)

Abstract: Hydrogen produced by proton exchange membrane (PEM) water
electrolysis represents a promising solution for future space propulsion systems,
offering a clean and efficient energy vector. This work presents the development and
optimization of a miniaturized PEM electrolyser based on a membrane active area of
36cm? and compact dimensions.
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The study focuses on the influence of operating conditions and cell components on
the electrochemical performance, with particular attention to the reduction of energy
losses and the improvement of overall efficiency. Hydrogen production rates of about
0.02 g min™' were achieved, while optimization of clamping pressure, gas diffusion
layers, and cell-stack configurations allowed energy efficiency values close to 80%,
meeting the target requirements for aerospace applications.
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DOUBLE ACTIVE MEMBRANES FOR A SUSTAINABLE
CO:; CYCLE: THE DAM4CO; PROJECT

A. Fuoco, and the DAM4CO> consortium
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Abstract: DAM4CO; is an EIC Pathfinder project that aims to develop an innovative
membrane technology for the integrated capture and photocatalytic conversion
of CO; into Cs+ hydrocarbons, enabling the production of renewable fuels.!* The
project addresses the limitations of conventional membrane systems through the
design of Double Active Membranes (DAMs), which combine a durable and highly
selective CO: separation layer with a photocatalytic layer capable of driving,
in a single integrated process, the Reverse Water-Gas Shift (RWGS) reaction
and Fischer-Tropsch Synthesis (FTS). This approach enables the direct conversion
of captured CO into higher-value Cs4+ molecules. This presentation will introduce the
vision and objectives of the DAM4CO, project, provide an overview of the
consortium and its multidisciplinary expertise, and highlight the main scientific and
technological achievements obtained to date. In addition, the presentation will briefly
showcase the activities of the EIC Portfolio on CO; and Nitrogen Management and
Valorisation, emphasizing synergies and collaborative opportunities within the
portfolio.?
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C,. products
Flue gas I Double Active Membrane N, retentate
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Figure 1 Graphical Abstract of the DAM4CO, project
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BEYOND PASSIVE BARRIERS: TUNING WATER VAPOR
TRANSPORT THROUGH MEMBRANE MORPHOLOGY
FOR SELECTIVE AMMONIA RECOVERY

E. Guillen-Burrieza'*, M. Prado-Padin!, H. Bazargan Harandi',
L. Garcia-Fernandez?, C. Garcia-Payo?, M. Khayet?

Chemical Engineering Department, Polytechnic University of Catalonia, BarcelonaTECH,

C/Eduard Maristany 10-14, 08930 Barcelona, Spain (elena.guillen@upc.edu)

?Department of Structure of Matter, Thermal Physics and Electronics, Faculty of Physics,

University Complutense of Madrid, Avda. Complutense s/n, 28040 Madrid, Spain

Abstract: The selective recovery of ammonia from liquid waste streams remains
a key challenge in resource recovery, particularly for producing a gaseous product
suitable for valorization as a fuel or chemical feedstock. Vacuum membrane
distillation (VMD) is a promising approach, as membrane distillation (MD) systems
have demonstrated robust operation in wastewater treatment and relatively high
ammonia fluxes [1], which may enable lower capital costs compared to alternative
technologies. However, the application of vacuum provides a continuous driving
force for water vapor transport across the membrane. As a result, the recovered
ammonia stream is typically “wet,” containing significant co-transported water
vapor, which reduces product quality and limits downstream applications [2].
Therefore, reducing water vapor permeation while maintaining ammonia transport is
a critical objective for improving process selectivity.

Building upon previous work by the authors [3], which developed a model linking
membrane morphology to ammonia flux and selectivity, this study experimentally
examines the role of morphology under realistic casting and VMD conditions. PVDF
membranes with similar pore size and thickness were fabricated using different NIPS
casting conditions (e.g., solvent system, polymer concentration, drying time) to tailor
morphology while keeping nominal structural parameters comparable.

The prepared membranes exhibited distinct morphological characteristics,
particularly with respect to structural asymmetry of their cross-section. Relative to
a symmetric commercial PVDF membrane (Amersham™ Hybond™ SEQ 0.2
PVDF, Cytiva, USA) of comparable pore size and thickness, the developed
membranes achieved up to 78% higher ammonia/water vapor selectivity at relatively
low ammonia feed concentrations (i.e., 2 g NHs/1). The results demonstrate the strong
dependence of separation performance on membrane morphology, with asymmetric
structures comprising a thin selective skin layer and a sponge-like porous core
showing the highest selectivity effectively suppressing water vapor transport while
sustaining ammonia permeation (maximum selectivity of 6.0% at 10—-11 mbar TMP
vs. 3.4% for the commercial membrane).

MELPRO 2026 @ Book of Abstracts ® 30


mailto:elena.guillen@upc.edu

Although membranes in MD are often regarded as passive barriers enabling
evaporation while remaining non-selective to volatile mixtures, this work
demonstrates that membrane morphology can impart measurable selectivity effects.
This morphology-dependent transport behavior can be leveraged to tune membrane
selectivity, opening opportunities for targeted separation of volatile species.
By linking casting conditions directly to specific morphological features
and performance outcomes, the study further advances the rational design
of membranes for selective ammonia recovery. Ongoing statistical analysis
(ANOVA) will enable correlation of casting conditions with resulting morphological
features, and of morphological features with membrane performance (Figure 1).
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Figure 1. Preliminary ANOVA results showing the distribution of ammonia/water vapor
selectivity for the prepared membranes as a function of key fabrication parameters: polymer
content (% PVDF), solvent type (DMAC vs DMF), and drying time (5 vs 15 min),
highlighting the influence of casting conditions on membrane performance.
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PIEZO DIALYSIS USING CHARGED MOSAIC
MEMBRANES TOWARD NEXT-GENERATION
DESALINATION TECHNOLOGY

M. Higa'*3, H. Yoshida?, S. Isikawa?, S. Sawada*, H. Koshikawa®*,
T.Yamaki*, M. Higa™!-?

'Blue Energy center for SGE Technology (BEST), Yamaguchi University, 2-16-1
Tokiwadai, Ube, Yamaguchi 755-8611, Japan

2Graduate School of Sciences and Technology for Innovation, Yamaguchi University, 2-16-
1 Tokiwadai, Ube, Yamaguchi 755-8611, Japan

3School of Materials and Chemical Technology, Institute of Science Tokyo, 2-12-1,
Ookayama, Meguro-ku, Tokyo 152-8550, Japan

“National Institutes for Quantum Science and Technology, 1233 Watanuki-machi, Takasaki,
Gunma 370-1292, Japan

Abstract: Global water scarcity has become an urgent challenge, creating strong
demand for efficient and sustainable desalination technologies. Among emerging
membrane-based approaches, Charged Mosaic Membranes (CMM) have attracted
attention due to their unique structure, in which negatively and positively charged
layers are arranged in parallel through the membrane thickness and penetrate both
membrane surfaces [1]. This structure generates a circulating current inside [1] and
exhibits electrolyte permselectivity and desalination capability; hence, it is expected
to be applied to desalination for drinking water and separation and concentration in
the food and pharmaceutical fields. Under piezo dialysis, CMMs preferentially
transport electrolytes far less abundant than water, offering the potential for
significantly lower energy consumption than conventional reverse osmosis (RO)
membranes.
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Although many fabrication methods for CMMs have been proposed, conventional
CMMs suffer from weak interfacial bonding between oppositely charged layers,
causing water leakage under piezo dialysis and limiting practical application. In this
study, we developed a high-strength CMM using an ion beam—induced ion track
grafting polymerization method (IB-CMM [2]). The base membrane was irradiated
to form latent tracks. In IB-CMM, ion channels are introduced through covalent
bonding, which significantly enhances the interfacial strength between the oppositely
charged layers.
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permselectivity of a charnged mosaic a CM membrane by ion
membrane.

track graft polymerization
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As a base material, ETFE was irradiated with a heavy ion beam with 310 MeV 84Kr
to generate radicals that initiate the polymerization of Ethyl p-styrenesulfonate
monomers to form negatively-charged channels. Next the base material was
irradiated again to form positively-charged channels by grafting chloromethylstyrene
monomers and by quaternizing with trimethylamine [3]. The ion transport properties
of the IB-CMM were evaluated by water permeation measurements, diffusion
dialysis, and piezo dialysis.

Structural observation using TEM and EDX confirmed the IB-CMM had nano-
order of positively- and negatively- charged channels. IB-CMM showed negative
osmosis in water permeation measurements. Piezo dialysis desalination performance
was evaluated using NaCl solutions (500—6000 ppm) under applied pressures of 0.5—
3.0 MPa. IB-CMM exhibited clear desalination behavior, achieving desalination rates
approximately 3—50 times higher than conventional CMMs while maintaining water
permeability comparable to a commercial RO membrane. Further improvements in
desalination performance are expected through membrane thinning and optimization
of fabrication conditions.
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Fig. 3 Preparation process of a CM membrane by ion track graft polymerization
(Two step method) .
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OPERATIONAL PERFORMANCE OF A MINIMAL
LIQUID DISCHARGE SYSTEM FOR DAIRY
WASTEWATER RECLAMATION

D. Hornak, M. Prochazkova, V. Miklas and M. Vondra

Faculty of Mechanical Engineering, Brno University of Technology, Czech Republic
(david.hornak1@vut.cz)

Abstract: The dairy sector is a major consumer of freshwater and a significant source
of wastewater, with dairy plants in EU-27 countries generating an estimated 192.5
million m? of wastewater annually' Minimal Liquid Discharge (MLD) technologies
offer the potential to recover up to 95% of this water? yet their broader deployment
remains limited by technological complexity, energy demand, and challenges
in managing both the produced concentrate and membrane fouling.

This contribution builds upon previous research?® describing an MLD system in which
dairy wastewater is treated by microfiltration (MF) and reverse osmosis (RO)
to recover reusable water, while the retentates from both stages are concentrated
in an agitated vacuum evaporator (AGEV), and the final concentrate is processed
by anaerobic digestion (AD) for energy recovery. Extending that work, the present
study introduces and experimentally validates a distillate recycle stream, in which
the AGEV distillate is returned to the RO feed to enhance permeate quality
(Figure 1).

The aim of this work is to evaluate the operational performance of the system under
optimized conditions established through prior techno-economic assessment, with
particular attention to the hydraulic stability of the membrane stages and the quality
of the reclaimed water. The MF stage was operated with periodic hydraulic
backwashing to mitigate fouling, while the RO stage was tested under intensified
operating conditions to enhance permeate flux. The physico-chemical
and microbiological quality of the reclaimed water was assessed against
the requirements for agricultural reuse defined in EU Regulation 2020/741.

The results confirm the high removal efficiency (>95%) of the MLD system across
all monitored water quality parameters and demonstrate that the optimized operating
regime substantially improves the hydraulic performance and operational stability
of the membrane processes. The integration of the distillate recycle stream further
improved the quality of the final reclaimed water (see Table 1). The permeability
of the MF increased from 10.8 I/m?-h-bar to 58 I/m?-h-bar, while the permeability
of the RO process increased from 1.0 to 2.0 /m?-h-bar. Microbiological analysis
revealed that the RO permeate did not meet the hygienic requirements for safe water
reuse; a final UV disinfection step is therefore proposed to ensure the microbiological
safety of the reclaimed water and to establish the MLD system as a robust solution
for sustainable water reclamation in the dairy industry.
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Figure 1 Scheme of the proposed MLD system with targeted water recovery rates

Table 1 Comparison of RO permeates water quality

Water quali RO permeate RO permeate
quality Feed water (without distillate (with distillate
parameters
recycle) recycle)
pH [-] 53 6.3 6.4
EC [pS/cm] 5,540 184 133
COD [mg/L] 4,320 66 66
BOD [mg/L] 1,920 18.7 11.5
TSS [mg/L] 1,080 <2 <2
NH4-N [mg/L] 12.2 0.2 0.1
TN [mg/L] 155 6.6 3.8
TP [mg/L] 29.3 0.5 0.2
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PHOTOCHROMIC PROBES FOR MODULATING GAS
PERMEABILITY IN POLYMERIC MEMBRANES

J.C. Jansen, M. Macchione, E. Drioli, M. Longo, F. Saeed, E. Bonyadi,
S. Capizzano, E. Esposito, A. Fuoco, M. Monteleone, E. Tocci.
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(johannescarolus.jansen(@cnr.it).

Abstract: Photochromic probes such as azobenzene and stilbene derivatives have
been used to probe the free volume elements'? and sense the glass transition® and
physical aging phenomena* in polymers. One of the basic assumptions of successful
probing of the polymer matrix is that the matrix itself is not affected by the probe.
Remarkably, we found that some probes may radically change the gas permeability
in membrane materials such as the perfluorinated glassy polymer Hyflon® AD60X.
For instance, photochromic switching of the azobenzene probe from the cis- to the
trans-configuration leads to a radical increase in CO; permeability and simultaneous
increase in CO,/CHy ideal selectivity, and time lag measurements reveal that the
change is mainly a result of an increase of CO; solubility. This process is largely
reversible and alternating irradiation with UV and visible light to switch from the
trans- to the cis-configuration and back makes the membrane performance jump from
one side to of the 1991 upper bound the other for CO»/CHa.

In this work we extend the preliminary single gas permeation measurements and oft-
line switching, to mixed gases and to online switching of the probes in a specially
designed cross-flow cell with quartz window. We will discuss the effect of the
polymer and probe type, as well as the switching conditions, such as light intensity,
wavelength, and duration of the irradiation. Furthermore, experimental results will be
supported with molecular modelling studies.

Acknowledgements: This work has received funding from the European Union’s
Horizon Europe research and innovation programme under the Marie Sklodowska-
Curie grant agreement No 101168776 (PhotoBrane).
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ENGINEERING COMPACTION-RESISTANT REVERSE
OSMOSIS MEMBRANES FOR HYPERSALINE BRINE
DESALINATION: FROM FUNDAMENTAL
COMPACTION MECHANISMS TO HIGH-PRESSURE RO
APPLICATIONS

Y.J. Lim, N. Nadzri, Q. Xue, Y. Liang, C. Li, K. Goh, R. Wang

Singapore Membrane Technology Center, Nanyang Environment and Water Research
Institute, Nanyang Technological University, Singapore (yujie.lim@ntu.edu.sg)

Abstract: Minimum liquid discharge (MLD) is increasingly recognized as a key
objective for sustainable seawater desalination, requiring technologies capable of
concentrating reverse osmosis (RO) brines beyond the limits of conventional
seawater RO (SWRO). High-pressure reverse osmosis (HPRO), operating at
pressures exceeding 120 bar, offers a lower-energy alternative to thermal brine
concentration processes. However, membrane compaction under extreme hydraulic
pressures remains a major barrier to widespread implementation. This work presents
a comprehensive investigation into membrane compaction, membrane design, and
process performance for hypersaline brine desalination using HPRO. Commercial
thin-film composite (TFC) membranes were first evaluated under HPRO conditions
using synthetic SWRO brine (70 g L' NaCl) at pressures up to 200 bar (Ref. [1]).
Structural characterization revealed significant densification of both support and
polyamide layers, resulting in irreversible permeability losses. Mechanical analysis
identified support-layer tensile strength and Young’s modulus as critical parameters
governing resistance to compaction. Building upon these findings, custom TFC
membranes with tailored support and polyamide architectures were fabricated to
establish design principles for HPRO operation (Ref. [2]). A membrane comprising
a sponge-like polysulfone support and a highly crosslinked, low-protuberance
polyamide layer exhibited the greatest structural stability, maintaining 98.6% salt
rejection and a water permeability of 0.39 L m™ h'! bar! under HPRO conditions
despite substantial support compression. To assess the practical value of improved
membrane properties, module-scale simulations were performed (Ref. [3]).
Increasing membrane permeability from 0.45 to 1.35 L m™ h! bar! was predicted to
reduce specific energy consumption by up to 23% or decrease pressure-vessel
requirements by 62% for an HPRO system operating at 50% recovery. Experimental
evaluation of twelve state-of-the-art RO membranes under hypersaline conditions
demonstrated water permeabilities ranging from 0.34-0.87 L m™ h'! bar! while
maintaining 98.7-99.6% salt rejection. To further enhance HPRO performance,
MXene-interlayered thin-film nanocomposite (TFNi-MXene) membranes were
developed using a scalable brush-coating process (Ref. [4]). The optimized
membrane exhibited 17% higher permeability than a TFC control under SWRO
conditions while maintaining high salt rejection and improved resistance to
compaction during HPRO operation. Module-scale simulations predicted an 8.3%
reduction in energy consumption, and five-day testing with real SWRO brine
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confirmed stable operation with 40 L m? h' flux and 98.8% solute rejection.
Collectively, these results establish a framework for designing next-generation
HPRO membranes and demonstrate the potential of HPRO as an enabling technology
for brine minimization, minimum liquid discharge, and sustainable desalination.
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Figure 1. Quantifying the potential of high-performance RO membranes with module-scale
modelling and experimental evaluation.
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Figure 2. MXene interlayered thin-film nanocomposite HPRO membrane.
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NATURE-INSPIRED BIOCATALYTIC MEMBRANES: A
SCALABLE SYSTEM FOR SUSTAINABLE PROCESS
INTENSIFICATION
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ELECTRICALLY CONDUCTING MEMBRANES FOR
AMMONIA RECOVERY AND FOULING CONTROL IN
WASTEWATER TREATMENT

A. Ronen, S. Qi

Zuckerberg Institute for Water Research, Ben-Gurion University of the Negev, Sde Boker
Campus, Midreshet Ben-Gurion 8499000, Israel

Abstract: Electrochemical membrane stripping (EMS) offers a compact alternative
to conventional biological nitrogen removal, yet practical implementation remains
limited by chemical dependency on external alkalinity addition and susceptibility of
hydrophobic membranes to organic fouling and biofouling. This work presents
hydrophobic CNT-based electrically conducting membranes (CNT-ECMs) as a
unified platform addressing both challenges through two complementary DC-
polarization driven applications.

