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Sustainable Membranes and Membrane Processes Plenary Talks

Membrane Development and Characterization for High Selectivity and Sustainability

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

The advance of separation technology in the water sector and chemical industry requires membranes
with high selectivity, able to distinguish small neutral molecules in the nanofiltration range. Our group
has been developing thin film composite membranes mainly using interfacial polymerization based on
macrocycles and self-assembly of highly functional molecules. High stability and selectivity have been
demonstrated for membranes targeting challenging applications like crude oil fractionation and
separations in of pharmaceutical compounds (Alhazmi et al. Nature Comm. 2024, 15, 7151; Adv.
Membr. 2026, 7, 1000193). For the water sector, we developed polyamide membranes with integrated
helical assemblies of 2-hydroxy-N-(diphenylmethyl) acetamide (Di Vincenzo et al. J. Membr. Sci. 2025,
721, 123785) reaching NaCl rejection above 99%, 350% higher permeance than control polyamide
membranes without the assembly incorporation, and superior rejection of neutral molecules like urea
and boron. A comprehensive morphological investigation has been performed with synchrotron
ptychography, allowing the detailed 3D visualization of the selective layer and porous support in water
(Gorecki et al. Langmuir 2026, 42, 3828). High resolution transmission electron microscopy enabled the
visualization of helical assembly structures with sub-nanometer resolution.

Membranes Were Never Designed for This: Rethinking Membrane Innovation for a Carbon-
Constrained World

Karl Britt, Cytiva, Marlborough, United States

The biopharmaceutical industry has made unprecedented commitments to greenhouse gas emissions
reduction through Science Based Targets and net-zero initiatives. At the same time, modern biologic
medicines remain deeply dependent on membrane technologies. From cell culture and clarification to
virus filtration, ultrafiltration, diafiltration, and sterile filtration, membranes are embedded throughout
bioprocessing workflows and play an essential role in delivering life-saving therapies to patients.

Yet today's membrane technologies were largely developed to optimize performance, reliability,
scalability, and cost rather than environmental sustainability. As biopharma accelerates its
decarbonization efforts, this creates a new challenge: how can an industry that depends on membranes
reduce the environmental footprint of products that were never designed with carbon in mind? This
presentation explores a paradox at the heart of modern bioprocessing: the technologies that enable
modern biologics are also part of the environmental challenge the industry is trying to solve. Through
examples from membrane manufacturing and product decarbonization efforts, we will examine how
materials, chemistry, manufacturing processes, and supply chains contribute to membrane product
carbon footprints.

Sustainability is rapidly emerging as a new design constraint alongside selectivity, flux, robustness,
manufacturability, and cost. The therapies have not changed. The design requirements have. The next
generation of membranes will need to deliver both performance and sustainability



Sustainable Membranes and Membrane Processes Keynote Presentations

Emerging Green Solvent Strategies for Membrane Preparation

Alberto Figoli, Institute on Membrane Technology (ITM) of the National Research Council of Italy (CNR)

The transition toward sustainable membrane manufacturing is accelerating under the combined
influence of Green Chemistry framework. While membrane separation is intrinsically considered a
sustainable technology, membrane fabrication still relies largely on hazardous aprotic solvents such as
N-methyl-2-pyrrolidone (NMP), N,N-dimethylacetamide (DMAc), and N,N-dimethylformamide (DMF).
Current research is therefore moving beyond solvent substitution toward the design of customized green
solvent systems capable of controlling polymer dissolution, membrane morphology and processability
[1-2]. Recent advances in sustainable membrane fabrication are presented through two complementary
case studies. The first focuses on the preparation of flat-sheet membranes by phase inversion using bio-
based and low-toxicity solvents, including dihydrolevoglucosenone (Cyrene™), dimethylisosorbide
(DMI) [3] and other emerging sustainable solvent platforms. The influence of these solvents on phase
inversion, membrane morphology, pore-size, and separation performance are highlighted,
demonstrating how solvent can be exploited to fabricate high-performance membranes while reducing
environmental impact. The second case study concerns the potentiality of tailored made blends of
solvents for specific polymer membrane fabrication [4]. Finally, future perspectives on the development
of fully bio-based membrane systems are outlined.

Towards Sustainable Separations in Organic Solvents

Gyorgy Szekely, King Abdullah University of Science and Technology (KAUST) and Massachusetts
Institute of Technology (MIT)

Traditional thermal separation processes remain one of the most energy-intensive components of
industrial chemical manufacturing. This seminar explores our multi-faceted approach to next-
generation separations: developing renewable membrane materials and leveraging data science to
accelerate material discovery and optimize separation processes. The talk will highlight the valorization
of biomass and waste upcycling into nanofiltration membranes for pharmaceutical separations, while
comparing circular end-of-life approaches such as depolymerization and biodegradation. Ultimately,
this seminar will demonstrate how coupling sustainable materials with automated discovery pipelines
provides a comprehensive roadmap for the next generation of energy-efficient chemical separations.



Sustainable Membranes and Membrane Processes Oral Presentations

Oral Session 1: Gas Separations 1

Chairs: Greg Mutch (Newcastle University), Chiara Ferrari (University of Edinburgh)
‘Less is More’ in Structural Change of PIMs for Improved Gas Separation in Thin Films

Andrew Foster', Mustafa Alshurafa’, Ming Yu ', Hongjing Xu', Peter Budd'
1University of Manchester, Manchester, United Kingdom

Greater understanding of polymer topology will lead to a new generation of membranes for a more
sustainable world. The originality lies in treating polymer topology — connectivity, loops, and branching
— alongside tuned functionality as the main levers of control for thin-film behaviour. This is distinct from
the prevailing paradigm of designing entirely new backbones or relying on aggressive crosslinking. It also
produces fundamental understanding of how topology and functionality influences dynamics, porosity,
and stability at the nanometre scale. It advances polymer science by linking connectivity to
macroscopic function. This talk will first discuss the topology of PIM structures formed in PIM-1 and PIM-
Py polymerizations, including colloidal network. Then it will consider the effect of blending of soluble
and colloidal network PIM-1 on long-term thin film composite performance. Recently, tuning of
backbone connectivity and rigidity (modifying glass transition temperature) via terpolymerizations,
which include dihydroxy Cardo monomer, has enhanced blending synergy in membranes. The impact of
tuned functionalization of PIM polymer chains on the long-term performance of thin film composites will
also be discussed. Modifying only 10-15% of the PIM-1 residues, by changing either chain connectivity or
functionality, is often sufficient to induce large advantageous changes in long term membrane
performance in thin films.

Efficiency and Energy Consumption Analysis of Bipolar Membrane Electrodialysis for
Electrochemical CO2 Capture

Sara Vallejo Castano?, Giordana Bianchi?, Qingdian Shu?, Michel Saakes?, Philipp Kuntke?,
Hubertus V. M. Hamelers?
Wetsus, European Centre of Excellence for Sustainable Water Technology, Leeuwarden, Netherlands

Bipolar membrane electrodialysis (BMED) is an electricity-driven technology that can capture and purify
CO., but its efficiency remains poorly understood. This work quantified coulombic efficiency losses in
BMED for carbon capture using a fully saturated (1 M KHCO;) and a partially saturated KOH solvent. Fully
saturated solutions required 50% less energy consumption than partially saturated solutions for CO,
purification and solvent regeneration. The minimum specific energy consumption was 161.2 kJ per mol
CO0,(3.65 GJ perton CO,) at 100 A/m?. At low current density, CO, desorption efficiency (< 60%) was
limited by parasitic potassium transport across the bipolar membrane. Additionally, incomplete CO,
desorption accounted for up to 10% of the efficiency losses in most conditions tested. BMED displayed
100% CO, desorption efficiency (mol CO, per mol e-) and a specific energy consumption of 290.61 kJ



per mol CO; (6.60 GJ per ton CO,) at industrially relevant current densities (1000 A/m?). This work
presents a robust analytical framework to identify coulombic efficiency losses and identifies the cause
for low CO, desorption efficiency at a wide range of current densities and operational conditions,
providing unique insights into the transport mechanisms in BMED and unlocking new pathways to
maximise the performance of the technology.

lonic-group-mediated Contorted-rigid Polymeric Backbones: A New Horizon for CO./light
Gas Separation

Irshad Kammakakam?, Jason Bara?
*Nazarbayev University, Astana, Kazakhstan
2University of Alabama, Tuscaloosa, United States

The strategic integration of ionic liquid (IL) species into high-fractional free volume (FFV) polymers offers
a transformative pathway for CO, capture. This study details the synthesis and characterization of

novel lonic Polymers of Intrinsic Microporosity (lonic-PIMs) via two distinct architectural approaches.
First, we report the synthesis of integrated ionenes utilizing bisimidazole-based monomers

specifically spirobisindane (SBI) and Troger’s base (TBI) diimides polymerized through the Menshutkin
reaction to embed cationic centers directly within the rigid-contorted backbone. Second, we introduce
a site-specific conversion technique to transform pre-existing PIM backbones into ionic frameworks.
Molecular dynamics (MD) simulations, combined with experimental gas sorption and transport analysis,
reveal that these ionic modifications effectively tune subnanometer morphology, balancing the trade-off
between permeability and selectivity. The resulting membranes exhibit exceptional CO, separation
performance, characterized by high solubility coefficients and significant resistance to physical aging
and free-volume collapse, owing to the strong electrostatic interactions inherent in the ionic main
chain. Beyond performance metrics, this work establishes fundamental design rules for coupling ionic
density with contorted architectures, providing a robust platform for developing thermally and
mechanically stable membranes that surpass current benchmarks for CO./light-gas separation.