For ammonia recovery, cathodic polarization simultaneously elevated interfacial pH,
shifting the ammonium-ammonia equilibrium toward the volatile form, and drove
electromigration of ammonium ions toward the membrane surface, producing a
threefold increase in interfacial free ammonia concentration. The system achieved
88% recovery at 37 £ 1.45 gm™ d' (Fig. 1a) with a specific energy consumption of
2.0 £ 0.15 kWh kg™ N, outperforming conventional pH-driven stripping by 33.5%
and maintaining stable flux over 72 h under real municipal wastewater conditions'.

For fouling control, DC polarization substantially reduced organic fouling and
biofouling of the hydrophobic CNT-ECM during treatment of real secondary
effluents (Fig. 1b), through electrochemical generation of reactive oxygen species
and potential-driven surface charge modulation, as confirmed by flux measurements,
SEM, and confocal microscopy. Together, these results establish CNT-ECMs as an
electrochemical membrane platform capable of simultaneously intensifying ammonia
recovery and controlling fouling without chemical addition.
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Figure 1. (a) Ammonia recovery flux as a function of pH and applied potential, highlighting
the role of electromigration in the EMS systemV; (b) membrane surface with and without DC
polarization showing electrochemical mitigation of biofouling.
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INVESTIGATION OF LAYER-BY-LAYER COATED
NANOFILTRATION MEMBRANES FOR
OLIGOSACCHARIDE CONCENTRATION FROM
FERMENTATION BROTH
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'RWTH Aachen University, Aachener Verfahrenstechnik-Chemical Process Engineering,
Forckenbeckstralie 51, 52074 Aachen, Germany

2DWI - Leibniz Institute for Interactive Materials e.V., ForckenbeckstraBBe 50, 52074
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Abstract: Oligosaccharides produced through microbial fermentation represent
valuable biomolecules with significant commercial importance, particularly
in pharmaceutical, food, and biotechnology industries. However, separating
and purifying them from complex fermentation broths poses considerable technical
challenges due to metabolic by-products and impurities like proteins, heavy metals,
trace elements, and salts. Conventional purification methods like activated carbon
adsorption and ion exchange chromatography generate significant waste, incur high
costs, and have limitations in efficiency and yield in comparison to nanofiltration
(NF) membrane processes. Since fermentation broth composition varies with
the organism used and its medium requirements and therefore the separation task,
a precise adjustment of the membrane properties is favorable. Layer-by-Layer
coatings (LbL) with polyelectrolytes enable the production of NF-membranes with
tailored separation properties.

This work investigates the separation of an oligosaccharide with a molecular weight
of about 500 g/mol from fermentation broth using layer-by-layer coated membranes.
Therefore, the polyelectrolyte (PE) system poly(sodium 4-

styrenesulfonate) (PSS) and poly(diallyldimethylammonium chloride) (PDADMAC)
was coated onto an ultrafiltration (UF) hollow fiber support membrane. The effect
ofthe additive salts MgSOs4s and Na,SOs in the coating solution
on the Oligosaccharide retention has been compared to no addition of salt.
Furthermore, the effect of an even and uneven number of Ilayers
on the oligosaccharide retention has been investigated.

The membranes coated without salt in the coating solution resulted
in an Oligosaccharide retention of 93%. The addition of Na;SO4 to the coating
solution increased the retention to 97%, while the addition of MgSQO, further
enhanced the retention to 99%. An uneven number of layers — with PDADMAC being
the final layer - resulted in a more significant decrease of the permeability during
the fermentation broth experiment in comparison to the PSS terminated membranes,
regardless of salt addition to the coating solution.
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PILOT-SCALE CLOSED-LOOP DIALYSIS AND
ELECTRODIALYSIS PROCESS FOR BIOSURFACTANT
RECOVERY
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Cortina*, M. Reig*

'Dpto de Enxefiaria Quimica, Escola de Enxefiaria Industrial, Universidade de Vigo,
Campus As Lagoas-Marcosende, 36310 Vigo, Spain. (xanel.vecino@uvigo.gal)

2CINTECX, Universidade de Vigo, EQ10, Campus As Lagoas-Marcosende, 36310 Vigo,
Spain.

3Dpto de Quimica Analitica e Alimentaria, Facultade de Quimica, Universidade de Vigo,
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4Chemical Engineering Dept and CCEM Barcelona, Escola d’Enginyeria de Barcelona Est,
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Abstract: Corn steep water (CSW) is a major byproduct of the corn wet milling
industry rich in biosurfactants (BS). The recovery of these valuable compounds
is essential for promoting industrial circularity and environmental sustainability.
This study presents a technical comparison between diffusion dialysis (DD)
and electrodialysis (ED) in a closed-loop configuration for the recovery
of biosurfactants from CSW at pilot scale. Centrifuged CSW (1.5 L) was pumped
to the DD unit at 0.56 L/hm? and counter current Milli-Q water (4.5 L) at 1.12 L/hm?,
with 929 cm? of regenerated cellulose membranes (6-8 kDa). Optimal DD conditions
required adjusting the feed pH to 6.5 to enhance the diffusion of deprotonated organic
acids, with processing times reaching up to 72 h. In contrast, ED was tested using
a constant flow rate of 35 L/h, completing the purification in 8 h using 6 cell pairs
(64 cm? each) of standard ion-exchange membranes. The optimal ED performance
was achieved at the natural pH of CSW (4.5), which also minimized the risk
of microbial contamination. Regarding the characteristics of the obtained extracts,
both processes successfully purified BS by removing ionic impurities and organic
acids. The ED extract reduced the surface tension at 54.9 mN/m with a critical micelle
concentration (CMC) of 0.18 g/L, a 3.5-fold improvement over raw CSW. DD
yielded a slightly lower CMC of 0.14 g/L, attributed to the retention of ionic
high- molecular-weight compounds (m/z 950 and 1156) with surfactant activity,
that may partially migrate through ED membranes. Both BS extracts demonstrated
exceptional wettability, with contact angles of 14.2° for ED and 10.7° for DD. While
DD represents a sustainable, solvent-free alternative based on biocompatible
cellulose membranes, ED provides a faster desalination, due to the electrical driving
force, and its synthetic ion-exchange membranes exhibit enhanced resistance
to microbial degradation. This work supports the advancement of these technologies
from laboratory validation towards TRL 5.
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MACHINE LEARNING-BASED FOULING PREDICTION
IN ELECTRODIALYSIS UNDER DYNAMIC CURRENT
DENSITY PROFILES
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Abstract: Electrodialysis (ED) is an ion-exchange membrane (IEM)-based
separation technology in which an external electric field drives a selective ion
transport through anion- and cation-exchange membranes (AEMs and CEMs,
respectively), enabling concentration and dilution of feed solutions. This technology,
thanks to its high selectivity, energy efficiency, and low chemical consumption, has
been widely adopted in several applications, e.g., desalination, wastewater treatment,
resource recovery, food processing, and stream purification'. However, membrane
fouling remains a major challenge for ED, as process performance and operational
stability are compromised by fouling phenomena that increase membrane resistance
and pressure drop while deteriorating membrane properties?.

Although membrane fouling has been extensively investigated®?, reliable models for
its prediction and control in ED, particularly under time-varying operating conditions,
are still lacking. To address this gap and support the development of advanced control
tools for ED systems, this work investigates the application of machine learning
(ML)-based models to predict fouling evolution under dynamic current density
profiles, i.e., current density varying within the same experiment, thereby extending
the use of ML approaches beyond the steady operating conditions explored in
previous studies® to the fluctuating operating conditions encountered in industrial
applications and integrated energy systems®.

The modelling activities were guided by an extensive experimental campaign with
synthetic saline solutions containing humic acid (HA). The experiments were
conducted in a 10 x 10 cm? ED unit equipped with Fujifilm Type 10 AEMs and
CEMs. An aqueous solution of 0.1 M NaCl and 1 g/ HA was employed as feed
solution. The HA concentration was effective in inducing rapid fouling phenomena,
as required for this work.

A total of 25 experiments were performed, with flow velocity ranging from 0.7 to 1.0
cm/s and current density ranging from 100 to 200 A/m?, including step changes in
current density within each experiment. The stack voltage was recorded over time
and used as the target variable for model training, validation, and testing.

Several ML architectures, including Long Short-Term Memory (LSTM), Random
Forest (RF), and Temporal Fusion Transformer (TFT), were investigated to identify
the most suitable model for capturing the temporal fouling evolution. ML models
were implemented in a Python environment exploiting PyTorch, Keras, and scikit-
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learn libraries. The experiments were split into training (~75%) and test (~25%) sets.
Hyperparameters were optimized through the Optuna algorithm, enabling an efficient
exploration of the hyperparameter space. A systematic grid search was performed to
assess the influence of the input and output sequence lengths on model performance.

The RF model exhibited the best predictive performance on both the training and test
datasets. The predictions accurately reproduced the experimental evolution of the

stack voltage over time, including the transient response following the imposed
current density step changes.

Figure 1 shows a comparison between RF model predictions and the experimental
voltage curves for one experiment from the training dataset (Figure 1a) and one from
the test dataset (Figure 1b), along with the respective current density profile.

Figure 1. Time series of stack voltage predicted by the RF model (black line) and measured
experimentally (points) for (a) an experiment from the training dataset (flow velocity: 1.0
cm/s; current density: 140-150 A/m?) and (b) an experiment from the test dataset (flow
velocity: 0.7 cm/s; current density: 140-180 A/m?). The red line represents the current density
profile associated with each experiment.

The best-performing model, i.e., the RF model, was subsequently employed to predict
fouling evolution under dynamic current profiles not investigated experimentally,
enabling a systematic investigation of ED performance over a broader range of
current density step changes. Figure 2 illustrates the predicted stack voltage response
for three distinct current density step changes at a flow velocity of 1.0 cm/s.
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Figure 2. RF model predictions of stack voltage evolution under three dynamic current density
profiles at a flow velocity of 1.0 cm/s. The 140-150 A/m? profile corresponds to the one
showed in Figure 1a. The dashed vertical line marks the current density step change.

The developed ML model will be used to develop a surrogate model for rapid
productivity estimation, offering a computationally efficient tool for the evaluation
of multiple operating scenarios, optimization, predictive control, and process design.
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ARE HUGE SALINITY-GRADIENT POWER DENSITIES
REPORTED FOR TINY-AREA MEMBRANES (< 0.03 MM?)
UP-SCALABLE TO MUCH LARGER MEMBRANE
AREAS?
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Abstract: In recent literature, difficulties of wide-spread application of salinity-
gradient (or “osmotic”) energy via reverse electrodialysis (RED) have been
repeatedly assigned to insufficient permeances (and/or perm-selectivities) of
conventional ion-exchange membrane materials. In response to this speculation, a
frenetic search for “more permeable” ion-permselective materials has been unleashed
in recent couple of years (>300 publications in 3 years). Very high power densities
(as compared to the conventional RED configurations) have often been reported.
However, in an overwhelming majority of these studies, membranes of extremely
small areas (typically < 0.03 mm?) were used. Some studies attempted to extend these
impressive results to larger membrane areas but the observed power densities were
invariably much smaller (often by orders of magnitude). Notably, the studies used a
single-membrane configuration with remote reversible electrodes. At first glance, it
is unclear how partial short-circuit conditions could be implemented in this case. This
communication will show that the reason is the hemi-spherical conductance pattern
occurring with tiny-area membranes. Due to it, external electrical resistances can be
strongly reduced. External diffusion resistances can be made smaller than in RED
configurations, too, although making the effect of this really noticeable would require
still much smaller membrane areas.

A simple new analytical model of voltage-retarded diffusion currents will be used to
show that without external mass-transfer limitations, power densities can be very high
even for conventional ion-exchange membranes. It will also demonstrate what makes
membranes of larger areas perform much worse as well as highlight the perils of
incorrect handling of electrode voltage differences as a possible source of
anomalously-high power densities reported in some studies.

In summary, the power densities reported for tiny-area membranes do not necessarily
require “fancy” novel membrane materials. The principal reason for the typically
modest performance of “conventional” RED are fundamental mass-transfer
limitations outside the membrane. They are very difficult to overcome, so for large-
scale applications, the answer to the title question is “No.” Nonetheless, there may be
niche applications (like powering micro-sensors) where very small currents could be
sufficient and salinity-gradient power could be an option.
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DESIGN OF GREEN CATION EXCHANGE MEMBRANES
FOR SUSTAINABLE ELECTROCHEMICAL
DESALINATION
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Abstract: In an era of ever-growing anthropogenic activity and climate change, the
quest for secure, reliable, and clean water has become a defining scientific
imperative. The heavy reliance on conventional desalination technologies, which are
energy-intensive, expensive, and unsustainable, underscores the need for innovative
solutions to address one of the largest problems facing humankind. Meanwhile,
navigating emerging sustainability concerns requires adopting green processing and
engineering practices. To address this, we develop green and sustainable membranes
as active gates for enhancing a newer generation of electrochemical desalination
processes called membrane capacitive deionization (MCDI). Through a
comprehensive multi-criteria design framework emphasizing desalination
performance, energy efficiency, and an eco-friendly synthesis approach, the resulting
system is grounded in bio-based polymers, benign chemistries, and a scalable, low-
footprint design.

MCDI is an emerging low-voltage electrochemical desalination technology for
brackish water treatment; however, its wider implementation remains limited by the
cost, resistance, durability, and sustainability of ion-exchange membranes.'? In
particular, commercial membranes often rely on synthetic or fluorinated ionomers,
while many laboratory-scale alternatives require harsh solvents or complex
functionalization.® Herein, we report a green cation-exchange membrane (CEM)
platform based on poly(vinyl alcohol) (PVA) and carboxymethyl cellulose (CMC),
fabricated by aqueous solvent casting and thermally activated crosslinking. The
membrane design exploits PVA as a mechanically stable film-forming matrix and
CMC as a renewable polyanionic component providing fixed carboxylate groups for
cation-selective transport.

A series of PVA-CMC membranes with varied polymer ratios and crosslinking
chemistries was prepared and evaluated through a combination of structural,
chemical, electrochemical, and desalination performance analyses. Morphological
characterization revealed dense, homogeneous membrane structures, while
spectroscopic analysis supported the formation of crosslinked PVA—CMC networks
containing carboxylate-rich functional groups. Electrochemical impedance screening
was used to identify membranes with favorable ion-transport behavior and sufficient
mechanical integrity for cell assembly. When incorporated into the MCDI
configuration, the optimized membrane, which combines fixed-charge density,
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hydrophilicity, low resistance, and mechanical durability, achieved more effective
conductivity decline during adsorption (i.e., higher desalination capacity) and stable
regeneration behavior across repeated desalination cycles, compared with
conventional CDI operation and commercial membrane-based controls, as shown in
Figure 1. These trends indicate that the hydrophilic polyanionic matrix can support
selective cation transport while remaining compatible with activated-carbon MCDI
electrodes.

Overall, this study demonstrates the potential of water-processable PVA-CMC
membranes as sustainable cation-exchange layers for electrochemical desalination.
By combining renewable polymer chemistry, non-toxic crosslinking, and practical
MCDI integration, the work provides a material-design pathway toward greener
membrane platforms for next-generation ion-selective water treatment technologies.

Figure 1. Green PVA-CMC CEMs and their MCDI performance: (a) fabricated membranes
and conceptual integration into the MCDI architecture; (b) cyclic conductivity response of
CDI, commercial MCDI, and our optimized PVA-CMC CEM; (c) representative
adsorption/desorption conductivity profiles during the first cycle of operation.
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Abstract: Self-healing hydrogel has been extensively researched, especially
in electrochemical devices such as supercapacitors and fuel cells, due to its
performance as an electrolyte and electrode. However, in fuel cell applications,
the proton exchange membrane has always been the choice, as the industrialized
Nafion™ has better chemical stability. In previous studies, there have been attempts
to use self-healing hydrogel as an electrolyte, but most research still depends
on Nafion™ as the base polymer. Hence, this study focuses on exploring the self-
healing hydrogel based on a combination of functionalized chitosan and oxidized
sodium alginate (OSA). The functionalized chitosan used in this study includes:
carboxyethyl chitosan (CEC) with varying acrylic acid (0.5-2.0) ml and sulfonated
chitosan (sCs) with varying 1,3-propane sultone (0.5-2.0) g. Both functionalized
chitosan derivatives were combined with OSA in order to form a reversible hydrogel
network through a Schiff base interaction. The degree of carboxyethylation
and sulfonation was investigated using Fourier Transform Infrared Spectroscopy
(FTIR) and Scanning Electron Microscopy (SEM). Then, both functionalized
chitosan hydrogels were evaluated to determine the most suitable self-healing
performance for advanced hydrogel applications.