Oral Session 2: Bioseparations 1

Chairs: Andrew Livingston (Queen Mary University of London), Daniel Bracewell (University College
London)

Sustainable Pharmaceutical Downstream Processing Enabled by Membrane Technologies

Ida Amurat
'Chemical Development, AstraZeneca, Macclesfield, United Kingdom

The pharmaceutical industry faces increasing pressure to reduce environmental impact while
maintaining product quality and regulatory compliance. In response, AstraZeneca has committed to
achieving zero carbon emissions from operations by 2025 and a carbon-negative value chain by 2030.
Traditional active pharmaceutical ingredient (APl) manufacturing relies on energy-intensive unit
operations, multistep syntheses, extensive solvent use, and limited material recovery, resulting in



significant waste and carbon footprints. As part of a broader transition toward circular economy
principles, membrane separation technologies are emerging as powerful enablers of more sustainable
downstream processing. This presentation highlights key areas in chemical development where
membrane technologies deliver measurable sustainability benefits, including solvent recovery and
reuse and purification of products and intermediates. Strategic implementation of organic solvent
nanofiltration (OSN) will be showcased through industrial case studies, demonstrating reductions in
energy demand, solvent consumption, and process waste. In addition, the talk will address the practical
and regulatory challenges associated with introducing novel membrane-based separations into highly
regulated pharmaceutical manufacturing environments, and discuss strategies to enable their
successful adoption at scale

Covalent Organic Polymer Membranes for Pharmaceutical Purification

Cher Hon Lau?
*University of Edinburgh, Edinburgh, United Kingdom

Covalent organic polymer (COP) membranes provide uniform porosity for molecular sieving but typically
lack the resolution to separate solutes differing by <50 Da, and their fabrication protocols remain
difficult to scale. Here, we present a sol-gel-assisted blade-casting approach to produce Janus ionic
COP membranes with uniform 8.4 A pores. These membranes exhibit an unprecedentedly sharp
molecular weight cutoff in the range of 140 - 180 g mol™, enabling isolation of pharmaceutical products
from precursors differing by ~1 A in size and < 50 g mol™ in mass. In this work, we used this membrane to
separate acetylsalcylic acid i.e., aspirin (180 g mol?) from its precursor, salicylic acid (138 g mol?).
Compared with conventional crystallisation, our membranes achieved 16% higher product recovery and
improved purity. By uniting scalability with precision separations, this platform overcomes long-standing
limitations to COP membranes, offering new opportunites for resource recovery, fine chemical
purification and environmental remediation at previously inaccessible molecular resolution.

Reducing Solvent Intensity of Nanofiltration Processes for Pharmaceutical Purification
Using Inline Analytical Monitoring

Molly Smith?, Andrew Turley?, Eugénie Fournier?, Ida Amura?
*AstraZeneca, Macclesfield, United Kingdom

Organic Solvent Nanofiltration (OSN) provides size-selective purification for active pharmaceutical
ingredients (APIs), yet its broader industrial adoption has been constrained by high solvent demand and
associated operating costs. This work introduces an integrated approach that embeds in-line Process
Analytical Technology (PAT) across both concentration and diafiltration stages, enabling real-time
observability and adaptive optimisation of OSN performance.

The methodology addresses a common bottleneck in pharmaceutical purification: size exclusive
separation of impurities from the target API. By continuously tracking concentration dynamics and
separation behaviour, the system maintains optimal operating conditions as solution composition
evolves, thereby safeguarding efficiency throughout the purification sequence. Compared with
conventional continuous diafiltration operated at static set-points, the PAT-enabled strategy achieves an



approximately 50% reduction in solvent consumption while maintaining separation performance. This
reduction materially lowers the environmental footprint and improves economic viability, strengthening
the case for OSN as a primary purification unit operation. The real-time control capability replaces fixed
diavolume endpoints with adaptive decision-making, minimising redundant solvent turnover without
compromising selectivity or APl recovery.

Collectively, the results demonstrate that integrating in-line analytics with OSN transforms a promising
separation technology into a robust, sustainable platform for impurity managementin pharmaceutical
manufacturing. By directly targeting solvent intensity and control fidelity - two barriers that have limited
OSN uptake. This work highlights a practical route to greener, more efficient purification processes and
supports the advancement of sustainable membrane operations in the pharmaceutical sector.

Oral Session 3: Fabrication

Chairs: Maria Perez-Page (University of Manchester), Alberto Figoli (Institute on Membrane
Technology of the Italian National Research Council)

Fabrication of high-performance and antifouling cellulose acetate ultrafiltration
membranes modified with deep eutectic solvent

Haneen Waleed Mohammad *23, Tarek Lemaoui 23, Hassan A. Arafat !, Inas M. AlNashef +23
!Department of Chemical and Petroleum Engineering, Khalifa University, P.O. Box 127788, Abu Dhabi,
UAE

2Research & Innovation Center for Graphene and 2D Materials (RIC2D), Khalifa University, P.O. Box
127788, Abu Dhabi, UAE

3Center for Membranes and Advanced Water Technology (CMAT), Khalifa University, P.O. Box 127788,
Abu Dhabi, UAE

Cellulose acetate (CA), an environmentally friendly polymer, has attracted significant interest for
ultrafiltration (UF) membrane applications; however, its broader utilization is limited by relatively low
contaminant rejection and susceptibility to fouling. Deep eutectic solvents (DES) have emerged as
sustainable alternatives to conventional additives in membrane fabrication. Yet, their role in tailoring
membrane formation and separation performance in CA systems remains insufficiently understood. In
particular, the influence of DES on phase inversion behaviour and the resulting permeability-selectivity
trade-off requires further investigation.

In this study, CA-based ultrafiltration membranes were fabricated using a Choline Chloride-Lactic acid (
Tetrabutylammonium chloride:LC) DES as a green additive via nonsolvent-induced phase separation
(NIPS). The effects of DES incorporation on solution properties, membrane morphology, and oil-water
separation performance were systematically investigated, with particular emphasis on the role of
coagulation bath composition in governing membrane structure and transport behavior.

The pristine CA membrane exhibited a pure-water permeability of 11.43L m=>h~" bar~". In comparison,
incorporating the DES, combined with modifying the coagulation-bath composition, substantially
increased permeability to 520 L m~>h~" bar~" while maintaining effective oil rejection. These
improvements are attributed to enhanced pore structure development and connectivity induced by DES
incorporation. Comprehensive characterization, including scanning electron microscopy (SEM), Fourier



transform infrared spectroscopy (FTIR-UATR), and atomic force microscopy (AFM), confirmed changes
in membrane morphology, surface properties, and chemical structure. Performance evaluation further
demonstrated improved fouling resistance, porosity, hydrophilicity, and mechanical stability.

Overall, this work demonstrates that (Tetrabutylammonium chloride:LC) DES serves as an effective and
sustainable additive for tuning membrane morphology and enhancing performance in CA ultrafiltration
systems. The findings provide new insights into DES-assisted membrane fabrication and offer a
promising strategy for advancing sustainable water treatment technologies.

Keywords: Oil-water emulsion; Deep eutectic solvent; Municipal wastewater.

Vapour/Vapour-Solid Interfacial Growth of Covalent Organic Framework Membranes for
Molecular Separations

JengYi Chong!
*University of Southampton, Southampton, United Kingdom

Covalent organic frameworks (COFs) are emerging as promising membrane materials due to their
crystalline, tunable pore structures and excellent chemical stability. Among them, TpPa-1 is particularly
attractive for membrane separations because of its chemically stable B-ketoenamine linkages and
intrinsically small, well-defined pore size, making it well suited for demanding molecular-level
separations in aqueous and organic media. However, the scalable fabrication of high-quality COF
membranes, especially as ultrathin selective layers on hollow fibre substrates, remains a key challenge.
In this work, vapour/vapour-solid (V/V=S) interfacial synthesis was studied to enable the controlled
growth of ultrathin, highly crystalline COF membranes.

In this approach, COF monomers are delivered in the vapour phase and react at a confined vapour-solid
interface on the surface of modified alumina hollow fibres. This allows a slow, uniform monomer supply
and promotes ordered polymerisation and crystallisation directly at the membrane surface. As a result,
continuous COF layers with thicknesses of ~100 nm can be formed in a single step within hours, with
strong adhesion to the substrate and minimal defect formation. The resulting TpPa-1 membranes show
outstanding stability and organic solvent nanofiltration (OSN) performance under continuous cross-flow
operation, achieving methanol permeance of ~200 L m=2h~"bar"and a molecular weight cut-off of
approximately 700 Da. Importantly, this vapour-based strategy is highly versatile and can be extended to
other COFs, such as TpPa2Cl and TpHz, with tailored pore sizes, enabling challenging separations such
as pharmaceutical compound purification.

Ultrapermeable PES/DABA-TFP Loose Nanofiltration (LNF) Membrane Fabricated by NIPS-
CCD Method for Dye/Salt Separation

Mengjiao Zhai*
Imperial College London, london, United Kingdom

Polyethersulfone (PES) is a promising material for the development of loose nanofiltration (LNF)
membranes. However, conventional PES membranes produced by the nonsolvent-induced phase
inversion (NIPS) method suffer from low permeance and are prone to fouling. Here, we develop an
ultrapermeable LNF membrane with excellent antifouling properties from an in situ dissolved PES in a



colloidal COF using a recently developed approach that combines NIPS with the combined
crystallisation and diffusion (CCD) technique, named NIPSCCD. The integration of the anionic COF
DABA-TFP not only imparted a negative charge to the membrane but also enhanced the membrane
hydrophilicity. As a result, the water permeance of the COF-enhanced PES membranes was 10-100
times greater than that of commercial LNF membranes, with a flux recovery ratio exceeding 80 %.
Performance tests involving dye-salt separation revealed a molecular weight cut-off (MWCO) for dyes of
approximately 800-1000 Da while maintaining high salt permeability. This study offers a promising
approach for manufacturing advanced PES-based membranes for loose nanofiltration applications.