1. Zhimin S., Changgu S., Xiangyang W. et al., Synthesis, characterization, and antimicrobial
activities of sulfonated chitosan. Carbohydrate Polymers, 2017. p. 321-328

2. Zhang L., Li Q. Bai X. et al, Double network self-healing hydrogels based
on carboxyethyl chitosan/oxidized sodium alginate/Ca2+: Preparation, characterization and
application in dye absorption. International Journal of Biological Macromolecules, 2024. p.
130564.
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PERVAPORATION-SUPPORTED VALORIZATION OF
FUSEL OIL
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Faculty of Chemistry, Nicolaus Copernicus University in Torun, 7 Gagarina Street, 87-100
Torun, Poland

Abstract: Fusel oil is a complex by-product formed during bioethanol fermentation
and is mainly composed of higher alcohols, including isoamyl alcohol, isobutanol,
propanol, and residual ethanol, together with water and other minor organic
compounds. Although it has traditionally been considered a low-value side stream,
fusel oil represents a promising renewable feedstock for the production of value-
added chemicals, particularly esters used as flavoring agents, fragrances, green
solvents, and biolubricants'.2. However, its direct valorization is limited by its
variable composition and relatively high water content, which commonly ranges
between 5 and 20 wt.%?3. The presence of water is especially critical because it forms
azeotropes with the alcohol components, making the distillation stage energy-
intensive and insufficient for competent recovery of individual pure alcohols®*.

This study presents an integrated route for fusel oil valorization based on membrane-
based dehydration, fractional distillation, and subsequent valorization. Fusel oil
samples obtained from various Polish distilleries were first characterized to determine
their alcohol composition and water content. Hydrophilic pervaporation was then
applied as an intensified dehydration step prior to downstream fractionation. The
experiments were performed using a commercial PERVAP 4100 polymeric
membrane supplied by Deltamem AG. The process was carried out at 60°C under
vacuum conditions. Ceramic membranes supplied by Pervatech were also included
in the study as a comparative membrane for evaluating material-dependent separation
behavior and process applicability.

The polymeric pervaporation experiments demonstrated effective water removal
from fusel oil streams with different initial water contents. In a representative
experiment, the water content was reduced from approximately 18 wt.% to below 2
wt.%. In a second fusel oil stream with lower initial water content, dehydration from
4.6 wt.% to below 2 wt.% was also easily achieved. These results confirm that
hydrophilic pervaporation can efficiently decrease the water content of fusel oil to a
level suitable for further processing. Since pervaporation is not limited by vapor—
liquid equilibrium, it provides a practical approach for overcoming azeotrope-related
separation difficulties in alcohol-rich mixtures®.

After membrane dehydration, the obtained low-water fusel oil stream was directed to
fractional distillation to obtain fractions. This sequence emphasize the effectiveness
of a hybrid process. The recovered alcohol fractions, particularly isoamyl alcohol-
rich streams, are suitable precursors for esterification reactions. Esterification enables
the conversion of fusel oil-derived alcohols into high-value products such as isoamyl
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acetate, isoamyl butyrate and isoamyl oleate, which are relevant for flavor, fragrance,
solvent and biolubricant applications?.¢.

Overall, the results demonstrate that pervaporation is a key enabling step in the
valorization of fusel oil. By reducing water content to desired amount, the process
improves the suitability of fusel oil for subsequent fractionation and chemical
upgrading. The proposed membrane-assisted route supports the transformation of
fusel oil from a low-value by-product into a valuable and renewable source of
industrially relevant chemicals within a circular biorefinery framework.
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NANOFILTRATION AS AN ENERGY-EFFICIENT
ALTERNATIVE TO BRACKISH WATER REVERSE
OSMOSIS FOR IRRIGATION-GRADE WATER
PRODUCTION IN QATAR
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Abstract: Brackish groundwater is the primary available water source for agricultural
operations across Qatar, yet its elevated salinity renders it unsuitable for direct
irrigation without prior treatment. Conventional brackish water reverse osmosis
(BWRO) has been widely adopted for such applications; however, it routinely
reduces salinity beyond what irrigation standards require, incurring unnecessary
energy expenditure in the process. This study proposes nanofiltration (NF) as a more
appropriate and energy-efficient alternative to BWRO for producing irrigation-grade
water (TDS < 500 mg/L) in agricultural settings. The central argument is one
of treatment trade-off: BWRO reduces salinity well below irrigation requirements,
whereas NF targets only the threshold needed, operating at lower transmembrane
pressures and substantially reduced energy consumption. Simulations based on local
brackish feed water conditions estimate a specific energy consumption
of 0.59 kWh/m* for NF, compared to 1.14 kWh/m* for BWRO, representing
a reduction of approximately 48% in energy demand. To validate these computational
findings, bench-scale experiments were conducted to directly compare
the performance of NF and RO membranes, including an assessment of fouling
potential under representative feed water conditions. Experimental results provide
practical insight into membrane selection, operational longevity, and system
reliability for brackish water desalination in agricultural contexts. This work
demonstrates that selecting the appropriate level of treatment, rather than
the maximum technically achievable, is central to sustainable and efficient water
resource management in water-scarce agricultural environments such as Qatar.
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MODULE-SCALE REPURPOSING OF END-OF-LIFE RO
MEMBRANES THROUGH IN-SITU BIO-INSPIRED
SURFACE ENGINEERING
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Abstract: The expanding use of membrane technologies in desalination and water
treatment has resulted in a growing number of discarded end-of-life (EoL) reverse
osmosis (RO) membrane elements, with nearly two million modules estimated to be
disposed of annually'. Developing scalable repurposing strategies is therefore
essential to reduce membrane waste, recover material value, and support circular
resource utilization in membrane-based separation processes?.

In this work, we present a module-scale in-situ transformation approach for
repurposing spiral-wound RO membrane modules without disassembly. A dedicated
coating system was designed and developed to enable controlled chemical deposition
within the intact spiral-wound architecture. The approach employs bio-inspired
polydopamine (PDA)-based coatings formed through dopamine self-polymerization
under mild aqueous conditions, allowing functional modification of the membrane
surface while preserving the structural integrity of the module. Compared with
disassembly-based recycling or conventional chemical transformation routes, this
strategy offers a more practical and environmentally friendly pathway for extending
membrane service life.

Coating distribution and uniformity across the membrane envelope were evaluated
using advanced characterization techniques, confirming effective deposition
throughout the module. By adjusting coating parameters, including deposition time
and reagent concentration, the separation performance of the repurposed membranes
could be systematically tuned, enabling transformation of EoL RO modules into
nanofiltration- or ultrafiltration-type membranes with customizable permeability and
selectivity.

The repurposed modules demonstrated stable operation, improved fouling resistance,
and promising performance when treating challenging wastewater streams. This
module-scale in-situ repurposing strategy eliminates membrane disassembly, reduces
chemical and material consumption, and minimizes membrane waste. Overall, the
proposed approach provides a scalable and environmentally responsible framework
for extending the lifecycle of spiral-wound membranes while advancing circular
economy principles in membrane-based separation and purification technologies.
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Figure 1: Schematic illustration of the in-situ repurposing of end-of-life RO modules.
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Abstract: As water scarcity becomes more severe, membranes have emerged as an
alternative technology for water treatment and purification, acting as a selective
barrier that allows to water pass while retaining contaminants. Nanofiltration (NF)
membranes, in particular, are designed to remove small organic molecules and
multivalent ions. Hollow fiber (HF) NF membranes offer advantages such as higher
packing density, lower operating pressure, and reduced fouling tendency, thereby
reducing pretreatment requirements. However, their manufacturing process relies
heavily on the use of fossil-based raw materials and solvents'. In order to address this
issue, novel alternative fabrication techniques have emerged in recent years, although
they are still in early development stages.

The manufacturing process of a HF-NF membrane module can be divided into four
main steps: fiber support fabrication, selective layer formation, fibers drying,
and module assembly. A porous membrane fiber is produced in the first step via phase
inversion. Non-solvent Induced Phase Separation (NIPS) is the most commonly used
technique, and relies typically on the use of toxic organic fossil-based solvents.
Aqueous Phase Separation (APS) an emerging technology demonstrated only
at laboratory scale, represents a full water-based alternative’*. On the next step,
a selective nanolayer is formed commonly through Interfacial Polymerization (IP),
a well-studied process that also relies on organic solvents. The Layer-by-Layer (LbL)
approach, has gained relevance as an alternative coating technique that only relies
on water-based chemistry®. Since drying and module assembly are required in all
cases, the comparison focused on the first two steps.

Therefore, Life Cycle Assessment (LCA) was combined with process modelling
to assess the environmental impacts at industrial scale of novel fabrication
techniques, evaluate their scalability potential, and compare them with conventional
technologies. The functional unit (FU) for the analysis was defined as 1000 m2
of membrane produced, and a cradle-to-gate approach was used.

A process model was developed on Python to estimate material and energy flows for
all process units and steps. Environmental impacts were estimated using the LCA for
Experts software and the ReCiPe 2016 impact assessment method. The results are
presented in Figure 1.
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Figure 1. Environmental impacts per 1000 m? of HF-NF membrane modules for four process
steps, evaluated in terms of a) Climate Change (CC), b) Fossil Depletion (FD), ¢) Fresh Water
Consumption (FWC) and d) Human Toxicity (HT).

For the support fabrication step, the conventional NIPS process was compared with
two APS variants, pH-induced (APS_pH) and salinity-induced (APS_s). All studied
categories showed lower impacts for APS, with APS s achieving the greatest
reductions. For the selective layer formation step, the LbL technology outperformed
IP in most categories, reducing climate change, fossil depletion and human toxicity
impacts, although at the expense of higher freshwater consumption. Due to its high
energy demand, the fibers drying step contributed substantially to climate change
and fossil depletion, while the module assembly step showed significant impacts
across all categories because of the raw materials and energy requirements.

Overall, APS and LbL demonstrated the potential to reduce the environmental
impacts of HF-NF membrane manufacturing. However, freshwater consumption
remains an important trade-off, particularly for LbL, highlighting the need for further
process optimization. Hotspot and sensitivity analyses identified the main impact
drivers, helping researchers and manufacturers target improvement areas and move
towards more sustainable membrane production.
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Abstract: The growing demand for rechargeable batteries and the rapid expansion of
electric vehicles and renewable energy technologies have led to a significant increase
in global lithium consumption. Consequently, the demand for lithium is expected to
continue rising in the coming years. However, conventional lithium production routes
alone are unlikely to satisfy future needs, highlighting the importance of developing
alternative lithium recovery technologies'*>.

In addition to conventional lithium resources, boron mining wastewaters have
attracted increasing attention as potential secondary lithium resources. Lithium may
coexist with boron in boron-bearing mineral deposits and can therefore be present in
waste streams generated during boron mining and mineral processing. Consequently,
the simultaneous recovery of lithium and boron from these wastewaters offers an
opportunity for sustainable resource utilization while reducing environmental
impacts. In this context, electromembrane processes have emerged as attractive
alternatives owing to their high efficiency and their ability to selectively recover
valuable ions with reduced chemical consumption®.

Bipolar membrane electrodialysis (BMED) is an advanced electromembrane
technology that integrates conventional electrodialysis (ED) with bipolar membranes.
A typical BMED stack consists of repeating membrane triplets, each comprising one
bipolar membrane (BPM), one anion exchange membrane (AEM), and one cation
exchange membrane (CEM). Under an applied electric field, ions are transported
through ion exchange membranes while water is simultaneously dissociated into
hydrogen and hydroxide ions within the bipolar membrane. This unique feature
enables the direct conversion of salts into their corresponding acid and base streams.
Therefore, unlike conventional (ED), BMED serves not only as a separation process
but also as a chemical conversion process. This unique capability makes BMED
particularly attractive for the simultaneous recovery of lithium and boron, enabling
the production of lithium hydroxide and boric acid from lithium borate-containing
solutions®.
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In this study, the effect of membrane triplet number on lithium and boron recovery
from the lithium tetraborate solution with BMED was investigated. Experiments were
carried out using a laboratory-scale MEGA EDBM-Z/4x10-0.8 BMED system
equipped with RALEX bipolar, RALEX CMH-PES, and RALEX AMH-PES
membranes as BPM, CEM, and AEM, respectively. The BMED system was operated
using three membrane stack configurations consisting of 5, 7, and 10 membrane
triplets. A feed solution containing approximately 250 mg B/L (corresponding to 80
mg Li/L) was prepared by dissolving lithium tetraborate pentahydrate
(Li2B4O7-5H,0) in ultrapure water. The acid and base compartments were filled with
0.003 M HCI and 0.003 M NaOH, respectively, while 0.1 M NaOH was used as the
electrode rinse solution. Experiments were performed at a constant voltage of 20 V
for 120 min. Lithium and boron concentrations were determined using atomic
absorption spectroscopy (AAS; Shimadzu AA-7000) and inductively coupled plasma
optical emission spectroscopy (ICP-OES; Perkin Elmer Avio 200), while pH and
conductivity were monitored throughout the experiments.

The experimental results demonstrated that membrane triplet number significantly
influenced the overall performance of the BMED system. Lithium removal exceeded
99% in all membrane configurations, whereas lithium recovery strongly depended on
membrane triplet number. The highest lithium recovery was achieved with the 5-
triplet configuration (78%), followed by the 7-triplet (55%) and 10-triplet (32%)
systems. Boron removal remained within approximately 50-60%, while boron
recovery exhibited greater variation. Overall, the findings indicate that reducing
membrane triplet number improves lithium recovery and represents a promising
strategy for optimizing BMED performance.
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Abstract: Ionic liquids (ILs) are class of compounds consisted of organic cations and
inorganic or organic anions. One of the most popular group of ILs are the
imidazolium based ILs. This group of ILs exhibits water solubility, biodegradability,
chemical and thermal stability, as well as broad electrochemical windows'.
Imidazolium based ILs are widely used as solvents in chemical synthesis and for the
pretreatment of lignocellulosic biomass. However, the applications of ILs in large-
scale requires the developments of their recovery and recycling methods?. One of the
promising methods of the ILs recovery from aqueous solutions and wastewater is
electrodialysis (ED). ED constitutes an electromembrane separation technique
wherein an applied electrical potential gradient allows for the selective transport of
ionic species across the ion-exchange membranes and separating them from neutral
compounds or aqueous solutions®. Therefore, the aim of this work was to examine
the efficiency of the selected imidazolium based ILs recovery from aqueous solutions
by electrodialysis method. This research utilized three imidazolium based ILs: 1-
ethyl-3-methylimidazolium chloride ([Emim]Cl), N,N-dibutylimidazolium chloride
([BBim]Cl), 1-methyl-3-octylimidazolium chloride ([Omim]Cl). Also, the chemical
stability of the recovered ILs, and the characteristics of the tested ion-exchange
membranes (IEMs) before and after ED were determined. Moreover, the effect of the
IL’s alkyl chain length on their recovery effectiveness was discussed.

The recovery of selected imidazolium based ILs ([Emim]Cl, [BBim]Cl, [Omim]CI)
was carried out using an EDR-Z/10-0.8 module (MemBrain, Czech Republic) with
an effective single membrane area of 64 cm?. There were 5 pairs of the IEMs. The
IEMs used in this work were the heterogencous AM(H)-CM(H) (Ralex, Czech
Republic), and AMA-AMC (Ionsep, China). Research included a series of
experiments on the influence of operating parameters, such as IL concentration,
applied voltage per membrane pair, and linear flow velocity on the ED performance.
The concentrations of imidazolium based ILs in diluate and concentrate solutions
were analyzed using a UV-VIS spectrophotometer (Shimadzu UV-27001, Japan). The
surface morphology of IEMs before and after ED were investigated by scanning
electron microscopy (SEM, FlexSEM 1000 II VP-SEM, Hitachi, Japan). The
wettability of the membranes used in the experiments were examined using an optical
contact angle goniometer. In addition, the X-ray photoelectron spectroscopy (XPS)
experiments of the membrane samples before and after ED were carried out. The
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chemical stability of the recovered ILs was determined by 'H Nuclear Magnetic
Resonance ('"H NMR).
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Figure 1. Schematic representation of the ED stack for ILs recovery.

It was found that the investigated imidazolium based ILs concentration, applied
voltage drop, and linear flow velocity had influence on the selected ILs recovery by
ED method. The ILs recovery and concentration degree increased with increasing IL
concentration in the initial diluate solution. Moreover, the highest ED efficiency was
obtained when a 2 V electric potential per one membrane pair was applied, using a
2 cm/s linear flow velocity. Under these conditions, the ILs recovery reached above
80%. The effectiveness of ILs recovery also strongly depended on the treated IL’s
alkyl chain length. As the alkyl chain length increases, the ILs recovery decreases. In
addition, it was observed that, the surface morphology and chemical structure of the
IEMs after ED was not differ significantly in comparison to the pristine IEMs. It was
also confirmed that the recovered ILs had the same structure as the fresh solution of
ILs. '"H NMR analysis proved the absence of ILs degradation products in the
concentrate solutions after ED. Therefore, the recovered ILs were stable and could
be reused. The findings summarized here indicate that, the ED allows for the effective
ILs recovery from aqueous solutions.
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Abstract: The transition from fossil-based energy systems toward sustainable and
renewable energy technologies has significantly increased the demand for efficient
large-scale energy storage solutions. Due to the intermittent behavior of sustainable
energy production methods such as solar and wind, the intermediate conversion of
energy to another energy carrier has become impactful. Besides battery storage
systems, the production of hydrogen via electrolysis during low demand/high
generation scenarios has attracted growing interest. Hydrogen at ambient conditions
suffers from a low volumetric energy density where chemical hydrogen carriers
including methanol, ammonia, dimethyl ether and liquid organic hydrogen carrier
(LOHC) have increasing volumetric energy density. These chemical hydrogen
carriers enable long and safe storage periods, high volumetric energy densities, the
utilization of the existing infrastructure and recyclability compared to traditional
pressurized or cryogenic hydrogen storage solutions. One promising LOHC carrier is
represented by the benzyltoluene (HO-BT)/perhydro-benzyltoluene (H12-BT) pair.!
Hydrogen is bound to HO-BT in an exothermic hydrogenation reaction, while
hydrogen release proceeds via endothermal dehydrogenation (see Figure 1). In both
reactions the LOHC compounds are preferably present in liquid state as liquid phase
catalysis offers advantages, such as better heat transfer to/from the catalyst, higher
catalyst productivities and lower deactivation rates.>?