Decoding Water Vapour and Ammonia Transport in VMD: A Mechanistic Modelling Approach
to Asymmetric Membrane Morphologies

Hesam Bazargan Harandi'?, Elena Guillen-Burrieza'?, Martin Prado-Padin'?, Loreto Garcia-
Fernandez?, Carmen Garcia-Payo®, Mohamed Khayet?, José Luis Cortina Pallas®?*

!Chemical Engineering Department, Escola d’Enginyeria de Barcelona Est (EEBE), Universitat
Politecnica de Catalunya (UPC)-BarcelonalTECH, Av. Eduard Maristany 16, Campus Diagonal-Besos,
08019 Barcelona, Spain

2Barcelona Research Center for Multiscale Science and Engineering (CCEM), Av. Eduard Maristany 16,
Campus Diagonal-Besos, 08019 Barcelona, Spain

SDepartment of Structure of Matter, Thermal Physics and Electronics, Faculty of Physics,

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

“CETaqua, Carretera d'Esplugues, 75, 08940 Cornella de Llobregat, Spain

Vacuum membrane distillation (VMD) offers a promising pathway for selective ammonia recovery from
aqueous solutions. While our experimental works examine the role of morphology by fabricating various
PVDF membranes with similar pore sizes and thicknesses were fabricated using different NIPS casting
conditions (e.g., solvent system, polymer concentration, drying time), decoding how structural
morphology impacts the transport behavior of water vapor and ammonia remains challenging due to
experimental measurement limits. To address this, this study presents a comprehensive 1D mechanistic
transport framework, implemented via a finite difference scheme in MATLAB with a relative numerical
error under 0.1%, to simulate these decoupled transport behaviors. The model was validated against
experimental results for highly selective custom-made asymmetric and baseline symmetric commercial
PVDF membranes, showing strong agreement. Crucially, the model uncovers key structural parameters,
i.e., porosity, tortuosity, and the effective coefficient () that are difficult to measure directlyin a
laboratory, demonstrating that the structural distribution dictates performance. The simulation
successfully decoded morphology-transport relationships by proving that a higher effective coefficient,
optimized through a balanced two-layer series structure (P30, P40, and P50), enhances volatile
ammonia selectivity. Conversely, excessive drying times with DMF as solvent (P415 and P60), either
17% or 20% polymer concentration, induce highly dense and tortuous, three-layer networks that restrict
molecular diffusion and degrade selectivity. Furthermore, the commercial PVDF's symmetric structure
lacks a dense skin layer entirely, causing unhindered water evaporation and poor selectivity.



Interface-Engineered in NH2-MIL-125 Layers on Ceramic Hollow Fibres for Enhanced Solar-
Driven Membrane Distillation

Zewen Liu?, Mengjiao Zhai, Kang Li*
‘Imperial College London, London, United Kingdom

Photothermal Membrane Distillation (PMD) is a high-potential solar-driven desalination technology, but
its efficiency suffers from temperature polarization and mass transfer resistance within the
photothermal layer. Here, we report the design and fabrication of a composite hollow fibre membrane
comprising a solvothermally grown NH,-MIL-125 - A titanium-based Metal Organic Framework (MOF)
active layer on a robust alumina substrate. The intrinsic absorption of the Ti-oxo clusters and amino
functionality is exploited, while controlled thermal treatment under inert atmosphere induces missing
linker defects and generates Ti** sites broadening light absorption across the visible-near-infrared
spectrum. Subsequently deposition of noble metals (e.g. Au or Ag) introduces plasmonic heating,
enabling dual photothermal conversion pathways that intensify localised interfacial heating. The
alumina hollow fibre geometry provides mechanical strength as well as scalability, while the MOF
coating is designed to counteract heat dissipation associated with the high thermal conductivity of the
alumina support. Membrane morphology, crystallinity, surface wettability, and optical properties are
systematically characterised confirming successful MOF integration and defect engineering. This work
demonstrates an interface-engineered, plasmon-enhanced MOF platform for next-generation
photothermal membranes.

Oral Session 4: Industrial Separations

Chairs: Pengrui Jin (University of Bath), Kang Li (Imperial College London)

From Intrinsic to Locked Microporosity: Polymers of Intrinsic Microporosity (PIMS) for Gas,
lon and Hydrocarbon Separations

Chunchun Ye?
'School of Civil and Environmental Engineering, Nanyang Technological University,
50 Nanyang Avenue, Singapore 639798, Singapore

Polymers of intrinsic microporosity (PIMs) are formed from rigid, contorted backbones that frustrate
packing and generate interconnected subnanometre free volume. First developed for gas separation,
PIMs have since become a versatile platform for molecular and ionic transport. This lecture traces their
evolution from creating intrinsic microporosity, through programming pore size and chemistry, to locking
the resulting architecture against deformation.

In aqueous organic redox flow batteries, tuning PIM pore size and chemical functionality enables rapid
charge-carrier transport while restricting crossover of redox-active species. Extending this principle to
rigidity-confined, chemically programmed framework channels further lowers ion-transport resistance,
enabling battery performance beyond that achieved with commercial ion-exchange and leading ion-
sieving membranes, with transport approaching the diffusion limit in water.



Complex hydrocarbon separations pose a distinct challenge: subnanometre pathways must remain
interconnected and selective in strongly swelling feeds. For crude-oil fractionation, in situ covalent
locking during ultrathin-film formation suppresses pore dilation without compromising transport.
Together, these studies define a sequential strategy for demanding separations: create microporosity,
programme its size and chemistry, and lock the resulting architecture against relaxation and swelling.

Ultrathin Polymer Membranes with Locked Intrinsic Microporosity for Hydrocarbon
Fractionation

Adam Oxley'?, Chunchun Ye?3, Seok Han?, Guoke Zhao*, Yihao Guo?, Xin Shi®, Jie Liu®, Keenan
Smith?, Mona Sarter®, Lakshmeesha Upadhyaya®, Shanshan Hong?®, Vasilios Samaras®, Qin
Qian®, Yanan Liu't, Gary Nichol?, Yiqun Liu'?, Suzana Nunes®, Fabrizia Foglia’, Jianwen Jiang??,
Angi Wang®, Neil McKeown?, Andrew Livingston?, Zhiwei Jiang®

'Exactmer, Dagenham, United Kingdom

2Queen Mary University of London, London, United Kingdom

The University of Edinburgh, Edinburgh, United Kingdom

“Sinopec Beijing Research Institute of Chemical Industry, Beijing, China

®King Abdullah University of Science and Technology, Thuwal, Saudi Arabia

®Wuhan Institute of Technology, Wuhan, China

“University College London, London, United Kingdom

8ISIS Pulsed Neutron and Muon Source, Oxford, United Kingdom

°King Abdullah University of Science and Technology, Thuwal, Saudi Arabia

“Sinopec Research Institute of Petroleum Processing, Beijing, China

Hainan University, Haikou, China

2Sinopec Beijing Research Institute of Chemical Industry, Beijing, China

BNational University of Singapore, Singapore, Singapore

Membrane technologies offer an energy-efficient alternative to conventional distillation for hydrocarbon
fractionation, but suffer from a trade-off between fast liquid transport and high molecular selectivity. We
report a scalable approach to fabricate polymer membranes with stable interconnected pathways by
locking-in their intrinsic microporosity. This locking strategy reduces polymer swelling and preserves the
sub-nanometre pore structure in hydrocarbon liquids, resulting in ten-fold higher permeance for
synthetic crude oil compared to current state-of-the-art membranes. When applied to Arabian Extra
Light crude oil, these membranes achieved excellent size- and class-based separation, removing 99.8%
of hydrocarbons containing more than fifteen carbon atoms and 93% of sulphur-containing
components. These scalable membranes underpin processes providing rapid and selective hydrocarbon
separation, enabling a more sustainable pathway towards crude oil refining.



Recovery of Valuable Hydrofluorocarbons from Azeotropic Refrigerant Mixtures with a
6FDATMPD Hollow Fiber Membrane Prototype

Gabriel Zarca?, Sergio V. Gutiérrez-Hernandez?, Fernando Pardo?, Miren Etxeberria Benavides2,
Oana David?, Ane Urtiaga®

'Universidad de Cantabria, Santander, Spain

2TECNALIA, Donostia-San Sebastian, Spain

In this work we demonstrate the scalability of a membrane-based process for the separation of the
value-added hydrofluorocarbon refrigerant R-32 (difluoromethane) from the close-boiling refrigerant
mixture R-410A. As this mixture is being phased-out, end-of-life refrigeration systems represent a
significant secondary resource of recoverable R-32, a key component of next-generation low-GWP
refrigerant blends. Asymmetric hollow fiber membranes based on the highly selective 6FDA-TMPD
fluorinated polyimide were fabricated by dry-jet wet spinning, and optimal spinning conditions and dope
formulations were identified. The membranes were assembled into membrane modules (31 cm?) and
validated for integrity before testing their separation performance at pressures up to 7 bar. The
membrane system achieved outstanding performance, delivering R-32 purities of 99.5 vol% with
recoveries of 85.4%. Moreover, a detailed process model was derived accounting for
concentration-dependent permeance, local fugacity gradients, and polymer plasticization by
condensable fluorinated gases, which accurately described the observed experimental behavior. In
addition, this model enabled the optimization of a two-stage membrane process, minimizing membrane
area and compressor energy while meeting virgin-grade R-32 specifications (>99.5 wt %). Overall, this
approach supports a more circular refrigerant management, with improved resource efficiency, and
reduced emissions of potent greenhouse gases in the refrigeration, air conditioning and heat pumps
sector.

Reference

S.\V. Gutiérrez-Hernandez, F. Pardo, O. David, M. Etxeberria, G. Zarca, A. Urtiaga,
https://doi.org/10.1016/j.memsci.2026.125571
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Investigations into Nafion Hydration and its Influence on Water and Oxygen Transmission
Rates

Sean Mclntyre?, Paul lacomi?, Daryl Williams?
'Surface Measurement Systems, Middlesex, United Kingdom
2Imperial College London, London, United Kingdom

Proton-exchange membranes based on perfluoro sulfonic acid polymers, most notably Nafion, are
central to a wide range of electrochemical and separation technologies, including polymer electrolyte
fuel cells and electrolyzers. In these applications, membrane performance is governed not only by ionic
conductivity but also, critically, by interactions with water and by the transport of small molecules such
as oxygen. Understanding how Nafion hydrates and how this hydration state influences mass transport



is therefore essential for predicting performance, durability, and efficiency under realistic operating
conditions.

The hydration-dependent transport behavior of Nafion was investigated using combined dynamic vapor
sorption (DVS) and membrane permeability analysis (MPA) techniques. Water uptake was measured as
a function of relative humidity and temperature, revealing kinetically limited hydration at low humidity
and non-linear sorption consistent with microstructural reorganization of ionic domains. The sorption
data directly linked to measurements of water vapor transmission rate (WVTR) and oxygen transmission
rate (OTR), both of which increase strongly with humidity and temperature.