However, especially during the endothermic dehydrogenation reaction, Hx-BT
evaporates at least partly due to the increasing hydrogen partial pressure in typical
fixed bed reactors.? To tackle this challenge, we have developed a membrane reactor
as a new approach for H12-BT dehydrogenation reactor with integrated hot hydrogen
removal. The membrane that was utilized for this separation is an in-house fabricated,
bio-inspired, carbon molecular sieving membrane.

Our setup enabled us to study hydrogen release from H12-BT and simultaneous
hydrogen separation at 273 °C.
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Figure 2: Principle of Liquid organic hydrogen carrier.

Under these conditions a stable H, permeance of close to 15001, m2h™! bar
(2 1.71 107 mol m? s Pa!') was observed after a slight increase over the first 240 h
of the experiment (see Figure 2). The separation factor required ca. 240 h to reach its
steady-state value of 3500 but remained constant for the rest of the experiment (total
experiment time: 900 h). At steady-state, the measured H12-BT concentration in the
permeate was 104 ppm, corresponding to a hydrogen purity of 99.988 %. A planned
shutdown period of three weeks did not result in any measurable change in hydrogen
permeance or separation factor, demonstrating the operational stability of the system
under the investigated conditions.

Overall, our experiments demonstrate that hot hydrogen separation from a product
gas mixture from H12-BT dehydrogenation is possible with high hydrogen flux,
excellent separation selectivity and operational robustness.
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Figure 3: Ho/H12-BT separation test at condensing conditions (273 °C) for 710 and 190 hours
(a) Hy permeance and H12-BT/H, separation factor; (b) H, purity [Vol.%] and H12-BT
concentration [ppm] in the permeate stream.
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Abstract: The concept of fabricating membranes with dual activity, both for selective
gas separation and catalytic purposes, represents a significant advancement in the
field of carbon capture and utilisation (CCU)'. Here, we present a series of low-cost
polymeric membranes developed under the European project DAM4CO2 that can
perform both tasks simultaneously. Two types of membranes have been evaluated:
classical polymeric membranes such as P84, Matrimid, or ULTEM, and novel
fluorinated membranes as BTFMAZ. Also, several catalysts capable of selectively
performing the reverse water-gas shift reaction and the Fischer-Tropsch process have
been employed to produce C»-+ alkanes. Since temperatures between 200 and 300 °C
are required to activate CO2 efficiently, we will explain the stress experienced by the
membranes regarding their separation capacity and the effect on their photothermal
catalytic activity. Additionally, we will focus on the changes in activity and
selectivity that catalysts undergo due to the chemical environment created by being
embedded within the membranes.

Figure 1. Scheme of the dual-activity membrane for sustainable CO, utilization.
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Abstract: Bipolar membrane electrodialysis (BMED) stands out as a highly
sustainable alternative for boric acid production. However, optimizing boron
recovery efficiency is structurally hindered by complex reactive transport
mechanisms governed by pH-dependent speciation transitions and boron/water
splitting on the interface of bipolar membranes. Based on this reactive transport,
mobile borate anions (B(OH)s) transition into neutral boric acid (B(OH)3qg)
when entering acidic or neutral fluid channels. This neutral species undergoes
uncontrolled passive diffusion from acid channel toward cation exchange layer (CEL)
of bipolar membranes (BPM) and experiences weak-electrolyte dissociation
at the BPM junction, compromising global current efficiency and escalating product
losses. To overcome the limitations of purely experimental trial-and-error evaluations
and capture localized channel chemistry, a comprehensive numerical model is
required to resolve these coupled multiphysics dynamics and reactions to identify
the role of each mechanism and phenomenon like diffusion or splitting in this
transport.

In this work, a 2D CFD model of a multi-compartment BMED stack, as shown
in Figure 1, featuring three triplets (totaling nine parallel flow channels including
electrode rinsing, acid, base, and dilute compartments) was developed in COMSOL
Multiphysics version 6.3. Specialized Reaction domains were strategically
implemented at the BPM junction to explicitly define the field-enhanced dissociation
kinetics (the Second Wien effect) responsible for both water and boron splitting
behavior under intense localized electric fields. Concurrently, customized
equilibrium chemical reactions were integrated within the channel domains to
compute multi-species pH-dependent reactive boron transport.
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Figure 1. Schematic configuration of the multi-compartment BMED stack featuring three
triplets, integrated with local channel pH and a thermodynamic boron speciation diagram
in Dilute.

This model simulates BMED behaviour across an operating cell potential range
spanning from 1V to 17V, demonstrating that incorporating reactive transport
significantly modifies the predicted pH and concentration profiles compared to non-
reactive baselines. In the base compartment (pH ~ 12.5), neutral boric acid
(B(OH)3@aq) crossing the Cation Exchange Membrane (CEM) from the dilute
compartment via diffusion was immediately deprotonated into borate anions
(B(OH)y), yielding the distinct concentration profile in Figure 2a. Conversely, inside
the acid channel (pH ~ 5), the shifting equilibrium drives recombination into
B(OH)3(aq), precisely capturing the consumption of B(OH)4 passing Anion Exchnage
Membrane (AEM) from dilute channel and H" ions generated by water splitting
on the BPM. In the dilute channel, where the local pH (~ 9.12) was near the pKa
(9.2), the fractions of both species are nearly equal. Across all acid, base, and dilute
channels, the theoretical B(OH)4 concentrations showed exceptional agreement with
theoretical values (Figures 2b and 2c), when equilibrium reactions and water/boron
splitting were taken into account.
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Figure 2. Validation of B(OH)4 concentrations across cell potentials (1-17V) comparing

theoretical values, reactive, and non-reactive CFD models in the (a) base, (b) acid, and (c)
dilute channels.

Furthermore, the model effectively resolved the high-gradient boundaries where
boron/water dissociation took place under intense electric fields. Figure 3 illustrates
the resulting line graph (Figure 3a) and 2D potential distribution overlaid with current
density streamlines (Figure 3b). As the acid channel has a low pH, all available boron
species are rapidly converted into neutral boric acid, B(OH)s3uq). Consequently,
the concentration of ions in this channel is very low, resulting in high resistance
and therefore large variations in the electrolyte potential.
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Figure 3. a: Line graph; and b: 2D potential distribution across the entire cell configuration,
overlaid with current density streamlines for 17V

To explicitly deconstruct the underlying mass transport mechanisms driving boron
recovery, the spatial distribution of the x-component fluxes for boric acid (B(OH)3(q))
across the BPM junction and its adjacent diffusion layer was evaluated (Figure 4).
Inside the CEL of the BPM, mass transport is entirely dominated by the diffusion
flux (blue line), confirming that the neutral boric acid species undergoes passive,
uncontrolled molecular diffusion through the polymeric matrix in the absence
of an electrical migration driving force (red line). Driven by interfacial water/boron
splitting dynamics at the BPM junction, this reaction converts neutral boric acid
(B(OH)3(aq)) turns to borate (B(OH)4"), facilitating their selective transport through
the adjacent anion exchange layer (AEL). Moving leftward into the hydrodynamic
boundary layer immediately adjacent to the CEL surface, a clear transition region
emerges. Within this localized diffusion layer, boric acid transport is governed by
a coupled combination of diffusion and developing convection mechanisms. Finally,
as the spatial coordinate extends further into the bulk core of the fluid channel,
the diffusion flux decays toward negligible values, and the transport shifts completely
to convection (green line), where the bulk laminar flow velocity field becomes
the primary driver of species displacement.
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Figure 4. Localized x-component mass transport fluxes of boric acid at the fluid-BPM
interface of the BMED stack for 17V
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Abstract: Advancements in gas separation technologies are essential for reducing
industrial emissions and mitigating global warming, making polymeric membranes
attractive thanks to their scalability, energy efficiency, and chemical tunability.
Nevertheless, enhancing their separation performance remains a key challenge,
which can be addressed by incorporating intrinsically porous materials (IPMs) into
the polymer matrix to synergistically combine polymer processability with the
superior gas separation properties of the filler.

Organic cages represent a type of IPMs formed by single molecules with three-
dimensional cavities and a well-defined pore structure in the solid state. One of their
main advantages is that they are soluble in organic solvents and therefore more easily
processed via solution-casting to yield mixed matrix membranes (MMMs) [1].

In this work we describe a series of different organic cages and their corresponding
MMMs in the solvent-processable poly(ether-ether-ketone) PEEK-WC and in
ULTEM 1000. Pure gas permeability measurements (H>, He, O2, N>, CH4, CO», C3Hs,
CsHp) of the neat polymer and the MMMs are carried out to investigate the effect of
the fillers on the gas transport parameters. The results showed that the cages can tailor
the gas transport properties of the pure polymer membrane, increasing either the
permeability or the selectivity, with the greatest improvement observed in
propylene/propane (olefin/paraffin) separation performance. In most cases, the
increase in permeability is mainly due to the increase in diffusivity, while the
enhanced perm-selectivity is mostly a result of an increase in the size-selectivity of
the membrane, i.e. the cages favor the transport of the smaller gas molecules over
that of the larger molecules.

Further studies will focus on novel imide/imine-based organic cages, comparing pure
gas permeability measurements and mixed gas permeation tests, in order to validate
the potential of the most promising membranes for the separation of industrially
relevant gas mixtures, such as CO»/CH4 and CO»/No.
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TAILORING CERAMIC-BASED POLYELECTROLYTE
MULTILAYER MEMBRANES FOR NOM REMOVAL IN
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Abstract: The novel approach of this study aims at tailoring tubular ceramic (Al,O3)
ultrafiltration (UF) membranes by successive coating of polyelectrolyte multilayers
(PEM). This modification shall enhance removal of dissolved water constituents
(salts, natural organic matter, NOM) as well as maintaining fouling control to ensure
process stability in drinking water treatment. A backwashable tubular UF membrane
(Nanostone Water GmbH) shall be turned into a (backwashable) ceramic
nanofiltration (NF) membrane. NF as treatment method offers compact high-quality
treatment of surface and other raw waters. Ceramic membranes in particular offer
mechanical robustness, chemical and thermal stability, low fouling propensity, and
long lifetime, and can be effectively chemically and mechanically cleaned.

The PEMs investigated in this study, are screened for their removal efficiencies
of mono- and divalent salts, various model NOM compounds in synthetic water,
and real surface water. Screening the impact of coatings on retention of single salt
solutions provides insights into separation mechanisms and PEM charge
characteristics'*?, thereby aiding the understanding of different retention behaviors
observed with NOM solutions. The PEMs manufactured in this study consist of 8
double layers (DL) of polycation/polyanion combinations being either PDADMAC
(poly(diallyldimethylammonium chloride))/PSS (poly(sodium-4-styrenesulfonate))
or PAH (poly(allylamine hydrochloride))/PSS. The coatings were conducted either
at the same ionic strength for polyanion and polycation or at combined ionic strength
with a lower ionic strength of the cationic solution.
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Figure 1 MgSO,, Na;SO4, MgCl, and NaCl single salt rejection rates for the PEM tubular
membranes each coated with 8 DL of the polyelectrolyte systems PDADMAC/PSS (blue)
and PAH/PSS (orange) at varying ionic strengths (0.1/0.5 M NaCl). Filtration parameters: Csai
=5 mmol/l, transmembrane pressure (TMP) = 4 bar, cross-flow velocity (CFV) = 0.7 m/s.

The rejection sequences observed for single salt solutions (Figure 1) for membranes
coated with PDADMAC/PSS at 0.1 M and 0.5 M NaCl, as well as for PAH/PSS at 0.5
M NaCl, are consistent with rejection sequences of positively charged membranes'-2.
This apparent positive charge occurs despite the anionic termination with PSS of all
coatings attributable to charge overcompensation and interdiffusion of the cationic
PDADMAC and PAH as reported in prior studies**. Conversely, membranes coated
with PDADMAC/PSS at combined ionic strength and PAH/PSS at 0.1 M NaCl
exhibit rejection patterns characteristic of negatively charged membranes®. These
latter membranes are therefore expected to demonstrate enhanced performance
in NOM removal and fouling mitigation. To validate this, various NOM solutions,
such as Sigma Aldrich Humic Acid, Suwannee River NOM (SRNOM) and real
surface water, are screened to assess membrane performance.

Preliminary results for SRNOM removal by two different coatings are shown
in Figure 2 as Liquid Chromatography-Organic Carbon Detection (LC-OCD)
chromatograms, demonstrating promising rejection rates for all NOM fractions
contained in SRNOM.
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Figure 2 LC-OCD analysis for SRNOM feed solution (5 mg TOC/L, pH = 8) and permeates
of ceramic membranes coated with 8 DL of PDADMAC/PSS at 0.1 or 0.5 M NacCl ionic
strength of the coating solutions. Filtration parameters: TMP = 2 bar, CFV = 0.7 m/s. NOM
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fractions in LC-OCD analysis: Bioplymers (BP), humic acids (HA), low molecular-weight
acids and humic acids (LMWA+HA), low-molecular weight neutrals (LMWN).

The results of this study demonstrate that the charge properties of ceramic-based
PEM membranes can be precisely controlled through the choice of polyelectrolytes
and ionic strength during the LbL coating process. In particular, the identified
apparent negatively charged PEM systems show great potential for NOM removal
while enabling stable operation. Overall, the findings highlight the application
potential of tubular ceramic-based PEM membranes as a robust, adaptable
technology for future climate-resilient drinking water supply systems.
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Abstract: Predicting penetrant-induced swelling in glassy polymer membranes
remains a key challenge, mainly due to the intrinsically non-equilibrium nature of
glassy materials. Conventional approaches often rely on empirical swelling laws and
additional fitting parameters, therefore limiting their predictive capability.

In this contribution, Dry Glass Reference Perturbation Theory (DGRPT) coupled
with the PC-SAFT equation of state was applied to model sorption as well as swelling
thermodynamics in high free-volume triptycene-based polybenzoxazoles (TPBOs)
with varying triptycene content.

Pure polymer and binary interaction parameters were obtained through simultaneous
correlation of multicomponent sorption data for CHa, CO2, and N2 across multiple
temperatures, together with mixed-gas swelling measurements for N»/C-Hs at 35 °C.
The resulting set of parameters accurately reproduces sorption and swelling behavior
across all investigated systems. The DGRPT-PC-SAFT framework successfully
predicts COz-induced swelling in pristine TPBO membranes, with no additional
adjustable parameter.

The model was further used to investigate the discrepancy between pure- and
mixed-gas ethane swelling. Predictive calculations show that competitive sorption
alone cannot explain the experimentally observed higher swelling in pure ethane. By
treating the dry polymer density as the sole adjustable parameter, representing
conditioning of the glassy polymer matrix, the model quantitatively reproduces
pure-ethane swelling data.

Overall, these results demonstrate that the DGRPT-PC-SAFT framework provides a
physically grounded, parameter-efficient description of penetrant-induced swelling
in high free-volume glassy polymers. Moreover, it offers a quantitative route to
identify subtle conditioning effects in advanced membrane materials, supporting the
development of robust predictive tools for gas separation processes.
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Figure 1. (a) TPBO-xx repeating unit. xx represents the triptycene molar content; (b) swelling
of TPBOs induced by pure CO; at 35°C. Continuous lines represent DGRPT-PC-SAFT model
predictions.
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Abstract: Piezoelectric membranes play a key role in reducing concentration
polarization and fouling, leading to long-term operation [1,2]. This study developed
a piezoelectric thin-film composite (TFC) reverse osmosis (RO) membrane via novel
ultrasonic processing, enabling self-arrangement of the B-phase crystalline structure.
To investigate anti-scaling performance, a test was conducted with model foulant of
20 mM calcium sulfate-containing brackish water (NaCl 2,000 ppm). Consequently,
the TFC RO membrane via ultrasound (named TFC-ultra) improved the F(§) value
(79.76+2.24%) with high piezoelectric effect, unlike the TFC membrane
(44.23+0.42%) in Figure 1(a). Based on enhanced piezoelectric properties, the TFC-
ultra membrane under applied alternative current (AC) demonstrated remarkable
anti-scaling performance (15.79+£9.3% flux decline) for 12 h, whereas the TFC
membrane with AC showed a low anti-scaling performance (29.06+3.14% flux
decline) in Figure 1b and c. In addition, the TFC-ultra membrane exhibited higher
permeance recovery (~85%) and less scalant on the membrane surface (Figure 1d).
Therefore, the novel ultrasonic approach can be applied to improve the self-
arrangement of dipole moments and the piezoelectric B-phase crystalline structure,
leading to outstanding anti-scaling performance during long-term operation.
Consequently, the piezoelectric TFC-ultra membrane is expected to operate the RO
process with stable flux, high-quality permeate water, and a longer lifespan in
practical applications.

o

Permeance recovery (%)

- 0.
= TFC with AC
0.5+

Figure 1 (a) F(B) values, (b) normalized flux with TFC membrane, (¢) normalized flux with
TFC membrane via ultrasound (named TFC-ultra membrane), and (d) permeance recovery
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Abstract: Solid-state NMR (SSNMR) spectroscopy has emerged as one of the most
powerful techniques for identifying and quantifying both physisorbed and
chemisorbed CO; species in crystalline and amorphous solid sorbents, providing
fundamental insights into CO, adsorption mechanisms at the molecular level. In
particular, SSNMR has been successfully applied to investigate the structure of
species formed upon CO: adsorption at porous surfaces via chemical reactions, as
well as to characterize the molecular dynamics of physisorbed CO, in membranes,
including polymers of intrinsic microporosity (PIMs) and mixed-matrix membranes
(MMMs). Distinct chemical environments can be discriminated based on the
chemical shift of signals in high-resolution spectra acquired under magic-angle
spinning (MAS) conditions, as well as on the analysis of static line shapes. Moreover,
static *C SSNMR spectroscopy provides valuable information on the dynamics of
physisorbed COs.