DVS measurements show that water uptake is highly non-linear with relative humidity and kinetically
limited at low humidity, indicating slow bulk hydration and microstructural reorganization of ionic
domains. These hydration effects directly translate into membrane transport properties. Simultaneously,
as observed by the MPA Horizon membrane permeability analyzer, water vapor and oxygen transmission
rates increase strongly with humidity and temperature.

Process Optimisation of Polymeric Membranes at Sub-Ambient Temperature for Performant
and Energy-Efficient CO2 Capture

Pierre Dieudonné?, Maria-Chiara Ferrari
The University of Edinburgh, Edinburgh, United Kingdom

Polymeric membranes offer compact and energy-efficient CO, capture processes, but often suffer a
separation performance trade-off limiting their application in industry. This work demonstrates that
operating high-performance polymeric materials (e.g., PIM-1, PIM-Trip-TB, BTFMA-DPE, etc.) at sub-
ambient temperature can deliver lower capture costs and higher overall process efficiency than
operation at ambient conditions, while reaching separation performance not accessible under typically
reported test conditions.

An in-house Python/UniSim Design® framework was developed to perform full process optimisation for a
cement plant case study. Membrane temperature (-50°C to +70°C) was treated as an explicit decision
variable alongside other key operating and process parameters. A broad set of polymeric materials was
screened; for several membranes, permeation properties were measured within this study.

For high permeability-moderate selectivity materials, lower temperatures increased membrane
selectivity, enabling higher CO, recovery at the plant level while simultaneously reducing downstream
compression and/or purification duties. These effects translated into significant reductions in total
annualised cost of the Carbon Capture and Storage (CCS) plant. In addition, reduced physical aging at
low temperature demonstrated in a previous study [1] was shown to provide measurable process level
benefits, indicating that aging resistant materials can further improve economics and feasibility of
membrane-based CCS processes.

When benchmarked against alternative capture technologies, fully optimised membrane systems
achieved comparable capture costs but generally higher energy efficiency, highlighting the potential of
polymeric membranes for sustainable CO, capture in net-zero industrial applications.
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Delivering a Sustainable Solution to Meet the Increasing Demand for Sterile Filtration of
High Concentration Drug Products

Fateha Asha?, Kyle Jones!
'Cytiva, Portsmouth, United Kingdom

Drug formulations are changing, and the share of subcutaneous administration over intravenous
infusion is increasing. The subcutaneous administration trend has gained traction and is seen to be the
preferred approach both by patient and healthcare providers.
Careful consideration is required when selecting a sterilizing grade filter for drug product filtration. With
the development and manufacture of subcutaneous biologics come challenges in the sterilizing or
bioburden reduction filtration of drug substance that is both highly concentrated (>100 g/L) and viscous
(10-30 cP). Two significant problems are:
o The use of larger filters as a consequence of the high fouling properties of the feeds. This results in
the loss of high value drug substance in hold-up volumes in both the filtration assembly and system.
e The relative scarcity of product during process development. This results in limited opportunities for
meaningful filter benchmarking studies and can lead to sub-optimal filter selection.
Biotech companies are increasingly targeting the production of drugs at a high concentration as part of
their formulation strategy for their next generations therapies. The relative value and availability of high
concentration drug formulations therefore limits the practicality of performing extensive evaluations of a
range of sterile filters to identify the optimal selection. Here we will share the current trends and
challenges with the manufacture of high concentration products, and provide an overview on the
approach we took with the development of our PFAS-free Supor Prime sterilizing grade filter that
provides higher capacity with lower filtration area required, providing a more sustainable approach.

Multiscale 3D Imaging of Bioprocessing Structure to Evaluate Depth, Sterile, Virus and
Nanofiber Filters

Thomas Johnson?, Daniel Bracewell®
*University College London, London, United Kingdom

Structure is directly related to membrane function and performance. Despite this the understanding of
complex geometries employed across bioprocessing is relatively juvenile. In this study we employed
complementary confocal and X-ray imaging across multiple length scales for commercially relevant
filtration units used for emergent biological products. These included depth, sterile, virus and nanofiber
filters that have distinct purposes in medicines manufacturing and hence structural properties.
Confocal imaging identified the location of product and impurity retention within samples following
filtration of clinically relevant materials. This was overlayed and related to the detailed, internal 3D
geometry resolved through X-ray computed tomography. The porosity, pore size, connectivity, surface



area and tortuosity were calculated for a range of filters. Digital representations were used as the basis
for permeable flow simulations, enabling lab-obtained values to be inputted onto real filter geometries.
For depth filters, three grades of varying coarseness were evaluated across a range of imaging settings
and resolutions to optimise the acquisition process for subsequent analysis. Triple phase tomography
was applied to visualise and characterise the cellulose, perlite and voidage fractions. For sterile filters,
asymmetric and symmetric PES and PVDF filters were examined for the pore morphologies in relation to
the retention of liposomes and B. dim. bacteria across industrially relevant operating conditions.

Virus filters were imaged using nano-tomography at small scale to resolve the 20 nm pores in the
tightest part of the membrane. Nanofiber prototypes were created by varying the nanofiber diameter and
membrane multiplayer compression level during fabrication, generating nine samples.

The use of Mustang Q Membrane Chromatography as the Capture Step in a 2-Step Plasmid
DNA Purification Strategy

Aydin Kavara?, Kurt Boenning?, Mark Schofield?, Nigel Jackson*
'Cytiva, Marlborough, United States

Plasmid DNA (pDNA) is a fundamental starting material for the production of viral vectors, mRNA
therapies and recombinant proteins. The recent success in these therapeutic spaces has led to a
significant increase in the need of high quality pDNA. As of 2022 the global plasmid market was 1.3
billion and is expected to grow at a compound annual growth rate (CAGR) of 17 percent through 2030.
Here we present the use of Mustang® Q anion exchange membrane chromatography capsule for the
capture of pDNA. This purification step is part of an intensified 2 step purification process, consisting of
an initial capture step, followed by a polishing step. In this process, the capture step must effectively
remove impurities such RNA and genomic DNA while achieving high pDNA recovery. Here we will
showcase a comprehensive process development approach aiming to achieve high recovery and high
purity of pDNA directly from the crude lysate. The results presented demonstrate the impact of factors
such as buffer excipients and pause time during elution, have on pDNA recovery. The selected operating
conditions are then used to show the reproducibility and rapid cycling capabilities of Mustang Q. The
data presented outline the benefits of the fast flow rates used with Mustang Q, while also achieving the
low shear conditions needed to purify large molecules such as plasmid DNA.

Use of Chemically Modified Polybenzimidazole (PBI) Spiral Wound Modules (SWM) for
Downstream Purification of Oligonucleotides at High Concentration in Aqueous-Organic
Feeds

James Penkman?, Sharmin Akbar?, Adam Oxley?, Andrew Livingston*
'Exactmer Ltd, London, United Kingdom

Tangential Flow Filtration (TFF) is a widely used technique for oligonucleotide purification, enabling
efficient removal of salts and solvent, whilst concentrating the target product. A limiting factor in the
downstream processing of pharmaceutical materials is the increased breakthrough of desired solute
and the increased osmotic pressure at high product concentrations. This significantly limits the



maximum achievable concentration during TFF, with energy-intensive lyophilisation required to meet the
required drug concentrations for formulation operations.

To overcome these challenges, Exactmer has developed Exact-20™ PBl membranes, for TFF in
aqueous/organic solutions. These membranes are surface functionalised to overcome breakthrough at
high concentrations and have been manufactured into spiral wound modules (SWM) which are stable at
up to 30 bar transmembrane pressure (TMP) to overcome the osmotic pressure, which limits
commercially available TFF cassettes. These modules were utilised to process increasing
concentrations of a duplex oligonucleotide in an aqueous/organic solution, achieving rejections of over
99.85% at 300 mg mL?, whilst maintaining an effective flux of 10.0 L m2h™ at 30 bar TMP. Further to this,
these modules were tested in solvent up to 75% DMF to determine the stability of the membrane in
oligonucleotide post-synthesis conjugation reaction mixtures. Exact-20™ demonstrated exceptional
solvent stability and delivered high rejection performance of over 99.9%, demonstrating DMF removal
which cannot be achieved by any commercial TFF membrane.

This work demonstrates the potential of using Exact-20™ SWM for sustainable downstream
pharmaceutical processing, by improving separation efficiency, supporting high-pressure operation, and
reducing reliance on energy-intensive downstream steps.
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Greener Fabrication of Thin-Film Composite Membranes for Refrigerant Gas Separation

Fernando Pardo?, Gabriel Zarca?, Ane Urtiaga*
*Universidad de Cantabria, Santander, Spain

Thin-film composite (TFC) membranes offer a versatile platform for gas separation because the porous
support and thin selective layer can be engineered independently to balance permeance and selectivity.
Nevertheless, their manufacture commonly relies on volatile, toxic organic solvents, creating safety,
environmental, and regulatory limitations. This work therefore developed a greener route for TFC
membrane fabrication by replacing conventional solvents during both support preparation and
selective-layer deposition. Porous polyacrylonitrile (PAN) supports were produced by nonsolvent-
induced phase separation using alternative solvents selected through Hansen solubility parameters,
the CHEM21 sustainability guide, and UNIFAC-Dortmund analysis of solvent-coagulant affinity. The
effects of coagulant composition, polymer concentration, and casting thickness were evaluated by air
and water permeance measurements, scanning electron microscopy, and thickness analysis. Supports
prepared from 15 wt% PAN and coagulated in water or water containing low isopropanol fractions
showed the most suitable porous morphology, whereas higher isopropanol contents promoted dense
skin formation. A 6FDA-TMPD polyimide selective layer was then deposited by spray coating from an
alternative solvent. Gas permeation tests with R-410A mixture confirmed selective transport, reaching a
separation factor of 30, although permeance remained below that of membranes fabricated with
classical solvents. These results demonstrate the feasibility of more sustainable TFC manufacture while
identifying solvent-polymer—coagulant optimization as essential for performance improvement and
reduced environmental impact in practice.

Reference
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Oxygen-induced Multimodal Ultramicroporous Structure in 10-nm-thick Carbon
Membranes for Enhanced Hydrogen Separation

Yueging Shen*
Ecole Polytechnique Fédérale de Lausanne, Sion, Switzerland

Carbon membranes yielding high selectivity as well as high permeance are attractive to advance the
membrane-based gas separation. Herein, we report novel ultrathin carbon membranes (UCMs) which
deliver exceptional gas separation performance through oxygen-modulated pyrolysis of poly(4-
vinylpyridine) precursor. We show that O, in pyrolysis environment, transforms the otherwise uniform
carbon network featuring a ~3.9 A characteristic interlayer spacing into disrupted UCMs (d-UCMs).
These d-UCMs possess a multimodal ultramicroporous structure characterized by distinct d-spacings
of ~3.4A, 3.9A, and 5.5 A. This optimized distribution of free volume in a 10-nm thick membrane
enables a record combination of H, permeance exceeding 10,000 gas permeation units (GPUs) and
H,/N, mixture selectivity surpassing 200. Meanwhile, d-UCM exhibits outstanding physical and thermal
stability, showing no aging over 7 days of elevated temperature permeance testing, which overcomes
the common issue of rapid aging in carbon membranes. Mechanistic investigations reveal that

0O, pyrolysis environment selectively removes relatively weakly-bound carbon species, altering pyrolysis
intermediates, resulting in a nitrogen-rich framework with disordered nanodomains and heterogeneous
ultramicroporosity. This work advances the material chemistry of ultrathin high-performance carbon
membranes, attractive for ultrafast and high-precision molecular-sieving for molecular separation.

Insights from Molecular Modelling on Gas Transport and Ageing in Polymers of Intrinsic
Microporosity of Complex Topology

Eleonora Ricci?, Andrew Foster?, Peter Budd?
*University of Edinburgh, Edinburgh, United Kingdom
2University of Manchester, Manchester, United Kingdom

PIM-1, the first polymer of intrinsic microporosity, represented a breakthrough for gas separation
membrane materials. However, it often struggles to achieve stable performance and meet the
requirements for industrial post-combustion carbon capture when processed into thin film membranes.
The presence of topological diversity, such as branches and small loops in the chains, can mitigate
permeability reduction over time while maintaining good selectivity [1]. Using topological control
instead of additive or blending strategies to enhance separation performance provides a potential route
towards more sustainable gas separations and arguably reduce the environmental impact of membrane
materials.

In this work, molecular simulations were performed to investigate the effect of various PIM-1 chain
topologies on microstructure and gas transport properties, as well as their relationship with physical



ageing. We compared linear chains with chains containing short and long branches and small loops, as
well as combinations of these features, to represent the topological diversity obtained from different
synthetic conditions. Furthermore, molecular models representative of fresh and aged conditions were
generated and analysed for each topology. Favourable comparisons with experimental XRD data
validated the molecular structures.

We analysed the structures in terms of density, free volume, pore size distribution, and gas diffusion
coefficients, observing consistent trends with experimental permeability. Simulated x-ray structure
factors revealed reductions in d-spacing upon ageing that were not uniform across the different
topology types. Combining structural and segmental mobility analyses helped to identify which
topological motifs best preserve transport pathways during ageing, providing insights for topology-
driven membrane design.

[1] https://doi.org/10.1021/acs.macromol.4c02657, https://doi.org/10.1021/acs.macromol.9b02185

Imidazolium-Based lonic Liquid-Modified Cellulose Acetate Membranes for Ammonia
Separation from H2/N2/C0O2 Mixtures

Mahmoodzia Zamaninia?, Hanin Samara?, Philip Jaeger?
'Clausthal University of Technology, Clausthal-Zellerfeld, Germany

Efficient recovery of ammonia (NH;) from feed streams containing hydrogen, nitrogen, and carbon
dioxide (H., No, CO,) is highly energy-intensive. Membrane-based separations offer a lower-energy
alternative, but their performance is limited by the permeability-selectivity trade-off of conventional
polymers such as cellulose acetate (CA). This study investigates the use of two ionic liquids, IL-1:
[Bmim,][Co(NCS),] and IL-2: [Eim][NTf,], as additives to enhance NH; separation of CA at 40 °C, 5 bar.
Membranes were prepared by solvent casting and characterized using TGA, FTIR, Raman spectroscopy,
and bulk density measurements. Gas solubility and diffusivity were measured using a magnetic
suspension balance (MSB). Gas permeation experiments were performed to obtain permeabilities and
selectivities, and time-lag analysis was used to estimate solubility and diffusivity.

Neat CA shows a strong preference for NHz over H,, CO,, and N, with permeabilities of 209, 12, 6, and
0.23 Barrer, respectively. Incorporation of IL-1 or IL-2 significantly enhances NHs transport while leaving
the other gases largely unchanged. In CA/IL-1-30% blends, NH; permeability rises to 303 Barrer,
whereas H, permeability decreases to 10 Barrer, CO, increases to 12, and N, remains unchanged.
Adding 10 and 20 wt.% IL-2 improves the NHa/H, selectivity to 36 and 63, respectively, compared with
18 for neat CA.

This work provides new NH; solubility, diffusivity, and permeability data in CA and CA/IL. The results
show that ammonia plasticizes CA, increasing the NH; permeability of membranes, while incorporating
ILs selectively boosts NH3 transport relative to the other gases.
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Bio-based Polyelectrolyte Nanofiltration Membranes for PFAS Removal

Olawumi Sadare®2, Garyfalia A. Zoumpouli?3, Y. M. John Chew?, Aishatu Barambu?, Chang Qu?,
Robinson Novemen?, Davide Mattia?

'Energy and Bioproducts Research Institute, College of Engineering and Physical Sciences, & Institute
for Membrane Excellence, Aston University, Birmingham B4 7ET, UK

’Department of Chemical Engineering, University of Bath, Claverton Down, BA2 7AY, United Kingdom
3School of Chemistry, University College Dublin, Belfield, Dublin, Ireland

The development of sustainable nanofiltration (NF) membranes from renewable materials offers a
promising alternative to conventional polymeric membranes manufactured from fossil-derived
polymers and hazardous solvents. In this study, stable NF membranes were successfully fabricated
entirely from bio-based polyelectrolytes, cationic lignin and sodium carboxymethyl cellulose (NaCMC),
using water as the sole processing solvent via layer-by-layer (LbL) assembly. Membrane characterisation
confirmed the formation of uniform multilayer selective films with smooth surface morphology and
excellent structural integrity. The membranes exhibited high separation performance, achieving a
permeance of 2.9 L m™>h~" bar™", rejection of 99% for 1,000 Da polyethylene glycol, and >99% rejection
of methyl orange with negligible adsorption. The LBL12 membranes achieved high PFAS removal,
rejecting 88 + 5% of perfluorooctanoic acid and 99 = 1% of perfluorooctanesulfonic acid, competitive
with or superior to commercial NF membranes. Furthermore, the membranes maintained their integrity
and filtration performance during prolonged exposure to both acidic and alkaline environments,
demonstrating excellent operational stability.

Building on the proof-of-concept study, the current work applies Design of Experiments (DOE) and
Response Surface Methodology (RSM) to systematically optimise membrane fabrication. A 30-run
experimental design evaluates the influence of cationic lignin concentration, NaCMC concentration,
NaClionic strength and bilayer number. Membranes have been fabricated and characterised by SEM
and FTIR, confirming successful multilayer assembly. Performance evaluation is ongoing to establish
relationships between fabrication variables, permeance and rejection. The resulting optimisation
framework is expected to reduce experimental effort, improve fabrication reproducibility, and enable
scalable production of sustainable nanofiltration membranes.



A Predictive Framework for Solvent Selection in PIM-1 Green Synthesis

Pablo Lopez-Porfiril, Benjamin S. Moore?, Alisha Ayyaz?, Henrik P. H. Wong3, Andrew B.
Foster?, Sam P. de Visser'3, Jesus Esteban4, Peter Budd?, Maria Perez-Page!

'Department of Chemical Engineering, The University of Manchester, Manchester, United Kingdom
’Department of Chemistry, The University of Manchester, Manchester, United Kingdom

SManchester Institute of Biotechnology, The University of Manchester, Manchester, United Kingdom
“Department of Chemical Engineering and Materials, Complutense University of Madrid, Madrid, Spain

The Polymer of Intrinsic Microporosity (PIM-1) is a promising material for energy-efficient

separations.* However, replacing harmful solvents in PIM-1 synthesis is essential to align membrane
production with the sustainability goals of its applications. Solvent alters molecular interactions during
polymerisation, affecting the balance between di-substitution and mono-substitution pathways and,
consequently, the polymer's network topology.? This is reflected in its degree of branching and its
separation performance.® This work presents an innovative methodology to predict the effects of
alternative reaction media on PIM-1 synthesis. Conformers of monomers and representative oligomers
were optimised using Density Functional Theory. The likelihood of each competitive reaction path across
candidate solvents was estimated using a product-solvent affinities approach developed in this work,
based on COSMO-RS computations.

Computations predicted low branching degrees for anisole-based media and higher branching when
MDDOP and dimethyl isosorbide (DMI) are used. Guided by these predictions, PIM-1 was successfully
synthesised in DMI, and in anisole:DMAc and anisole:MDDOP mixtures, with branching degrees of 9.8%,
2.9%, and 3.0%, respectively, in agreement with computational predictions. Membranes cast from the
resulting polymers showed mixed-gas CO,/CH, separation performance and physical ageing behaviour
consistent with the literature.

This integrated framework accelerates the identification of viable synthesis media, reduces trial-and-
error experimentation, and supports scalable, sustainable manufacturing, thereby enabling the
development of green production routes for membrane materials.