In this contribution, representative examples of MAS and static *C SSNMR
applications are presented to elucidate CO; adsorption mechanisms in membranes
relevant for separation and capture processes. In particular, '3C SSNMR
spectroscopy, combined with computational methods, is shown to unravel both
chemi- and physisorption mechanisms in Amine-PIM-1, shedding light on the origin
of enhanced CO; selectivity under mixed-gas conditions.' Furthermore, additional
case studies on MMMs demonstrate how *C SSNMR can be employed to investigate
the preservation of physisorption mechanisms in metal—organic frameworks (MOFs)
embedded as fillers within polymeric matrices.”

This project has received funding from the European Union’s Horizon Europe
research and innovation programme, European Innovation Council and SMEs
Executive Agency (EISMEA), under grant agreement No 101115488, project
“DAMA4CO;”.
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Abstract: Power-to-hydrogen systems offer a critical pathway for storing
intermittent renewable energy as green hydrogen (H,)'?. However, large-scale
implementation exacerbates freshwater scarcity, requiring 20—50 L of pure water per
kilogram of H, produced®*°. While oceans provide an inexhaustible water source,
conventional direct seawater electrolysis faces catastrophic catalyst degradation from
parasitic chlorine evolution and mineral scaling®’. To bypass these limitations, in situ
membrane-integrated electrolysis has emerged as a promising strategy to purify
seawater and generate H, simultaneously. Existing liquid-phase configurations, such
as forward osmosis coupled with water splitting (FOWS), suffer from salt crossover
that might poison the catalysts and limit the allowable operating concentration of the
electrolyte®. Conversely, vapour-phase transport architectures like self-dampening
electrolyte-assisted direct seawater electrolysis (SDE-DSE) successfully eliminate
salt passage using hydrophobic membranes, but suffer from insufficient water output
due to an isothermal operating regime that also restricts optimum electrolysis
temperature operation’. This work addresses the water-energy nexus by introducing
a thermally symbiotic architecture that integrates osmotic membrane distillation
(OMD) directly with an alkaline water electrolysis (AWE) stack, as represented in
Figure 1. The system establishes a thermodynamic synergy where the waste heat
generated by the exothermic electrolysis reaction, an operational burden requiring
costly cooling infrastructure, is harvested to satisfy the thermal demand of the OMD
unit. Governed by a predictive system-level water balance model, the integrated
system achieved a H, production flux of 60.2 kgday™! per m2 of membrane, a
fourfold increase over liquid-phase FOWS and a 25-fold increase over isothermal
baseline systems. Long-term validation using raw seawater demonstrated exceptional
operational stability over 500 hours. Ultimately, thermodynamic and techno-
economic modelling demonstrates that this self-sustaining loop eliminates external
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heating penalties, achieving a specific energy consumption of 51.05 kWh kg(H,)™

and a production cost of $5.73 kg(H»)™,

establishing a scalable, robust, and

autonomous paradigm for offshore green H, generation.
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Figure 1. Green H, production from seawater using a thermally symbiotic osmotic
distillation-alkaline water electrolysis (OMD-AWE) system.
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Abstract: The development of efficient CO, separation technologies is vital for
climate sustainability. We report two novel core—shell strategies to overcome the
limitations of individual porous materials in mixed-matrix membranes (MMMs).
First, a CaA@ZIF-8 structure was synthesized via ion-exchange-induced
crystallization and post-synthetic conversion.! This method ensures exclusive ZIF-8
shell growth on the CaA surface, minimizing secondary nucleation and enhancing
filler-polymer compatibility. The CaA core provides selective CO, pathways, while
the ZIF-8 shell improves dispersion and suppresses nonselective interfacial voids.

Second, hierarchical Meso@Micro-CaA zeolites were developed through
impregnation-assisted dry-gel conversion.? The mesoporous LTA core facilitates gas
diffusion, while the microporous shell prevents polymer infiltration, maintaining high
selectivity. Compared to hydrothermal methods, this approach offers faster synthesis,
reduced water usage, and thinner shell formation.

The integration of CaA@ZIF-8 core—shell fillers into a polyimide matrix yielded
MMMs with enhanced separation properties, achieving a CO; permeability of 1142
Barrer and a CO»/CHa selectivity of 43.3. Similarly, Meso@Micro-CaA/Pebax 1074
membranes achieved a CO; permeability of 209 Barrer and a CO/N; selectivity of
121.3, surpassing the 2019 upper bounds. These results demonstrate that tailored
core—shell architectures can significantly advance gas separation membrane
performance across various zeolite topologies and MOF types.

Figure 1. Schematic illustration of the synthetic process for core—shell structured fillers. (a)
Ion-exchange-assisted crystallization; (b) impregnation-assisted dry-gel conversion.

1. Choi H. L. et al., JACS Au. 4:253-262, 2024.
2.Choi H. L. et al., J. Membr. Sci. 736:124714, 2025.
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SMARTCE FILTER: FUNCTIONALIZED POROUS
MEMBRANES FOR PALLADIUM RECOVERY
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Abstract: The growing demand for Technology-Critical Elements (TCEs)
and precious metals has increased the need for sustainable technologies capable
of recovering valuable resources from dilute aqueous streams. In this context,
the SmarTCE Filter technology has been developed as a membrane-based platform
that integrates selective extraction and filtration within a single process.

The developed membranes consist of a biodegradable polycaprolactone (PCL) matrix
functionalized with selective extractants. Their porous architecture enables
the treatment of dilute aqueous solutions under low-pressure conditions, reducing
energy requirements and reagent consumption while allowing membrane reuse.

Among the systems evaluated, membranes composed of 70 wt.% PCL and 30 wt.%
trioctylmethylammonium thiosalicylate (TOMATS) showed particularly promising
performance for palladium recovery. Scanning electron microscopy revealed well-
defined porous structures, while porosity analyses confirmed the development
of a nanostructured architecture. Thermogravimetric analyses further demonstrated
the successful incorporation and stability of the extractant within the polymer matrix.

Filtration experiments performed with model aqueous solutions achieved palladium
recovery efficiencies above 85%. Furthermore, the membranes maintained stable
performance over ten consecutive extraction—recovery cycles, demonstrating
excellent operational stability and reusability (Figure 1).
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Figure 1. Palladium extraction and recovery over ten cycles
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These results demonstrate the feasibility of combining selective extraction and low-
pressure membrane filtration for palladium recovery. SmarTCE Filter offers
a sustainable approach for future critical raw materials recovery applications.
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Abstract: Separation of racemic mixtures is essential yet challenging because
enantiomers possess identical physicochemical properties in achiral environments.

We present an innovative enantioselective ion-exchange mixed-matrix membrane for
the separation of racemic acids. The membrane incorporates (tert-butylcarbamoyl)-
quinidine modified 5 pm silica particles dispersed within poly(ethylene-co-vinyl
alcohol) (EVOH) or poly(vinylidene fluoride) (PVDF) polymer matrices'. Separation
proceeds via a sorption-driven mechanism described by the retarded transport model.
PVDF-based membranes were prepared by non-solvent-induced phase separation
(NIPS) with a high particle-to-polymer packing ratio of 1.2:1, and EVOH-based
membranes were prepared by a combination of vapour-induced phase separation
(VIPS) and solvent evaporation at 50% relative humidity with a 1:1 ratio.

Successful separation of N-(3,5-dinitrobenzoyl)-leucine enantiomers was achieved
using a solvent system composed of methanol and small amounts of acetic acid, and
ammonium acetate. Both the EVOH- and PVDF-based membranes reached >98%
enantiomeric excess after five separation stages in concentration-driven process.
Average fluxes were (1513 + 255) mg m? h' for PVDF membranes and
(1190 = 139) mg m2 h™! for EVOH membranes at 1 mg mL ™' feed concentration with
~5% stage-to-stage recovery. Pressure-driven enantioseparation using PVDF
membranes required approximately 20 stages to achieve >90% ee but provided
significantly higher recoveries of ~49% per stage. The developed membranes are
very resilient and enable scalable semi-continuous separation of acidic racemates.
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POTENTIAL OF AN ARSENAZO II-BASED POLYMER
INCLUSION MEMBRANES FOR THE
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Abstract: The fast development of modern technologies using rare earth elements
(REEs) has resulted in increased concentrations of anthropogenic REEs such as La*"
in the environment. It is therefore becoming increasingly important to develop
methods allowing their quick and cheap detection. Arsenazo III (Az III) is a
commonly applied colour reagent for the determination of REEs.! However, it is
relatively expensive and highly toxic to aquatic life thus making its infield application
potentially harmful.? To reduce the costs of analysis and minimize its harmful effect,
Az Il was encapsulation in a polymer inclusion membrane (PIM)** whose
composition was optimised. The membrane incorporated 44.5 wt% poly(vinyl
chloride) as its base polymer and 45 wt% di(2-ethylhexyl)phosphoric acid as its
extractant/carrier. Az I1I (0.5 wt%) was retained in the PIM by incorporating 10 wt%
Aliquat 336 in the PIM composition. By incorporating the PIM in a flow through
measuring cell and pumping a series of 20 mL La*" solutions of different
concentrations through it using a syringe pump, a working range of 0.5 — 5.0 x 107
mol L' for the determination of La*" was obtained.

1. Rohwer H., Collier, N. Hosten, E., Anal. Chim. Acta, 314: 219-223, 1995.
Olchowski, R., Giannakoudakis, D.A., Anastopoulos, I. et al., Environ.
Nanotechnol. Monit. Manag., 16: 100607, 2021.

3. Zhao, S., Samadi, A., Wang, Z. ef al., Chem. Eng. J., 481: 148792, 2024.

4. Almeida, M.I.G.S., Cattrall, R.W., Kolev, S.D., Anal. Chim. Acta 987: 1-14, 2017.
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Abstract: There is a continuous need in the industry for more robust and chemical
resistant membranes in order to accomplish separations tasks which are currently not
possible with membranes made with incumbent polymeric materials!. There exist
several opportunities in the chemical and petrochemical sectors in addition to
pharmaceutical where membranes could enable a significant process intensification.
Examples of issues that significantly reduce polymeric membrane lifetime and hence
prevent their use in such environments are lack of performance stability due to
plasticization in CO, rich environments, solvent-induced swelling and
thermomechanical degradation.

PEEK is a semicrystalline polymer which possesses high strength and wear
resistance, outstanding temperature and chemical resistance (being virtually insoluble
in all organic solvents) with a rated end use of 250°C and for this reason it is widely
used in the most demanding environments, such as aerospace, oil & gas, additive
manufacturing, automotive, healthcare, semicon and chemical plants?. In this study,
we present the development of melt-extruded porous poly(ether ether ketone) (PEEK)
hollow fibers produced at pilot scale’>. We examine their structural and transport
properties, comparing them with conventional polymeric membranes such as
polysulfones, polyimides, and PVDF. The manufacturing process allows for precise
control over the geometry and porosity of the hollow fibers, without relying on
traditional solvent-induced phase inversion methods, which are not suitable for
PEEK. This technique is highly flexible, enabling the production of various
outer/inner diameter (OD/ID) ratios by adjusting the processing conditions (see
image below).

In the first part of this work, we will show the influence of processing parameters on
surface morphology, pore structure, and mechanical properties. Gas permeance and
liquid permeability are characterized, and specific emphasis is placed on durability-
related metrics, including resistance to CO:-induced plasticization, morphological
stability after immersion in aggressive organic solvents, and mechanical integrity
under stress and high temperature conditions. Preliminary comparative results

1) Journal of Membrane Science 598 (2020) 117761

2) https://www.syensqo.com/en/brands/ketaspire-peek. HANDBOOK OF POLYMERS 3rd
Edition, Copyrights 2022; ChemTec Publishing. Pag 385

3) EP 3763435, WO 21018868
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indicate that the intrinsic thermal and chemical stability of PEEK can translate into
improved resistance to performance drift under harsh exposure relative to selected
incumbent materials. In particular in the second part of this work we will show some
applicative cases where we envision that those fibers could find applications and
where other polymeric materials struggle to be used. More specifically we will show
experimental findings related to:

a) Pervaporation: for this case we will illustrate the separation efficiency of a
model system (PEEK Fiber + hydrophilic coating) used in dehydrating a
polar aprotic solvent across an extended range of composition and
temperature and comparing these data with references in the literature

b) Organic solvent filtration. In this section we will show the swelling of PEEK
hollow fibers to the most used organic solvents and compare those data with
other polymeric fibers in the literature. These data confirm the suitability of
those fibers in OSN applications

¢) Gas separation: we will show data related to CO2 separation from other gas
mixtures. Here we will show the gas permeance and selectivity evolution
over time in aggressive conditions and we will compare them to other
incumbent membrane solutions

d) Membrane distillation experiments where we exploit the hydrophobic nature
of PEEK fibers and their high liquid entry pressure

depending on the specific application. Here we show an OD range from 0,48mm (left) to 1,37
mm (right)
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DEVELOPMENT OF LOW-COST CLAYEY CERAMIC
MICROFILTRATION MEMBRANES USING OLIVE
POMACE AND SUNFLOWER SEED SHELLS AS
BIOADDITIVES FOR WATER TREATMENT
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Abstract: The valorization of agro-industrial residues in ceramic membrane
manufacturing offers a promising route toward low-cost and sustainable water
treatment technologies. In this study, clay-based ceramic microfiltration membranes
were developed using olive pomace and sunflower seed husks as bio-porogenic
additives. The bioadditive content was varied from 10 to 40 wt.% in order to evaluate
its effect on the structural, physical, mechanical, and hydraulic properties of the
membranes. The prepared mixtures were shaped by uniaxial pressing and sintered at
900 °C for 2 h using a controlled thermal cycle.

Increasing the bioadditive content significantly modified the membrane structure. For
olive pomace-based membranes, mass loss increased from 23.0 to 48.9%, while
apparent density decreased from 2.13 to 1.80 g-cm™. Similarly, sunflower seed husk-
based membranes showed an increase in mass loss from 22.6 to 46.5% and a decrease
in apparent density from 2.01 to 1.73 g-cm™. This confirms the effective burnout of
organic matter during sintering and the formation of a porous ceramic network. The
porosity increased from approximately 15.8 to 50.0% for olive pomace and from 17.5
to 54.8% for sunflower seed husks. However, this increase in porosity was
accompanied by a decrease in flexural strength, from 22.1 to 8.7 MPa for olive
pomace-based membranes and from 18.8 to 6.3 MPa for sunflower seed husk-based
membranes.

Filtration tests using real tannery wastewater collected from the Medina of Fez,
Morocco, first confirmed the practical applicability of the developed membranes
under real effluent conditions. During tannery wastewater filtration, the membrane
showed stable hydraulic behavior, with water flux decreasing progressively due to
the deposition of suspended solids, colloids, and organic matter on the membrane
surface, before reaching a quasi-stable regime. The sunflower seed husk-based
membrane exhibited the highest water flux, decreasing from about 136 to 71
L-h™"'m™, while the olive pomace-based membrane showed a flux decrease from
approximately 124 to 65 L-h™'-m™. Despite this flux decline, both membranes
demonstrated good hydraulic stabilization and excellent clarification performance,
with turbidity retention close to 99%.
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Pure water permeability tests further confirmed the suitability of the developed
membranes for microfiltration applications. Under different transmembrane
pressures, the average flux increased from 61.6 to 184.7 L-h™'m™ when the pressure
increased from 0.1 to 0.4 bar, with a hydraulic permeability of 416.4 L-h™'-m2-bar™!
and an excellent linearity coefficient of R* =0.9977.

Both membranes exhibited excellent clarification performance, with turbidity
retention close to 99% throughout the filtration tests. Overall, sunflower seed husks
promoted higher porosity and water flux, while olive pomace provided better
mechanical resistance. These results demonstrate that both residues can be
successfully used as sustainable bioadditives for tailoring low-cost ceramic
microfiltration membranes, contributing to biomass waste valorization and circular-
economy-based water treatment solutions.
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IMPROVING THE PERFORMANCE OF MEMBRANE
DISTILLATION UNIT USING MOF SUPPORTED
HYDROPHOBIC COMPOSITE MEMBRANE
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and Technology (E-JUST), Alexandria, Egypt.

Abstract: This work investigates the possibility of improving the performance of a
direct contact membrane distillation (DCMD) unit by using a fin modified feed region
in addition to the application of a superhydrophobic composite of Polyvinylidene
Fluoride (PVDF), polystyrene (PS) and Zirconium chloride-Metal organic
framework (UiO-66). Many techniques were used for the characterization of the
polymer composite such as, SEM, TEM, XRD, FT-IR. In addition, the porosity,
contact angle and water entry pressure of the membrane were measured. The fins
geometry and arrangement were also investigated. Many operational parameters such
as feed water temperature and flow rate, cooling water temperature and flow rate and
polymer composite composition were investigated. The phase inversion technique
was used for fabrication of the composite membrane and the results showed that a
composite membrane of 75% PVDF , 25% PS and 1-1.5 % MOF of the composite
has the highest hydrophobicity with contact angle up to 100- 115 and porosity up to
69%. The in-line arrangement of fins showed improved water flux. The flux of the
unit for the modified membrane and fined DCMD cell was found to be 28 liter/m? h.
Backwash experiments showed a good stability of the membrane and durability.