1. P. Budd et al. Chem. Commun., 2004, 4.

2 A. Ayyaz et al. ACS Sustain. Chem. Eng., 2025, 13.

3 A. Foster et al. J. Mater. Chem. A, 2021, 9.

Inherently Stable 2D Siloxene Membranes for Molecular Separations

Ziqi Yang!, Dinesh Mahalingam?, John Chew?, Davide Mattia®
'University of Bath, Bath, United Kingdom

Two-dimensional (2D) materials are promising membrane platforms for molecular separations owing to
their tailorable functionality and well-defined transport channels. However, their weak interlayer
interactions often lead to random stacking and structural instability in liquid environments,
compromising separation performance. In this presentation, we report for the first time the fabrication of
interlayer-locked membranes based on an emerging 2D nanomaterial, siloxene, which consists of
corrugated silicon layers with alternating OH and H substituents. By regulating the hydrolysis of Si-H to
Si—OH and the subsequent condensation of Si-OH via in situ pressure-induced compaction, adjacent



siloxene sheets are covalently bridged into a reticulated architecture through the formation of
thermodynamically robust Si-O-Si linkages. The resulting siloxene membranes are highly stable in water
over long periods of time, showing negligible swelling compared to conventional 2D membranes,
without the need for post-formation crosslinking as is currently the case with other 2D materials.
Meanwhile, the fabricated siloxene membranes preserve efficient sub-nanometre channels, showing
high water permeance and solute rejection in the nanofiltration range. We believe that this work will
open a novel avenue for developing highly stable and high-performance membranes by leveraging well-
established silicon chemistry for customizable molecular separations.

Plant-Based Crystalline Metal-Polyphenol Membranes for the Removal of Emerging Organic
Contaminants.

Yuting Wu?, Mengjiao Zhai?, Kang Li*
‘Imperial College London, London, United Kingdom

This study reports the fabrication of a new class of plant-based metal-phenolic network (MPN)
membranes with excellent separation performance and sustainability, developed through a template-
directed growth strategy. The MPN membrane consists of Al-EA coordination networks, synthesized
using ellagic acid as the organic ligand and anodic aluminium oxide as both the metal source and
structural template. The resulting membrane exhibits regulated water transport channels, ultrahigh
surface hydrophilicity, and a negatively charged surface, enabling high pure water permeance. It also
demonstrates outstanding rejection performance toward dyes and pharmaceutical contaminants,
achieving 100% rejection of Rose Bengal and Eriochrome Black T, over 90% rejection of Methyl Blue and
Congo Red, and 75% rejection of rifampicin. In addition, the membrane shows good long-term stability,
maintaining stable rejection performance over 24 h of continuous operation. Overall, this work
highlights the potential of plant-based crystalline MPN membranes as sustainable and high-
performance platforms for water purification.

Oral Session 8: Recovery
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Magnesium Anode-based Electrodialysis Processes for Nutrient Recovery from Primary
Municipal Wastewater: Membrane Fouling and Techo-Economic Analysis

Bing Wu?, Koustubh Karande*
'University of Iceland, Reykjavik, Iceland

Phosphorus (P) and nitrogen (N) are two important chemicals in fertilizer production. In recent years, N
and P recovery from waste streams as alternative fertilizer supply has received great consideration.
Municipal wastewater contains significant amount of nutrients; and it has been predicted that the
nutrient recovery from municipal wastewater streams can subsidize 13-22% of the global nitrogen and
phosphorus demand. Membrane-based electrodialysis (ED) process, employing an electric field to drive
ions through the ion-exchange membranes (IEMs), has been applied to recovery nutrients from diverse



waste streams due to high nutrient recovery rates, easy operation, low sludge formation. Especially, an
ED process with a sacrificial magnesium (Mg) anode for high-quality struvite (a slow-release fertilizer)
precipitation from wastewater have been reported. In this study, the fouling behaviours and
mechanisms in the Mg anode-ED process were examined, and the effects of foulant preperties on
ammonium and phosphate transport rates were illustrated. Towards scale-up of the Mg anode-ED
process, techno-economic analysis was conducted under different scenarios (electricity generation
mix, treatment capacity, and wastewater compositions).

Fabrication of Scalable Gradient-Crosslinked Nanofiltration Composite Membranes for
Selective Recovery of Critical Metals from Waste Streams

Kayode Hassan Lasisi?, Pengrui Jin?, Shigi Huang?, John Y. M. Chew?, Davide Mattia*
'Department of Chemical Engineering, University of Bath, Bath, United Kingdom

The rapid expansion of lithium-ion battery technologies has increased demand for cobalt and nickel
while generating large volumes of acidic leachates from end-of-life recycling. Conventional
hydrometallurgical recovery depends on energy-intensive solvent extraction, creating a need for low-
energy, selective separation methods that function in chemically aggressive conditions. Here, we report
the development of a facile and scalable gradient-crosslinked composite nanofiltration membrane for
the selective separation of chemically similar divalent ions (Co?/Ni?*) in acidic waste streams. The
membrane integrates a chelating-modified interlayer with a heat-stabilized phenol-amine selective
layer to generate a depth-dependent crosslinking gradient with spatially resolved functional domains.
This architecture aims to independently tune coordination-assisted selectivity, Donnan exclusion, and
steric hindrance. Initial fabrication and characterizations are being conducted to verify the formation of
the crosslinked gradient. Preliminary permeation experiments are underway to assess permeability,
Co?/Ni* selectivity, and operational stability under acidic conditions, while transport modeling will be
used to elucidate the relative contributions of the governing separation mechanisms. We anticipate that
this gradient-crosslinked design will overcome the intrinsic limitations of uniformly crosslinked
membranes by enabling independent control of flux, selectivity, and acid stability. This ongoing work
highlights gradient polymer architectures as a promising strategy for critical metal recovery and
advanced ion-selective separations.

Development and Application of Bipolar Membranes for Next-Generation Sustainable
Electrochemical Systems

Julian Black?, Qilei Song?
'Imperial College, London, United Kingdom

Bipolar membranes (BPMs) are a versatile platform for driving water dissociation and ion transport,
enabling applications in energy storage, carbon capture, and water treatment. Comprising of a cation
exchange layer, an anion exchange layer, and an interfacial catalyst, BPMs generate H* and OH™ ions
under an electric field, creating a pH gradient that facilitates reactions under milder conditions. This
capability allows operation of electrochemical systems with different pH environments at the anode and



cathode, making BPMs promising for broad applications, including bipolar membrane electrodialysis,
electrolysers, and electrodialysis-based CO, capture and conversion.

Despite their potential, challenges remain in achieving high conductivity, selectivity, and durability.
Here, we present BPMs based on newly developed ion-exchange polymers and water dissociation
catalysts, delivering enhanced water and ion transport, reduced co-ion crossover, and improved
dissociation kinetics. This work provides insights into ion transport through polymer layers and
strategies for optimizing BPM performance. Ongoing efforts focus on scaling up membrane fabrication
and demonstrating performance in systems including electrodialysis, acid-base flow batteries, and CO,
conversion.

Decoding Rate-Limiting Steps in lon Transport through Membranes

Pengrui Jin'
University of Bath, Bath, United Kingdom

lon-selective membranes are widely used in water treatment, resource recovery, and energy-related
separations, but the origin of ion selectivity remains difficult to define. In many cases, membrane
performance is discussed in terms of pore size and surface charge, while the individual transport steps
that determine ion permeation are less clearly resolved. This talk focuses on a central question: which
step sets the main resistance for ion transport across the membrane nanostructures?

I will discuss this question through recent studies on chemically and structurally engineered
membranes. In polyamide nanofiltration membranes, regulating interfacial polymerisation enables the
formation of selective structures with enhanced charge effects. The results suggest that Cl‘/SOf‘
selectivity is governed by coupled dehydration, electrostatic exclusion and confined transport, rather
than by size sieving alone. In nanoporous graphene membranes, molecular modification of non-
selective pores narrows the pore-size distribution, suppresses defect-mediated leakage and increases
the transport energy-barrier difference between monovalent and divalent ions. Beyond these systems,
tuning the chemical bonds and functional groups within nanochannels provides a way to decouple
partitioning and diffusion contributions, helping to identify whether ion entry or confined transport is
rate-limiting.

Together, these examples show that ion selectivity depends on where the dominant transport resistance
is located and how this resistance differs between ions. Identifying the rate-limiting step provides a
practical route to move membrane design from empirical optimisation towards more targeted control of
ion transport.
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Tailoring PES Membranes via Temperature-Controlled Non-Solvent-Induced Phase
Separation

Benjamin Moore?, Pablo Lopez-Porfiri?, Maria Perez-Page*
*University of Manchester, Manchester, United Kingdom

Non-solvent-induced phase separation (NIPS) is used to fabricate porous membranes at lab and
industrial scale. NIPS membrane morphology is dependent on the diffusion rates of the inward diffusion
of the non-solvent into the casting solution and the outward diffusion of the solvent into the non-solvent
bath, determined by thermodynamic phase equilibria within the polymer/solvent/non-solvent system
and the kinetics of the process [1]. This work presents a systematic study of the effects of both the
casting solution and non-solvent bath temperatures on PES-based membrane morphology, with the aim
of adjusting the porous structure, preventing defects, and improving performance.

Membranes were prepared via NIPS using PES/DMF casting solutions in a water non-solvent bath
maintained at 10-40°C, with the casting solution at room temperature (RT) and 50°C. Phase equilibria
were explored using cloud-point titrations supported with Hansen Solubility Parameters. The kinetics
were assessed using viscosity measurements and diffusion fundamentals. Resultant morphological and
performance changes were characterised using SEM, porosity, thermal imaging, pure-water permeance
(PWP), and MWCQO rejection testing.

At elevated casting solution temperatures, competing thermodynamic and kinetic effects produce
irregular morphologies with variable performance. RT casting solutions yield more consistent, uniform
membranes. Notably, raising the non-solvent bath from RT to 30°C with an RT casting solution

doubles PWP while maintaining ~95% BSA rejection. Optimising process temperatures offers a simple,
scalable route to improving membrane performance, reducing batch defects, and lowering production
costs.

[1] S.Mohsenpour, et al., J.Memb.Sci. 641 (2022) 119924.