Keywords: Composite materials- membrane fabrication- membrane distillation-
metal organic framework (MOF).
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QUATERNIZED HIGHLY CROSSLINKED POROUS
POLYMERS AS FILLERS FOR GAS SEPARATION
MEMBRANES
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Abstract: Mixed matrix membranes (MMMSs) were prepared by incorporating
quaternized, highly crosslinked porous organic polymers (POPs) based on TAT-TB
networks into intrinsically microporous polymer matrices. The resulting hybrid
membranes exhibited enhanced molecular sieving properties owing to the
combination of polymer microporosity and the permanent porosity of the fillers'.
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Figure 4 CO,/CH4 Robeson upper bound graph

Single-gas permeation measurements were carried out using Nz, Oz, CO2, CHa, H2
and He. Attention was devoted to CO2/CHa and CO2/N2 separations because of their
relevance to natural gas upgrading and post-combustion carbon capture. The
incorporation of quaternized porous fillers led to a significant enhancement in gas
transport performance, with CO. permeabilities reaching values above 9.000 Barrer
and ideal CO./CHs4 and CO2/N: selectivities up to approximately 19 and 20,
respectively. These findings offer key insights for designing high-performance
membranes tailored for sustainable gas separations.
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Abstract: Boron is recognized as a critical raw material due to its economic relevance
in sectors such as glass manufacturing, agriculture, and electronics. However,
elevated boron concentrations in water can pose risks to both human health and
agricultural systems, making its control essential. Boron is naturally present in
seawater and becomes concentrated in desalination brines. Moreover, conventional
reverse osmosis membranes are not highly effective at boron removal without
additional treatment steps, allowing a significant fraction to pass into the permeate.
This limitation highlights the need for improved boron removal and recovery
strategies.

Membrane-based technologies have emerged as promising and sustainable solutions
for water treatment and resource recovery. In desalination processes, they offer the
dual benefit of water purification and valorization of streams such as permeate and
brines.

In this work, polymer inclusion membranes (PIMs) are investigated as functionalized
polymeric membranes for boron recovery from desalination streams. The membranes
are based on cellulose triacetate (CTA) as the polymer matrix and Aliquat 336 as the
carrier, which enables chemically driven boron transport. The study evaluates key
parameters influencing boron transport, including membrane composition, the nature
of the stripping phase, and the effect of feed solution pH. The results obtained
highlight the importance of these parameters in the system's performance, evidencing
that membrane composition determines the extraction efficiency, while the selection
of the stripping phase directly conditions boron recovery. Furthermore, the feed pH
plays a crucial role in transport, as the extraction mechanism relies on ion exchange;
consequently, the boron species must be charged, which is achieved at basic pH levels
(above 8.5) where the anionic form prevails.

This research contributes to the development of efficient and sustainable membrane-
based strategies for boron recovery from high-salinity waters, supporting improved
resource management in desalination systems.

Acknowledgement: This work was supported by MICIU (PID2022-140312NB-
C22).
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ELECTRODIALYSIS FOR THE RECOVERY OF
CRITICAL METALS FROM BATTERIES: A PATH
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Abstract: The rapid growth of lithium-ion batteries, driven by decarbonization goals,
has increased the demand for critical metals such as Li, Ni, Mn, and Co'. Battery
recycling offers a sustainable pathway for resource recovery; however, the selective
separation of metal cations from leachates remains a major challenge. Electrodialysis
(ED) has emerged as a promising technique for the selective separation of Li* from
Ni?*, Mn?', and Co?*, offering higher selectivity and lower chemical consumption
than conventional methods while aligning with EU sustainability objectives.

Previous studies have demonstrated that electrodialysis (ED) with monovalent-
selective membranes enables efficient Li* separation from divalent cations
in NMCI111 leachates, due to lithium’s lower charge and smaller ionic radius,
allowing up to five times higher Li recovery compared to Mn®. However, recent
results from our research group show a significant reduction in selectivity when
treating NMC811, being the main difference cathode composition (Tablel). Using
NMCS811 inorganic acid leachates, high Ni** concentration limits membrane
performance and hinders lithium separation, resulting in a relative Li recovery
of ~15% compared to ~7% for divalent cations, but leading to final concentrations
of 1585 ppm Li versus 5425 ppm Ni, thus limiting lithium purity.

Table 1. Composition of the cathode of an NMC811 battery

Metals Li Ni Mn Co
Composition of NMC811 cathode® 10% 75% 5% 10%
Composition of NMC111 cathode? 7% 20% 19% 20%

To address this limitation, this work proposes the combined use of monovalent-
selective membranes and chelating agents to enhance Li" separation. Chelants
promote the complexation of divalent cations, reducing their fraction in free ionic
form and consequently decreasing their transport through the membrane, thereby
improving the effectiveness of monovalent-selective membranes in selectively
separating lithium’.

To this end, black mass derived from NMCS811 cathodes, obtained following
the dismantling procedure previously reported®, was leached using organic acids,
namely citric, DL-malic, oxalic, and gluconic acids. Their performance as leaching
and complexing agents was systematically evaluated following a design
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of experiments (DOE) methodology. Among them, citric acid (CsHsO7) exhibited
the best performance under the following conditions: 1.5 M acid concentration,
liquid-to-solid ratio of 10, temperature of 65 °C, and 0.75% H:0.. Under these
conditions, the resulting leachate contained 6030 ppm Li, 45650 ppm Ni, 2575 ppm
Mn, and 6120 ppm Co, with an equilibrium pH of 2.9.

Metal speciation in citrate media was investigated to evaluate whether
the equilibrium pH (2.9) achieved after leaching enables the reduction of free divalent
cations while preserving lithium predominantly in its Li* form, as demonstrated
in Figure 1.

LLLLL

Figure 1. Speciation diagrams of Ni, Mn, Co, Li with citric acid

Electrodialysis experiments are currently conducted using a commercial PCCell
system equipped with Neosepta® anion- and cation-exchange membranes, the latter
being selective for monovalent cations (AMX-fg and CXP-S). Process performance
is systematically evaluated by investigating the influence of key operational
parameters, including anion nature, cation concentration, electrolyte composition,
feed pH, applied current density (67.5-250 A-m™?), and membrane stack
configuration (1-5 membrane units).

Preliminary results working with model solutions indicate that lithium recovery
purity increases with the number of membrane units, which is attributed
to the presence of a chelating agent enhancing selectivity. The complete study will
enable the identification of optimal operating conditions that maximize lithium
recovery and concentration while improving selectivity over competing divalent
cations, thereby allowing efficient stage-wise metal separation.
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Abstract: Flow electrode capacitive deionisation (FCDI) is an emerging electro-
membrane desalination technology where flow electrodes (usually activated carbon
dispersed in NaCl aqueous solution) replace the fixed electrodes used in other
capacitive desalination methods, enabling continuous desalination without a separate
electrode regeneration step. However, FCDI is restricted to operating at 1.23 V or,
in practice, even lower, to prevent water splitting in the flow electrodes. We
pioneered the use of deep eutectic solvents as electrolytes in flow electrodes for
FCDI, providing a new, better alternative to water-based flow electrodes. The deep
eutectic solvent, choline chloride-urea (ChCI-U), was chosen for its wide
electrochemical stability window. The main disadvantage of DESs compared to water
is their higher viscosity; therefore, the impact of water addition on the viscosity
and performance of DES flow electrodes was also examined. Cyclic voltammetry
measurements confirmed electrochemical stability, while rheological measurements
and electrochemical impedance spectroscopy demonstrated that adding water
reduced viscosity and enhanced the conductivity of ChCl-U, making it suitable for
use as flow electrodes in FCDI systems. Desalination experiments were successfully
conducted without pH change within a potential range of up to 2.2 V!. Furthermore,
IH NMR analysis demonstrated the absence of deep eutectic solvent traces in the
dilute stream. The results emphasise the potential of DES flow electrodes to enhance
desalination processes by enabling higher operational voltages and improved
performance, thereby paving the way for more efficient FCDI desalination systems.
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Abstract: Design and control of nanofiltration (NF) processes require intrinsic
membrane transport parameters. In tangential-flow cells, measured flux and solute
rejections are affected by concentration polarisation (CP) that is typically non-
uniform over the membrane surface. However, procedures for correction for CP
usually disregard this phenomenon. Moreover, the non-uniformity is test-cell
specific. Consequently, cross-flow characterisation often provides apparent rather
than intrinsic properties that are difficult to transfer quantitatively to practical
configurations such as spiral-wound membrane modules, for example.

A uniformly accessible membrane surface offers a way to quantitatively decouple CP
from transmembrane transport. This situation occurs, in particular, in test cells with
a Rotating Disk-like Membrane (RDM). In this configuration, CP layer thickness is
the same over the whole membrane surface, and the dependence of this thickness on
the rotation rate (and other system parameters such as fluid viscosity and solute
diffusivity) can be described by the celebrated Levich equation. On the other hand,
preliminary evidence suggests that Sterlitech CF042 cell may be unsuitable for NF-
membrane characterisation at pressures above approximately 5 bar because CP is
very pronounced under such conditions but accounting for its inhomogeneity is very
difficult.

This study compares transport characterisation of NF membranes in a CF042
tangential-flow cell and in an RDM cell with a uniformly accessible membrane
surface. We test the hypothesis that controlled rotation reduces CP inhomogeneity to
such an extent that observed rejection and flux data can be quantitatively corrected
and intrinsic membrane behaviour revealed.

Commercial flat-sheet NF membranes have been tested in a Sterlitech benchtop
system. Fresh coupons were pre-wetted, compacted and characterised using 0.01 M
single-salt electrolyte solutions at approximately 20 °C and 0.8 L/min cross-flow rate.
RDM experiments varied pressure (5, 10 and 15 bar) and rotation speed (200-1000
rpm), while CF042 experiments used comparable pressures. Additional tests at 10 bar
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and 700 rpm compared rejection selectivity for Mg(NOs),, NaNOs;, MgSO4 and
Na»SOs in both cells. Permeate samples were collected after steady state was reached
and were analysed by mass, conductivity and element composition (ICP-MS).
Observed rejections were converted to intrinsic rejections using cross-flow mass-
transfer correlations for CF042 and Levich CP correction for the RDM cell.

The comparative study confirms that the RDM cell satisfies the equal-accessibility
condition, so that the extent of CP can be treated as uniform over the whole membrane
surface. The RDM configuration therefore provides a practical platform for
systematic transport characterisation of NF/RO membranes, yielding intrinsic
parameters that can be used as inputs for modelling the performance of practical
membrane modules.
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Tu-D1.5 - DAM4COQO2

TECHNO-ECONOMIC ASSESSMENT OF A DUAL-
ACTIVE MEMBRANE REACTOR FOR INTEGRATED
CO2 CAPTURE AND CONVERSION TO LIGHT
HYDROCARBONS

K. Ghasemzadeh!, A. Fuoco?, M. C. Ferrari'

"nstitute for Materials and Processes, School of Engineering, University of Edinburgh,
Edinburgh, UK

%Institute on Membrane Technology (CNR-ITM), via P. Bucci 17/C, Rende, Italy

Abstract: Combining CO; capture and conversion in one compact unit could make
carbon capture and utilisation far more practical than today's multi-step processes,
cutting down on footprint, cost, and energy use!?. In this work, as part of the
DAM4CO; project®, we developed a one-dimensional, non-isothermal model of a
hollow fiber dual-active membrane (DAM) reactor that captures CO; from flue gas
and converts it directly into light hydrocarbons, all within a single module operating
below 300°C. The model brings together mass balance, pressure drop, and energy
balance equations, and draws on detailed kinetics from the literature*>. The
application to an industrial-scale flue gas rate of 9,850 kmol/h was explored including
sensitivity analysis on temperature constraints, membrane permeance and perm-
selectivity.

The investigation revealed the importance of the thermal boundary conditions.
Because CO-, hydrogenation releases heat, keeping the reactor temperature under
control becomes critical for membrane stability. For instance, thermal distribution for
constant wall temperature condition (at 250 °C) is reported in Figure 1. The use of a
lower temperature inlet flue gas is a practical way to manage this heat distribution.
area, holding the wall temperature at 250°C while outlet temperatures stayed below
255°C.
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Figurel: Temperature distribution in the retentate stream (lumen side) and permeate stream
(shell side) at an inlet temperatures and wall temperature of 250 °C.

Interestingly, membrane perm-selectivity influences the results less than expected
and even a fairly low CO2/N» selectivity of 5 was able to sustain competitive
performance of the system. The membrane permeance instead has a dramatic impact
on the system performance: increasing the permeance tenfold, from 6 to 60 GPU for
CO, alongside other components, pushed conversion up to 63% and Ci+ selectivity to
16%, with no thermal penalty (Table 1).

Table1l: DAM permeance effect on reactor performance

Case 1: baseline Case 2: Pei=3xPei(at baseline) Case 3: Pei=10xPei(at baseline)
CO»-conversion%=24.87% COs-conversion%=44.64% CO»-conversion%=63.01%
Ci+ Selectivity=13.98% Ci+ Selectivity=14.80% Ci+ Selectivity=15.73%
dP=0.021 bar (lumen) dP=0.018 bar (lumen) dP=0.017 bar (lumen)
Outlet temperature= 253 C Outlet temperature= 255 C Outlet temperature= 251 C
Outlet-U_lumen (m/s)=0.290 Outlet-U_lumen (m/s)=0.261 Outlet-U_lumen (m/s)=0.211
Outlet-U_Shell (m/s)=0.005 Outlet-U_Shell (m/s)=0.007 Outlet-U_Shell (m/s)=0.012

Given these promising technical results, an economic assessment was carried out for
the higher-permeance case. The results are encouraging: an NPV of 1,912 MEuro, an
IRR of 11.60%, and a payback period of 8 years, suggesting that with the right
membrane, this approach could be a genuinely profitable route to sustainable CO-
capture and utilisation (Table 2).
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Table2. Economic assessment results for case 3 reporting in Table 1

Economic indicators Values
Total capital investment (MEuro) 3227
Revenue (MEuro/year) 840
Production Cost (MEuro/Year) 438
Net Profit (MEuro/Year) 402
Payback Period (Year) 8
ROI, % 12.51
IRR (%) 11.60
NPV (Meuro) 1912
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CONTINUOUS BRINE CONCENTRATION IN A THREE-
STAGE LOW-SALT-REJECTION REVERSE OSMOSIS
(LSRRO) CASCADE WITH FLEXIBLE RO (FLERO)
STAGES: FROM NACL BRINES TO MONOVALENT-
SELECTIVE ELECTRODIALYSIS CONCENTRATES

G. Gidey-Berhe!, A. Belkin'?, J. Gilron'

1Zuckerberg Inst. for Water Resarch, Ben-Gurion University of the Negev, Sylvan Adams
Campus, Midreshet Sde Boker, 84990 Israel, berhe@post.bgu.ac.il,
www.bgu.ac.il/en/u/sde-boker/bidr/institutes/ziwr/
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Abstract: Minimizing brine volumes is a central challenge in inland brackish water
desalination and industrial water treatment, where disposal options are limited and
minimal or zero liquid discharge (MLD/ZLD) is increasingly required. In
conventional reverse osmosis (RO), the high salt rejection of the membranes causes
the osmotic pressure of the concentrate to rise rapidly, so that standard spiral-wound
modules, limited to about 70 bar, cannot concentrate brines much beyond 80 g/L
NaCl. Low-salt-rejection reverse osmosis (LSRRO) overcomes this barrier by using
membranes with intentionally reduced salt rejection in a staged cascade with
permeate recycling, allowing brines to be concentrated to osmotic pressures
exceeding the applied hydraulic pressure at energy demands far below thermal brine
concentrators'. However, most LSRRO studies to date have been limited to process
modeling, and small-scale implementation is hindered by hydraulic constraints: as
recovery increases, flows along membrane elements fall below manufacturer
minimums, causing operational instability.

Here we report the design and operation of a three-stage LSRRO pilot where each
stage was constructed according to the FLERO approach?: internal concentrate
recycling within each stage decouples flow from recovery constraints, while pressure
intensifiers recover energy from the recycle stream and stage pressures adjust
automatically to the local salinity and flux. Each stage was equipped with a single
2540 spiral-wound element with progressively decreasing salt rejection along the
cascade, combining a seawater RO (SWRO) element in stage 1 with commercial
nanofiltration elements or LSRRO elements prepared in-house by controlled
chemical oxidation (NaOCl) of standard RO modules. The flowsheet of the system is
displayed in Figure 1.}

The pilot (feed capacity 45 L/h) was operated first on synthetic NaCl brines (26.9—
33.3 g/L), and subsequently on a real monovalent-selective electrodialysis (MSED)
concentrate (25 g/ TDS) derived from brackish groundwater, in which hardness and
silica are largely retained in the ED diluate, providing an NaCl-dominant, low-
scaling-risk feed to the LSRRO.
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On NaCl brines, the pilot consistently achieved water recoveries of 65% and higher,
with concentration factors above three and final brine concentrations exceeding 114
g/L NaCl (>1.95 M), at stage inlet pressures well below 70 bar®. Only three membrane
elements were required, Specific energy consumption (SEC) was 10—13 kWh/m? of
feed, dominated by the low efficiency (49%) of the small feed pumps; with
conventional pump efficiencies (=80%) the SEC would fall by over 30%, and under
ideal pump and energy-recovery efficiencies the process-intrinsic SEC is 3.2-3.8
kWh/m3.

On the MSED concentrate, the cascade ran stably with no pressure increase at steady
state or flux decline at recoveries of 67—-80%. Fnal brine volume were reduced to less
than 1% of the original brackish RO feed. Ion concentration factors spanned 2.3-5.7,
with divalent and scaling-prone species (Ca?*, HCOs~, SO+*") concentrating the most
and Br~ and SiO: the least. SEC on this feed was 9.7-11.3 kWh/m? (6.3-7.3 kWh/m?
projected with >80% efficient pumps), below the 18.5 kWh/m? typical of thermal
brine concentrators.

These results demonstrate that the FLERO-LSRRO configuration makes staged
LSRRO trains practical at small scale using commercially available components,
tolerating variations in feed salinity and flow while operating far below module
pressure limits. Ongoing work focuses on tailoring stage rejections to push recoveries
beyond 80%, and developing a validated transport-parameter model of the cascade
for both NaCl and MSED concentrate feeds.
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BIOCATALYTIC MEMBRANE REACTORS FOR
HIGHLY SELECTIVE AND SUSTAINABLE
PRODUCTION SYSTEMS

L. Giorno
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Abstract: The use of catalysts of biological origin, such as enzymes, allows for
highly selective reactions, with no or limited side products, and therefore simplifies
downstream bioprocessing. Since enzymes are labile macromolecules, their
heterogenization is necessary to enhance their stability. The wuse of
porous/mesoporous membranes as support for the enzyme heterogenization not only
enhances enzyme catalytic stability and reusability but also allows for continuous
production systems where the simultaneous catalytic reaction and separation of
products from the reaction site can be achieved. Physicochemical, structural, and
morphological properties of the membrane, as well as transport phenomena, influence
enzyme loading (amount, density, distribution), catalytic activity, residence time,
reaction rate, conversion degree, and separation efficiency. A series of case studies
will be presented to demonstrate their influence. Membranes specifically designed
for biocatalytic reactors are not yet commercially available, so membranes intended
for other purposes are usually adapted. Attempts to fabricate ad hoc membranes from
sustainable materials will be discussed, demonstrating significant benefits in
productivity and stability.

Despite the significant potential of biocatalytic membrane reactors, their application
in real-world settings remains limited and is mainly confined to the pharmaceutical
sector. However, the growing demand for clean production systems that operate with
low energy input and minimal carbon and water footprints is expected to drive the
development of biocatalytic membrane reactors not only for high-value products but
also for commodity chemicals. Breakthroughs are expected from advances in
materials and enzyme engineering.
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MEMBRANE DISTILLATION APPLIED TO ORGANIC-
RICH SURFACE WATER AND BIOLOGICALLY
TREATED WASTEWATER: REVEALING FOULING
BEHAVIOR
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Abstract: Membrane distillation (MD) has emerged as a promising technology
for producing high-purity water, relying on water vapor transport through
a microporous hydrophobic membrane driven by a temperature gradient across
the membrane. However, membrane fouling remains unavoidable during
this process, adversely affecting its separation performance. It has been considered
acomplex phenomenon, governed by complex interactions among various
constituents in the feed water and the membrane. Therefore, studies employing model
foulants may not accurately represent real fouling behavior in practical MD
applications.

In this study, fouling behavior in air gap membrane distillation (AGMD) was
investigated using two different water sources: (i) Lake Hohloh (Black Forest,
Germany), which is rich in natural organic matter, and (ii) biological treatment
effluent from the wastewater treatment plant (Karlsruhe, Germany). The water
characteristics are summarized in Table 1. For experiments with Lake Hohloh water,
NaCl or CaCl, was added to obtain an electrical conductivity of ~1000 pS/cm,
mimicking the electrical conductivity of the treated wastewater. AGMD experiments
were carried out using a commercial hydrophobic microporous polypropylene
membrane placed in a custom test cell equipped with optical windows allowing
for in-situ scanning by optical coherence tomography (OCT) (Figure 1 (a)).
The same process parameters as those used in the previous study were applied'.
Digital image processing was performed using Fiji (ImageJ) on the 3D OCT scans,
adapting the previously developed in-house approaches®>.

Table 1. Characteristics of raw water used as feed in membrane distillation experiments

Parameter Lake Hohloh  Biologically treated wastewater
Dissolved organic mg/L 30+1 7+1
carbon
Electrical uS/cm ~40 955 £ 203
conductivity
pH - 3.9 7.8+0.1
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Results showed that severe organic fouling in the MD of Lake Hohloh water was
promoted by the addition of CaCl, and occurred at neutral pH. This behavior can be
attributed to the interactions between calcium ions and natural organic matter,
enhancing its affinity toward the membrane surface. However, both permeate flux
and rejections remained stable over the 10-day operation. This could be due
to the negligible additional resistance to vapor transport, as the foulants accumulated
on the membrane surface without blocking the membrane pores. Meanwhile,
a considerable decline of 30% and 40% in flux was observed in the MD
of biologically treated wastewater after 10 days and 40 days, respectively (Figure 1
(b)). As shown in Figure 1 (c¢), biofouling was formed on the membrane surface,
which was more clustered and less compact compared to the organic fouling formed
in the MD with Lake Hohloh water (other B-scans are not shown here). Interestingly,
membrane wetting was absent in both cases, highlighting the potential of MD
for these applications.

Figure 1. (a) Schematic illustration of air gap membrane distillation (MD) with in situ
monitoring by optical coherence tomography (OCT). (b) Normalized tlux and salt rejection
during MD biologically treated wastewater, and (¢) B-scans showing the corresponding
progress of membrane fouling.
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MIXED MATRIX MEMBRANES BASED ON 6FDA-BISP
POLYIMIDE FOR CO./CHs SEPARATION

K. Iablochkin, J. Hefmanek, M. Bernauer, V. Fila
University of Chemistry and Technology Prague, Technicka 5, 166 28 Prague 6, Czechia

Abstract: Membrane technology has emerged as an energy-efficient alternative to
conventional gas separation processes, particularly for biogas upgrading and natural
gas sweetening. Mixed matrix membranes (MMMSs), which combine polymeric
matrices with inorganic fillers, offer a promising route to overcome the permeability—
selectivity trade-off that limits conventional polymer membranes.

This study focuses on the preparation and characterization of MMMs based on the
novel polyimide 6FDA-BisP and fillers belonging to the ZIF, UiO, and MXene
families. Polyimides derived from 4,4'-(hexafluoroisopropylidene)diphthalic
anhydride (6FDA) exhibit excellent gas separation properties due to their high free
volume and rigid molecular structure. The selected fillers provide high surface areas
and favorable interactions with CO-, making them attractive candidates for enhancing
CO>/CHa separation performance.

The synthesized fillers and prepared membranes were characterized using XRD,
FTIR, TGA, DSC, SEM, and EDS. The influence of filler type and loading on
membrane morphology, thermal stability, and gas transport properties was
systematically investigated. Gas permeation experiments were performed using
CO-/CHa mixtures at feed pressures ranging from 2 to 8 bar. Membrane permeability
and selectivity were evaluated and correlated with membrane structure and filler
characteristics.

The results provide valuable insights into the structure—property relationships of
6FDA-BisP-based MMMs and demonstrate their potential for efficient carbon
dioxide removal and sustainable biogas upgrading applications.

Among the investigated membranes, the 6FDA-BisP MMM containing 15 wt.% ZIF-
8 exhibited the best performance, with the CO: permeability increasing by 335%,
from 31 to 135 Barrer, compared to the neat membrane while maintaining its original
CO2/CHa selectivity.

The research was supported by Czech Science Foundation Grant No. 26-23755S
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PHOTOCATALYTIC NANOFILTRATION MEMBRANES
FOR SIMULTANEOUS REMOVAL AND DEGRADATION
OF CONTAMINANTS OF EMERGING CONCERN

P. Iaconis', A. Bosio®, A. Santilli?, D. Fabbri?, J. Ni!, C. Morgante', M.
L. Marin®, P. Calza?, V. Boffa'
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Introduction

The presence of contaminants of emerging concern (CECs), such as pharmaceuticals
and personal care products, poses a significant challenge for conventional water
treatment systems due to their persistence and incomplete removal during wastewater
treatment!. Nanofiltration effectively retains these contaminants but generates a
concentrated retentate stream requiring further treatment. Photocatalytic
nanofiltration membranes offer a promising solution by combining pollutant
separation and degradation within a single process®. However, current systems often
exhibit slow degradation kinetics and are frequently tested only on model dye
pollutants®. In this work, a novel photocatalytic nanofiltration membrane based on
gallium- and potassium-doped carbon nitride was developed for the removal of
CECs. The membrane promotes in situ H»O, generation, which is subsequently
activated by Fe?* through a photo-Fenton mechanism to enhance degradation
efficiency. Membrane performance was evaluated using caffeine and carbamazepine
as representative recalcitrant contaminants.

Materials and methods

Graphene oxide (GO) and gallium/potassium-doped carbon nitride (CN) were
combined in different ratios and coated onto a commercial NF90 nanofiltration
membrane using the Meyer rod technique. Membrane performance was evaluated
using carbamazepine and caffeine (10 mg/L) as model contaminants. Photocatalytic
degradation experiments were carried out in the presence of Fe?" (10 mg/L) to
activate a photo-Fenton process through the in situ generation of H20.. The best
performing membrane was subsequently tested under real solar irradiation.

Results
As shown in Fig. 1a, the membranes were first evaluated for H,O, production under

irradiation in a crossflow filtration system equipped with a quartz window. Among
the tested compositions, only the GO/CN 20/80 membrane exhibited significant H,O,
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generation, showing the best H,O production under real sunlight. The photocatalytic
degradation of carbamazepine was then investigated (Fig. 1b-c). In the absence of
Fe**, all membranes showed negligible degradation, indicating the limited
effectiveness of photocatalysis alone. Upon Fe*" addition, degradation increased to
approximately 50% after 3 h due to photo-Fenton reactions. The GO/CN 20/80
membrane further enhanced degradation to about 70%, owing to the in situ
production of H»0O,, which promoted additional hydroxyl radical generation and
accelerated the photo-Fenton process.
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Figure 1: (a) H,O, photoproduction by membranes with different coating compositions
during crossflow filtration under UV irradiation (20 W/m?) after 2 h of operation; the last
membrane was tested under natural sunlight. (b-c) Degradation of carbamazepine during
crossflow filtration under UV irradiation (20 W/m?); the last membrane was tested under
natural sunlight.

Conclusions

The developed graphene oxide/carbon nitride (GO/CN) membranes showed
promising performance for advanced wastewater treatment. Among them, the
GO/CN 20/80 membrane exhibited the highest photocatalytic activity due to its
ability to generate H>O, under both UV and solar irradiation. In the presence of Fe**,
the resulting photo-Fenton process enhanced pollutant degradation, achieving up to
70% carbamazepine removal within 3 h. These findings highlight the potential of
coupling nanofiltration with in situ advanced oxidation processes for the treatment of
persistent contaminants.
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SURFACE-FLOATING PVDF BEAD PHOTOCATALYSTS
WITH V:05/G-C:Ns FOR ENHANCED CIPROFLOXACIN
DEGRADATION FROM WATER
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Abstract: Vanadium pentoxide / graphitic carbon nitride (V20s / g-C3Ny)
photocatalyst has emerged as a promising approach for treating organic pollutants in
wastewater via an advanced oxidation process. However, the powdered form of these
photocatalysts suffers from poor recovery and material loss, which limit their
practical application multiple times. Herein, we propose an alternative solution by
immobilizing V,0s / g-C3N4 (VC) onto polyvinylidene fluoride (PVDF) beads using
a phase-inversion technique, forming V,0s / g-C3Ny4 photocatalytic beads (VCBs).
Unlike conventional powdered catalysts, these PVDF-based floating beads offer easy
separation, strong light absorption, and enhanced stability over multiple cycles. This
innovative design not only minimizes photocatalyst powder loss but also promotes
the antibiotic ciprofloxacin (CIP) degradation efficiency under light irradiation (100
W LED lamp). The unique inner structure of these beads allows them to float on the
wastewater surface, optimizing light harvesting and improving photocatalytic
performance. The beads achieved 85-90 % of CIP photodegradation under optimized
conditions (pH 7, bead dosage 1.0 g/L, initial concentration 10 ppm). Particularly,
the VCB structure ensures easy recovery and could maintain high catalytic activity
over six cycles (see Figure 1), with a reduction only less than 25% in CIP
photodegradation performance. This approach addresses the inherent challenges of
powdered photocatalyst and demonstrates potential for practical, large-scale
application in wastewater treatment. By providing a durable, efficient, and reusable
photocatalyst system, this work represents a significant advancement in antibiotics
photodegradation technologies.
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Figure 1: Regeneration of (a) VC photocatalyst powder (b) VCB-30 photocatalytic beads.
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DYNAMIC ELECTROPHORETIC ASSEMBLY COUPLED
WITH WATER-SPLITTING ENABLES ULTRA-
PRECISION ION SIEVING MEMBRANES
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Belgium

Abstract: Effective monovalent-monovalent cation (such as Li, Na' and K)
separation has remained one of the most unresolved challenges in separation science
and engineering as a defining bottleneck for next-generation ion-selective
membranes'?. These ions share identical charge and differ in size only subtly by few
A, rendering separation; based solely on charge or size exclusion; intrinsically
difficult®. The challenge is further exacerbated in realistic feed streams; such as salt
lakes, seawater, and battery-recycling effluents; where target ions are typically
present at trace levels®.

Here we present a green, catalyst-free route to fabricate defect-free covalent organic
framework (COF)-based thin-film composite (TFC) membranes for ultrahigh-
precision monovalent-ion sieving. This approach features a unique combined
mechanism; i) a locally enriched micrometer-thick layer of COF-forming monomers
at the boundary of ion-exchange substrate surface and ii) a transient and
spatiotemporally directed delivery of hydronium ion induced by water-splitting to
facilitate localized formation of COF primary particles.

The core concept involves the electrophoretic migration of COF-forming monomers
under an applied electric field, which promotes the formation of monomer-enriched
regions near the surface of cation-exchange membranes (CEMs) used as supports.
Then, the water permeability of the ion-exchange membrane (IEM) plays a crucial
role, so that the water molecules; supplied at a controlled amount; reach the electrodes
and undergo electrolysis, generating hydroxide and hydronium ions. Because CEMs
are selectively permeable to hydronium ions, these ions can migrate through the
support layer and penetrate the monomer-enriched region, where they act as the
catalyst for the condensation reaction between the monomers, leading to the
formation of primary COF particles adjacent to the membrane surface. These
particles subsequently adhere to the support, forming a continuous COF layer.

The effect of electric field in the proposed scenario even goes further, so that the
initial accumulation of charged COF-forming monomers at the surface of the
sulfonated CEMs can generate localized interfacial electric fields substantially higher
than the externally applied macroscopic field. Consequently, the COF formation
process is governed not only by the electrophoretic migration of charged monomers
but also by the field-induced modulation of reaction energetics within the monomer-
enriched interfacial zone. Such strong local fields are known to alter the stability of
reaction intermediates and transition states, thereby affecting the overall kinetics of
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interfacial condensation reactions®. DFT simulations for a representative imine
condensation indicate that the presence of an electric field stabilizes both key
transition states along the reaction pathway.

More importantly, the application of an electric field promotes the formation of
defect-free COF layers through a self-healing and self-regulating feedback
mechanism. As the reaction proceeds, the partial coverage of the CEM surface leads
to two distinct regions with markedly different local reaction rates of COF nuclei,
i.e., the newly formed patches act as a resistive barrier to both the electric field and
hydronium ion transport, thus slowing down further condensation reaction.
Conversely, at grain boundaries, microcracks, and uncovered sites, the local field
intensity and hydronium ion concentration remain elevated, driving faster reaction
rates in these regions. This dynamic contrast establishes a self-regulating feedback
loop in which COF growth is selectively promoted at defective sites until a uniform
and continuous film is achieved. Subsequently, the system naturally evolves toward
homogeneous, defect-free coverage of the CEM surface without the need for external
correction or post-treatment.

The proposed membrane formation strategy and the resulting defect-free TFC
membrane effectively suppresses non-selective transport pathways and enables rapid
formation of highly selective ion-transport channels, resulting in a membrane with
near complete fractionation of Li" from other monovalent ions (e.g., K* and Na®),
while preserving fast ion permeation, exceeding previously reported membranes. The
governing ion separation mechanism is elucidated as hydration-shell restructuring
under electrostatic confinement.

All in all, the present work establishes a scalable and energy-efficient platform for
precise monovalent ion separation and opens new opportunities for membrane-based
resource recovery and molecular purification.
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Abstract: Electrodialysis (ED) is increasingly applied in desalination, resource
recovery and industrial water treatment. However, its key phenomena governing
process performance remain invisible to operators and students, making process
understanding and practical training challenging. Virtual reality (VR) offers
an opportunity to transform these abstract concepts into immersive learning
experiences.

This work presents the development of a VR-based training environment
for electrodialysis systems combining a physically consistent process model with
interactive operator-oriented scenarios. The framework incorporates a simplified
representation of a single-stage pilot-scale recirculating ED system, while
maintaining a modular architecture that facilitates adaptation to different ED
configurations and training objectives. Key relationships between current, flow rate,
concentration, pressure and temperature are reproduced, while user actions such
as current adjustment, flow control and system start-up directly influence process
behavior through deterministic cause—effect relationships.