A Geometric Solution to Membrane Fouling in Cross-flow Modules using Computational
Fluid Dynamics

Benjamin Moore?, Pablo Lopez-Porfiri?, Maria Perez-Page*
*University of Manchester, Manchester, United Kingdom

Fouling is an ongoing issue in membrane applications, even in cross-flow regimes, reducing permeance
and artificially increasing feed retention. Mitigation strategies include chemical and physical cleaning,
feed pre-treatment, and membrane modification [1]. However, each carries drawbacks: chemical
contamination, damage, increased energy consumption, and modifications introduce fabrication
complexity. Induced turbulence offers an alternative approach. Physical promoters like mesh spacers



have demonstrated reduced fouling and improved mass transfer, but can introduce dead zones and
additional cost [2]. Promoting turbulence through module geometry offers a more universal solution,
applicable across separation applications without additional materials or fabrication steps.

This work investigates the effect of flat-sheet membrane module geometry on fouling mitigation and
overall performance. Computational Fluid Dynamics simulations of pressure, velocity, and turbulence
were used to screen novel designs against a linear base case, with selected geometries 3D-printed and
tested experimentally using a fabricated polyethersulfone membrane. Performance was assessed via
pure water permeance (PWP), humic acid rejection, and flux recovery ratio (FRR) testing.

Changing the module geometry from a linear square to rectangular or circular shapes with restricted
inlets and outlets significantly improved fouling resistance. The modified geometries generated multiple
vortices and increased flow velocity and turbulence while maintaining feed pressure, with negligible loss
of PWP. The base module achieved an FRR of 54%, while rectangular and circular geometries reached
72% and 93%, respectively, demonstrating strong potential for a universal, passive antifouling module
design.

[1] A. Abdel-Karim, et al., Chem.Eng.J. 422 (2021) 129696.

[2] JW. Koo, et al., Water Res. 188 (2021) 116497.

Development of Functionalised MXene-Based PIM-1 Mixed Matrix Membranes for Enhanced
CO,/H;, Separation

Sarah Algasabi?, Pablo Lopez-Porfiri, Maria Perez-Page*
*University of Manchester, Manchester, United Kingdom

The rise in atmospheric CO, emissions has intensified global concern over climate change. Increasing
global energy demand further challenges modern energy systems: achieving deep decarbonisation
while ensuring a secure and sustainable energy supply. Hydrogen has emerged as a promising energy
carrier owing to its high energy density and zero-carbon emissions at the point of use [1]. However, most
hydrogen is still produced from fossil-fuel-based routes, which generate syngas primarily composed of
H,, CO, and CO.. Subsequent water-gas shift conversion increases the hydrogen content, producing an
H,/CO_-rich stream that requires downstream separation. Despite the advantages of membrane
technology, CO./H, separation remains challenging because the two gases exhibit fundamentally
different transport behaviours in polymeric materials, limiting the development of highly selective
membrane systems [2]. Polymers of intrinsic microporosity, particularly PIM-1, are promising candidates
for CO. transport. Nevertheless, their performance in CO,/H, separation remains limited by the
permeation of H, through the micropores, leading to low CO/H, selectivity and motivating the
investigation of fillers to enhance CO, transport [3]. Accordingly, this work proposes the fabrication of
Mixed Matrix Membranes by incorporating hydroxyl-functionalised Ti;C.TxMXene nanosheets into a PIM-
1 matrix to improve CO,-selective separation performance. CO,/H, separation performance and
resistance to physical ageing will be systematically investigated across a range of filler loadings to
advance scalable, low-carbon separation processes for cleaner energy applications.
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Covalent Organic Polymer Membranes for Pharmaceutical Separation via Organic Solvent
Nanofiltration

Yizhuo Xu?, Xiaojun Sun?, Yujia Hui*, Cher Hon (Sam) Lau?
The University of Edinburgh, Edinburgh, United Kingdom
2Dalian University of Technology, Dalian, China

The production of active pharmaceutical ingredients (APIs) is a high-value industry in the UK, with a
growing demand for sustainable and efficient manufacturing processes. The purification of APIs is a
crucial step in their production, but separating APIs from their precursors is challenging due to their
similar molecular weights and structures. Here, we propose a Janus covalent organic polymer (COP)
membrane that enables high-resolution molecular separation through a hydration-regulated transport
mechanism. In this work, the membrane was fabricated via an automated solution-gel blade-casting
approach, which leads to a thin film composite structure with opposite charge properties and differing
pore sizes on each layer. This design enables efficient separation of APIs from their precursors, with a
rejection rate of over 80% for acetylsalicylic acid (ASA) in a mixed ASA and salicylic acid (SA) aqueous
ethanol feed. The high-efficiency transport of SA is achieved through a combination of size sieving,
intramembrane electric field, and hydrogen bond interactions. The automated fabrication process
minimizes human error and enables scalable production, thereby can be an attractive solution for the
pharmaceutical industry. Our work presents a novel hydration shell-controlled transport strategy for
sustainable high-resolution separation of similar-weight APIs and precursors, which offers new insights
beyond conventional membrane paradigms.

Interface-Assisted Secondary Growth of Zinc-Oleic Acid Frameworks for Multifunctional
Coatings and Membranes

Xueying Zhang?, Harvey (Yi) Huang?, Cher Hon (Sam) Lau?
*University of Edinburgh, Edinburgh, United Kingdom
2Xi’an Jiaotong University, Xi'an, China

Metal Soaps represent a class of material compost of metal cations coordinated with long-chain
carboxylate ligands, typically with carbon number larger than three. Depending on metalions and
organic ligands, these materials can form diverse crystalline structures. Owing to the amphiphilic
nature, metal soap has been widely applied in industrial fields such as lubricants, plastics, paints, and
cosmetics. Among them, zinc soaps exhibit two-dimensional layered lamellar structures that are
analogous to 2D MOF materials, while well-defined interlayer spacing, better water stability, and simpler
synthesis. Given these features, zinc soaps are explored as a new class of functional materials for
membrane and coating applications.

In this project, multiple fabrication routes were tried and developed to synthesize membranes and
coatings with distinct surface morphologies and structural characteristics were successfully prepared,
enabling effective utilization of their inherent properties. The resulting membranes exhibit hierarchical
micro/nanostructures combined with low surface energy surfaces, leading to outstanding super-
hydrophobicity with water contact angles up to 155+0.84°. Benefiting from both surface wettability and
structural features, the membranes demonstrate good stability in aqueous, saline, and alkaline



environments, along with excellent self-cleaning and antifouling performance. In addition, the
membranes also show effective rejection of selected dye and active pharmaceutical ingredient
molecules that can reach to 93 £3.15%, indicating size-based separation capability and strong potential
for practical applications.

Fluorine-Free Graphene-Enhanced Membranes for Sustainable Membrane Distillation
Desalination

Khalid Almutairi*?, Rahul Nair?
'National Graphene Institute NGI, Manchester, United Kingdom
2Desalination Technologies Institute DTI, Riyadh, Saudi Arabia

The growing regulatory pressure on per- and polyfluoroalkyl substances (PFAS), including fluorinated
polymers such as polyvinylidene fluoride (PVDF) and polytetrafluoroethylene (PTFE), has created an
urgent demand for high-performance, fluorine-free alternatives in membrane-based separation
processes. Membrane distillation (MD) a thermally driven process of significant promise for seawater
desalination and water reuse, has historically relied on fluoropolymer membranes to achieve the
hydrophobicity and wetting resistance required for stable long-term operation. This work presents a
sustainable, fluorocarbon-free strategy for fabricating hydrophobic MD membranes by incorporating
graphene-based carbon nanomaterials into an engineering polymer matrix via a scalable phase
inversion method. Graphene-derived nanomaterials were selected as hydrophobic modifiers owing to
their high surface carbon density, tunable surface energy, and capacity to create nanocapillary vapor
transport pathways — all achievable without fluorinated chemistry. Performance was evaluated under
Air Gap Membrane Distillation (AGMD) conditions using a 35g/L NaCl feed solution at a feed
temperature of 80°C and a permeate temperature of 20°C, yielding a transmembrane temperature
difference of 60°C. The fabricated composite membranes demonstrated robust anti-wetting behavior,
high permeate flux, and near-complete salt rejection (>99.5%), confirming the viability of graphene-
based carbon materials as fluorine-free functional additives for MD applications. Tunable membrane
performance was achieved by systematically varying additive loading and fabrication parameters,
establishing clear structure-property-performance relationships. This study offers a scalable and
industrially compatible pathway toward PFAS-free hydrophobic membranes, directly addressing global
regulatory trajectories, including the EU REACH PFAS restriction proposal.

Computer-Aided Green Solvent Screening for PES-Based Membrane Fabrication and
Modification Using B-Cyclodextrin for Pharmaceutical Wastewater Treatment

Buthayna Al-Ghafri?, Pablo Lépez-Porfirit, Jesus Esteban?, Maria Pérez-Page*
*University of Manchester, Manchester, United Kingdom
2Complutense University of Madrid, Madrid, Spain

The discharge of pharmaceutical wastewater (PWW) containing active pharmaceutical compounds
poses serious threats to ecosystems and human health. Membrane technologies, particularly
nanofiltration, are promising for PWW treatment, with polyethersulfone (PES) widely used due to its



thermal and chemical stability [1]. However, membrane fabrication relies on petrochemical solvents
with unfavourable environmental, health, and safety profiles, including DMF, driving the need for greener
alternatives [2]. This work presents an integrated computational-experimental methodology combining
predictive solvent screening with experimental validation. Using the COSMO-RS method and HSP, 148
solvents were evaluated based on polymer affinity and sustainability criteria (CHEM21) [3], identifying y-
valerolactone (GVL) as a highly compatible green solvent. Membranes fabricated via phase inversion
were systematically characterized, with PES-GVL membranes outperforming benchmark PES-DMF
membranes, exhibiting ~10% higher pure water permeance and ~99% polyethylene glycol rejection
across 3-100 kDa. Building on these findings, the GVL-based PES membranes were modified with -
Cyclodextrin to enhance hydrophilicity through its hydroxyl-rich structure and support selective removal
via host-guest interactions and adsorption [4], improving the removal of pharmaceutical contaminants
such as ibuprofen, atenolol, and tetracycline beyond conventional UF separation [5]. This integrated
approach establishes a greener pathway for high-performance selective membranes for pharmaceutical
wastewater treatment.
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Graphdiyne Membrane for Molecular Separations

Zihao Li?, Farhad Moghadam?, Kang Li*
‘Imperial College London, London, United Kingdom
2University of Bath, Bath, United Kingdom

Graphdiyne (GDY), a novel carbon allotrope, has emerged as a promising candidate for next-generation
membrane material. Its sub-nanometre intrinsic pore size, high porosity, hydrophobic nature, and
outstanding chemical and thermal stability enable ultrahigh gas and liquid permeance with
considerable rejection [1]. However, experimental investigations into GDY's practical application are
severely limited by the scalability challenges posed by current fabrication techniques [2,3,4]. This
project addresses these problems by employing direct interfacial cross-coupling polymerisation (ICP)
for GDY synthesis, enabling cost-effective, scalable membrane production while maintaining structural
integrity and performance.