The environment enables visualization of process dynamics, system-level plant
behavior, and operational limits under varying conditions. Users can explore process
responses, perform start-up procedures, troubleshoot disturbances and non-ideal
operating conditions, and evaluate operational decisions in a safe virtual setting. Two
representative use scenarios are considered. In desalination mode, the focus is
on decreasing diluate concentration, highlighting resistance growth and approach
to transport limitation. In concentration mode, the objective is salt accumulation,
emphasizing water transport, volume changes and thermal effects. Additional
modules support membrane module assembly and plant installation.

The framework is being implemented as an interactive PC-based VR demonstrator

for higher education, industrial training and knowledge transfer. By combining
process physics, system behavior and immersive interaction within a visually realistic
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environment, the proposed approach offers a novel tool for understanding
electrodialysis operation and its underlying transport mechanisms.
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PERFORMANCE OF KOH-DOPED
POLYBENZIMIDAZOLE MEMBRANES THROUGH
SULFONATION AND PHOSPHORIC ACID
PRETREATMENT

L. C. Jheng, Y. Z. Chang, H. F. Tan

Department of Chemical and Materials Engineering, National Kaohsiung University of
Science and Technology, Jiangong Rd., Kaohsiung 80778, Taiwan
(Icjheng@nkust.edu.tw)

Abstract: Hydrogen energy plays a crucial role in achieving a low-carbon society,
and the development of efficient and cost-effective water electrolysis technologies
is essential for sustainable hydrogen production. Alkali-doped polybenzimidazole
(PBI) membranes represent a novel class of electrolyte materials in which the PBI
polymer chemically absorbs potassium hydroxide (KOH) through acid-base
interactions. These membranes, commonly referred to as ion-solvating membranes,
have attracted considerable interest for alkaline water electrolysis (AWE). Unlike
conventional porous diaphragms that retain KOH through physical absorption,
ion solvating PBI membranes possess a dense electrolyte structure that effectively
suppresses hydrogen crossover, thereby improving the efficiency, safety,
and operational reliability of alkaline water electrolyzers.

In this study, a dense KOH-doped hexafluoro-containing polybenzimidazole (6FPBI)
membrane was developed as an ion-solvating membrane for AWE applications. To
enhance KOH uptake, hydrophilicity, and ionic conductivity, dual modification
strategies involving sulfonation and phosphoric acid (PA) pretreatment were
employed. The resulting dual-modified membrane (S-6FPBI-PA) exhibited high
hydroxide-ion conductivity and excellent mechanical stability in 6 M KOH at 80 °C.
As a result, the membrane achieved a current density of 1644.8 mA cm2at2.2 V and
demonstrated stable long-term operation at 200 mA cm™2, FTIR and conductivity
analyses further confirmed its chemical and structural stability under alkaline
conditions. These results indicate that the dual-modified 6FPBI ion-solvating
membrane combines high conductivity and durability, making it a promising
electrolyte material for AWE.
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Figure 1. Schematic illustration of alkaline water electrolysis employing KOH-doped 6FPBI
membranes modified by sulfonation and phosphoric acid pretreatment.
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LINKING STRUCTURE, STABILITY AND
PERFORMANCE OF COMMERCIAL ANION
EXCHANGE MEMBRANES FOR WATER
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Abstract: Anion exchange membrane water electrolysis (AEMWE) is a promising
technology for cost-effective green hydrogen production due to its compatibility with
non-precious metal catalysts'. However, membrane degradation under alkaline
conditions remains a key challenge limiting long-term durability®>. This study
investigates the degradation behavior and electrochemical performance of three
commercial anion exchange membranes: quaternary ammonium-functionalized
poly(phenylene oxide) (QA-PPO), imidazolium-functionalized poly(styrene—
butadiene) (IM-STB), and imidazolium-functionalized polyaromatic hydrocarbon
(IM-PARH).

Accelerated ex-situ degradation tests were conducted in KOH solution for defined
exposure periods. Membrane stability was evaluated through ion-exchange capacity
(IEC), hydroxide ion conductivity, water uptake, swelling ratio, tensile strength,
FTIR, TGA, and water electrolysis performance. Degradation pathways were further
investigated using GC/MS and NMR spectroscopy. In addition, real-time degradation
during electrolysis operation was monitored using ATD-GC/MS.

The results revealed significant differences in degradation resistance among the
membranes (Figure 1). IM-PARH exhibited the highest alkaline stability and the
lowest susceptibility to chemical degradation. IM-STB demonstrated superior water
electrolysis performance while maintaining moderate alkaline stability. In contrast,
QA-PPO showed the greatest degradation and the least electrolysis performance.
Among the properties investigated, changes in water uptake, swelling ratio, and
hydroxide ion conductivity were found to be the most sensitive indicators of
membrane degradation. These findings provide valuable insights into structure—
property relationships and degradation mechanisms, supporting the development of
durable membranes for next-generation AEM water electrolyzers.
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Figure 1. Commercial AEMs with different functional groups and polymer backbones exhibit
distinct degradation behaviour under alkaline conditions.
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GRAPHENE OXIDE-MODIFIED BORON NITRIDE
MEMBRANES FOR ENHANCED ACETONE
TRANSPORT: A DENSITY FUNCTIONAL THEORY
STUDY
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Abstract: Density functional theory (DFT) calculations were performed to elucidate
the molecular-level role of graphene oxide (GO) in GO-modified boron nitride
(BN/GO) membranes for acetone transport. The optimized BN and BN/GO structures
were used to investigate the electronic, thermodynamic, dielectric, and optical
properties governing acetone—membrane interactions. Partial density of states
(PDOS) analysis revealed that GO incorporation broadens the electronic energy
distribution and introduces additional electronic states at the BN interface. Compared
with pristine BN, the BN/GO system exhibited a higher density of states and reduced
orbital overlap, indicating significant modification of the local electronic
environment. Consistently, electron localization function (ELF) analysis showed
reduced electron localization in BN/GO, suggesting enhanced charge redistribution
and a more heterogeneous electron distribution throughout the interfacial region.

This behavior originates from the oxygen-containing functional groups
and delocalized m-electron network of GO, which perturb the electronic uniformity
of'the BN framework and generate regions with distinct local electronic environments
and interaction strengths. Consequently, the BN/GO interface provides
a heterogeneous interfacial landscape capable of interacting with acetone through
multiple weak and reversible interaction sites. Thermodynamic calculations further
supported this interpretation.

Dielectric and optical analyses provided additional insight into the transport
mechanism. The dielectric response and significantly enhanced optical absorption
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of BN/GO reflected increased charge delocalization, additional electronic states,
and enhanced interfacial polarizability. As acetone is a polar molecule containing
a carbonyl group, this polarizable interface can promote favorable dipole-related
interactions that assist solvent accommodation and migration while remaining
sufficiently reversible to avoid strong adsorption. Structural analysis further revealed
that the incorporation of BN nanosheets shortens the effective transport pathway for
acetone diffusion compared with conventional GO membranes. Collectively,
the combination of a heterogeneous and polarizable interfacial environment,
enhanced molecular mobility, and reduced transport-path length provides
amolecular-level explanation for the experimentally observed enhancement
in acetone permeance through BN/GO membranes.
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SEPARATION OF XYLAN FROM THE LYOCELL SPIN
BATH SOLUTION USING ULTRAFILTRATION
MEMBRANES: MEMBRANE SCREENING, STABILITY,
AND XYLAN PRECIPITATION

U. Khan, M.K. Zafeer, M.N. Khan, J. Nieminen, M. Ménttari
Department of Separation Science, LUT University, 53850 Lappeenranta, Finland
Usman.khan@lut.fi

Abstract: The lyocell process has gained considerable attention as an
environmentally favorable route for fiber production due to its efficient cellulose
dissolution and closed-loop recovery of N-methylmorpholine N-oxide. However, the
presence of sugars (monomeric and polymeric e.g. xylan) originating from cellulose
pulp itself can complicate NMMO recovery, requiring additional purification steps
such as air flotation and ion exchange. This study aimed to purify NMMO from real
lyocell spin bath by separating xylan using different ultrafiltration (UF) membranes
including GR-95-PP, UP005-P, GE, GH, GK, and GM membranes and recovering it
as a solid by-product through ethanol precipitation. The results showed that the
maximum NMMO permeation values were 100%, 99%, 97%, 99%, 99.5%, and
100% for GR-95-PP, UP005-P, GE, GH, GK, and GM, respectively. Similarly, the
maximum total sugar (hemicellulose and monomeric sugars) rejection values were
86%, 89%, 93%, 92%, 85%, and 84% for GR-95-PP, UP005-P, GE, GH, GK, and
GM, respectively. Considering the overall balance between permeate flux, NMMO
permeation, and sugar rejection, UP005-P was selected for xylan enrichment under
constant-flux operation, which was carried out through successive volume reduction
steps of the feed solution. The results showed that UP005-P maintained stable sugar
rejection and high NMMO permeation. Moreover, static and dynamic stability tests
were also conducted by exposing the membrane to real industrial lyocell spin bath
for extended periods. The results confirmed that UPOOSP maintained its separation
performance, with negligible changes in its performance. In the final stage, xylan-
enriched retentate was subjected to ethanol precipitation at different ethanol-to-
retentate ratios, with a ratio of 3:1 identified as optimal for xylan precipitation.
Overall, this study demonstrates that UF pretreatment effectively enables xylan
removal, improving NMMO recovery and lyocell process sustainability.

Keywords: NMMO recovery; Sugar rejection; Solvent recycling; Ethanol-induced
recovery; Closed-loop cellulose processing; fiber production; sustainable biorefinery
operation.
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FUNCTIONAL LIQUID MEMBRANE FOR
MICROPLASTIC CAPTURE AND MICROBIAL
INHIBITION
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Abstract: Microplastics, one of the persistent environmental threats, are the polymer
particles, typically 5-6 mm in size, that originate from the degradation of larger
plastics. Recent studies show that they can enter the human body via ingestion
and inhalation and accumulate within the body. They can contaminate all water
sources and remain in the environment for long periods. This work represents a proof
of concept for the removal of microplastics using a sustainable bio-emulsion liquid
membrane (Bio-ELM). A multifunctional bio-emulsifier was used as a co-emulsifier
with Span80 to enhance emulsion stability and develop the Bio-ELM for
the extraction of microplastics from the aqueous phase. Parameter optimization
during Bio-ELM synthesis identified the best combination as saponin (1% v/v), Span
80 (1.5% v/v), NaOH (0.2 M), MP:IP ratio (1:0.5), stirring speed 800 rpm,
and emulsification time 5 min. Creaming index and microscopic images confirm
the emulsion stability. Polyethylene (PE), and polystyrene (PS), were used as
the model microplastics, and the formulated Bio-ELM shows extraction efficiencies
0f 98.60% for PE and 71.73% for PS. Fluorescence spectroscopy, fluorescence
microscopy, and Fourier-transform infrared spectroscopy (FTIR) were used for
the analysis and characterisation of microplastics. Furthermore, a novel antimicrobial
study was conducted for Bio-ELM and its components, specifically saponin, Span 80,
and soybean oil, owing to their antimicrobial properties. Bio-ELM exhibited
microbial growth-inhibition capacity, as indicated by the zone of inhibition (ZOI).
The Bio-ELM components show both disruption and inhibition of the bacterial
membrane. This makes the Bio-ELM a multifunctional solution for microplastic
and anti-microbial activity, which can be further examined for a good fit in
the sustainable environmental application.
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AMMONIA PERCOLATION LIMIT IN PEMS:
EXPERIMENTAL AND MD SIMULATIONS
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Abstract: The percolation threshold is an important parameter when investigating
transport properties in proton exchange membranes (PEM), as it enables transport of
polar molecules through the established interconnected ionic network (see Figure 1)
[1]. This facilitated transport results in solvent permeabilities much higher than those
predicted by diffusion, particularly at or above the percolation threshold[2]. And this
can enhance the membrane selectivity towards the solvent compared to inert gases.

Knowing the percolation threshold is therefore crucial when designing membrane
separation processes.

In this work we consider ammonia as a solvent with Nafion 117 and Aquivion as
representative PEMs. We demonstrate how the percolation threshold, defined as the
minimum ratio of the moles of ammonia per moles of sulfonic group (4), can be
estimated via ion conductivity data and molecular dynamic (MD) simulations.

To this end, we develop a novel electrochemical pressure-decay system to assess the
through-plane conductivity. This system is used to measure the ability of the
membrane to transport cations (e.g. protons or ammonium) which changes drastically
around the percolation limit. A mathematical expression is derived to describe the
ionic resistivity in the vicinity or above the percolation limit. The deviation between
the theoretical and experimental values then yields an estimate of the upper bound
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for the percolation threshold. This analysis places the percolation limit at A~4.5 (see
Figure 2).
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The experimental results are compared with MD simulations performed on an
ammonia/Nafion system. Here the ammonia network is assessed by the analysis of
ammonia clustering at different relevant A (2-10). Two ammonia/ammonium
molecules are considered part of the same cluster if they are within a certain cut-off

distance.

For the results shown in Figure 3 the chosen cut-off distance was SA. Using this
criterion a clear transition is seen between A 4 and 6, in good agreement with the
experimentally determined upper-bound.
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for water transport in “dense” polymer membranes. Journal of Membrane Science, 2026.
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sulfonated acid membranes. Journal of Membrane Science, 2024. 697: p. 122564.
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CHARGE-REGULATED POLYELECTROLYTE
COMPLEX MEMBRANES VIA SALINITY-INDUCED
AQUEOUS PHASE SEPARATION FOR
ELECTRODIALYTIC LI*/Mg* SEPARATION
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(iMMC-IMAP), Université catholique de Louvain (UCLouvain), Place Sainte Barbe, 2 bte
L5.02.02-B, 1348 Louvain-la-Neuve, Belgium

2Research & Innovation Centre for Process Engineering (ReCIPE), Université catholique de
Louvain (UCLouvain), Place Sainte Barbe, 2 bte L5.02.02-B, 1348 Louvain-la-Neuve,
Belgium

3Chinese Academy of Sciences Ganjiang Innovation Academy, Ganzhou, China
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Abstract: The surging global demand for lithium requires a paradigm shift toward
highly efficient and sustainable extraction technologies, particularly for salt lake
brines characterized by high magnesium-to-lithium (Mg] /Li ) ratiostl. However,
efficient Li /Mg] separation is critically impeded by the difficulties in separating
these similar ions, and the conventional fabrication of polymeric separation
membranes heavily relies on large quantities of toxic, unsustainable organic
solvents(?. Herein, we report an entirely green, organic solvent-free strategy for
fabricating charge-tunable polyelectrolyte complex (PEC) membranes via salinity-
induced aqueous phase separation (APS)El By utilizing poly(sodium 4-
styrenesulfonate)  (PSS) and  poly(diallyldimethylammonium  chloride)
(PDADMAC) in a fully aqueous system, we engineered an electro-driven
membrane platform tailored for highly selective electrodialytic Li /Mg
separation®. Through precise control of the aqueous phase inversion process, we
achieved optimal regulation of the membrane's structural properties and surface
charge. Striking a balance between high separation efficiency and eco-friendliness,
this tailored design is integrated with a multi-stage gradient electrodialysis process
to preferentially drive monovalent Li transport while effectively hindering
multivalent Mg] migration. Unlike traditional membranes, our engineered PEC
membranes achieve exceptional Li /Mg| selectivity and efficient lithium recovery
with reduced energy consumption, all while generating zero organic waste during
fabrication. This work provides a facile, safe, and scalable strategy for constructing
high-performance ion-selective membranes, offering a profoundly sustainable
pathway for green lithium extraction from complex brine streams.
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CHEMICALLY ROBUST HOLLOW FIBER THIN-FILM
COMPOSITE MEMBRANES BASED ON POLYUREA
SELECTIVE LAYERS FOR NANOFILTRATION UNDER
EXTREME pH CONDITIONS
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(giang.xue@ntu.edu.sg)

Abstract: The development of nanofiltration (NF) membranes with high stability
under extreme pH conditions is crucial for applications such as metal ion removal
from acidic or alkaline wastewater. However, most conventional polyamide-based
thin-film composite (TFC) membranes suffer from chemical degradation, limiting
their long-term reliability. Herein, we report hollow fiber TFC membranes featuring
a chemically robust polyurea selective layer, synthesized via interfacial
polymerization (IP) reaction between polyethyleneimine (PEI) and toluene
diisocyanate (TDI). The optimal membranes exhibit a high water permeance of 16.8
Lm-2htbar? and a MgCl, rejection of 94.4%, outperforming recently reported flat-
sheet polyurea NF membranes. More notably, the membrane maintained excellent
rejection after 45 days of continuous exposure, reaching 91.6% in acidic solution
and 93.9% in alkaline solution, demonstrating superior chemical durability in both
environments. This work not only introduces a mechanically robust membrane
architecture, but also provides a promising platform for developing NF membranes
suited to harsh industrial separation processes.

Hollowfiber HF membranes
Toluene

Polyethyleneimine {PE I} diisocyanate (TDI)
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um/“v \/‘\-w " Polyurea layer
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]

iater permesancs (Lai n bar')
- =
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High permeance andrejection Acid amd alkali resistance

Figure 1. Preparation process and performance of acid- and alkali-resistant hollow fiber
polyurea nanofiltration membranes.
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