The GDY membrane is prepared by direct ICP on the outer surface of alumina hollow fibre (AHF), in
which the GDY selective layer forms at the interface between the aqueous and organic solutions and
simultaneously attaches to the AHF substrate, resulting in a stable and robust GDY membrane. The
membrane thickness is adjusted by controlling the synthesis time and the concentrations of the GDY
monomer and catalyst.
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Scalable Atomically Thin Nanoporous Graphene Membrane for Liquid Separation

Farhad Moghadam?, Shigi Huang?, Davide Mattia®
'University of Bath, Bath, United Kingdom

Nanoporous graphene membranes fabricated by chemical vapor deposition (CVD) offer exceptional
potential for molecular separations due to their atomic thickness, enabling ultrahigh permeance and
precise transport control. However, their practical implementation is limited by complex, multi-step
transfer processes that introduce defects and hinder scalability.

Here, we present a scalable fabrication strategy based on direct polymer casting to transfer and
engineer nanoporous graphene membranes. In this approach, polyvinylidene fluoride (PVDF) is directly
cast onto as-grown CVD graphene, followed by substrate etching to produce a mechanically robust,
polymer-supported graphene membrane without conventional transfer steps. Structural and
spectroscopic characterization (SEM and Raman spectroscopy) confirm successful transfer with high
surface coverage (85-95%) and minimal defect formation.

Residual defects are selectively sealed using graphene oxide nanosheets, forming a continuous
graphene layer. Controlled oxygen plasma treatment is then employed to generate nanoscale pores with
tunable size, enabling precise control over molecular transportin liquid-phase separations. The
resulting membranes exhibited water permeance in the range of 5-15 LMH/bar and 80-100% rejection of
Rose Bengal, indicating good separation performance.

This work establishes a scalable and defect-minimizing route for integrating graphene membranes onto
polymer supports, providing a viable pathway toward practical graphene-based separation technologies.

MEMetic: Developing Biomimetic Membranes for Selective, Low-Energy Water Treatment
and Resource Recovery

Martina Pasini?, Oliver Harris?, Hayley Blaber?, John Linney?, Ryan Larder?, Bridget Tang?, Alan
Goddard?, Matthew Derry?
*Aston University, Birmingham, United Kingdom

Selective separation of molecules from water is a major challenge across sectors including drinking
water treatment, wastewater management, desalination and resource recovery and biopharmaceutical
and bioproduct separation. Conventional membrane technologies usually rely on passive separation
based on molecular size, charge or physicochemical properties. This can require multiple process
steps, high energy and limited selectivity. Biology offers a different solution: membrane transport
proteins that move specific molecules across cell membranes with exceptional precision.

MEMetic is developing a biomimetic membrane platform that combines biological selectivity with the
robustness and scalability of synthetic materials. The approach uses amphiphilic copolymers to extract
and stabilise membrane transport proteins within polymer-lipid discs. These discs can then be
incorporated into sustainable synthetic membrane. By changing the transport protein, the same
platform could be adapted to target different molecules and applications.

The market opportunity is broad. In water and wastewater treatment, MEMetic could support low-energy
desalination, removal of toxic contaminants such as arsenic, and recovery of valuable resources such
as phosphate and lithium. In biopharma and bioprocessing, the same approach could support more



efficient purification, concentration and recovery of high-value biological products, reducing process
complexity and improving sustainability.

The project is currently focused on establishing the core enabling technologies required for the platform:
sustainable polymer synthesis, expression and purification of target transport proteins, formation of
protein-containing discs, and early testing of protein activity and stability. Initial targets include
transporters relevant to water treatment, phosphate recovery and arsenic removal.

From FTIR Spectra to Gas Permeability: Machine Learning for Polymer Membrane Screening

Mehryar Jafari?, Bernardo Castro Dominguez!
'University of Bath, Bath, United Kingdom

Polymeric membranes are promising candidates for energy-efficient gas separation, with applications in
carbon capture, hydrogen purification, and industrial processing. However, experimental permeability
measurements are time-consuming and resource-intensive, limiting high-throughput material discovery.
This work presents a machine learning framework that predicts gas permeability of polymer membranes
directly from Fourier-transform infrared (FTIR) spectra, enabling rapid data-driven screening without the
need for experimental permeation testing.

A dataset of 854 polymer-spectrum records spanning 205 polymers and six gases (He, H,, CO,, O,, N,,
CH,) was compiled. FTIR spectra were preprocessed and reduced via principal component analysis
(95% retained variance). A CatBoost gradient-boosted model was trained in log,,-transformed
permeability space using GroupKFold cross-validation to prevent data leakage from near-duplicate
polymer entries. Leverage-based outlier removal was applied prior to final model training.

The CatBoost model substantially outperformed SMILES-based and alternative ML baselines, achieving
R*=0.99in log-space and R®=0.90 at original scale for CO, permeability. Feature importance analysis
confirmed that the model focuses on chemically meaningful spectral regions: the C-H backbone (~2909
cm™), CO,-sensitive combination bands (~2432 cm™"), and polar functional group signatures (~1170
cm™'), demonstrating interpretable structure-property relationships.

This framework establishes FTIR spectroscopy as a viable chemical fingerprint for permeability
prediction, offering a scalable route for accelerating polymer membrane design. Future work will extend
the approach to polymer blends and mixed-matrix membranes.

Direct 3D-Printing of Polymeric Membranes

Hamilton Forbes-Lane’, Liana Zoumpouli', Davide Mattia’, John Chew'’
'University of Bath, Bath, United Kingdom

Membrane-based technologies play a key role in reducing the energy consumption of water
treatment while maintaining high effluent quality. However, fouling remains the most significant
obstacle to further efficiency gains. 3D-printing can produce membranes in novel shapes with
anti-fouling properties and customisable functionalities for improved selectivity against target
pollutants and step changes to performance. We present a three-step method for printing porous
membranes using a custom UV-curable resin ink and a digital light processing (DLP) 3D-printer.
Printed membranes were characterised via capillary flow porometry, FE-SEM imaging and



permeance testing. A response surface methodology (RSM) design of experiments was used to
derive a predictive model relating process conditions to final membrane performance. Printed
membranes achieved pore sizes ranging from 50 — 200 nm, with monomer content found to be
the key factor influencing final pore size. Facile control of pore morphology is also demonstrated
through adjustment of light irradiance and exposure time. Lower monomer fractions favoured the
formation of fewer large discrete polymer globules with a high pore volume. High monomer
fractions created many small polymer globules with a much lower pore volume. Ongoing work
focusses on refining the printing process to produce even smaller pore sizes, and on integrating
anti-fouling surface geometries and functionalities to realise the full benefits of the additive
manufacturing approach.

Molecularly Thin Film Nanocomposite Polymer of Intrinsic Microporosity-Based Membranes
with Amorphous Porous Organic Cages for Gas Separation

Yanchen Pei'?, Xiang Li2, Yuting Wu?, Andrew B. Foster?, Ming Yu?, Peter M. Budd?, Kang Li?
'Department of Chemistry and Molecular Sciences Research Hub, Imperial College London, White City
Campus, 82 Wood Lane, London W12 0BZ, UK.

?Department of Chemical Engineering, Imperial College London South Kensington Campus, London
SW7 2AZ, UK.

’Department of Chemistry, School of Natural Sciences, The University of Manchester, Manchester, M13
9PL, UK.

The separation of carbon dioxide and hydrogen from process streams is increasingly performed by
polymer membranes, whose performance is limited by the trade-off between permeability and
selectivity and by physical aging. Porous fillers with high surface area, including zeolites, metal-organic
frameworks, covalent organic frameworks and crystalline organic cages, have been widely incorporated
into polymers of intrinsic microporosity on the premise that the filler pores remain accessible once the
filler is dispersed. However, a porous filler that keeps its pores but packs amorphously with a low
surface area, has received far less attention and is normally treated as an inferior candidate. Herein, the
porous organic cage CPOC-301 in its amorphous form, whose accessible surface areais only 1.02 m? g*
against 1962 m? g for its crystalline form reported before, was incorporated into two polymers of
intrinsic microporosity and processed into thin film nanocomposite membranes at loadings extending to
50 wt% in PIM-1 and 20 wt% in PIM-5F. Two solution preparations, fixed-matrix additive (FMA) and iso-
mass substitution (IMS) were applied for membrane fabrication. The two matrices act in opposite
directions at high loading. The open PIM-1 matrix with large free volume interacts with the cage at
discrete points through hydrogen bonding and holds it dispersed, lowering the permeance. The chains
are restrained, and aging is redirected to molecular size sieving with improved selectivity. The 5 wt% FMA
TFN membrane reached a CO2/N2 selectivity of 18.3 after 28 days, while the unfilled polymer fell to 6.5.
PIM-5F, the denser matrix engages the cage face to face, directing it into domains between the chains
without forming non-selective voids. At 20 wt% loading, the CO2 permeability rose by 48% for the IMS
route and by 31% for the FMA route relative to the unfilled 2% w/v film, all four gases rising comparably
with the selectivity retained. This work establishes that the geometry of the polymer-filler contact
governs how filler is packed and how the membrane performs. The burden of design therefore shifts



from finding a highly porous filler to choosing a polymer that can arrange it for a high-performance
membrane.

KEYWORDS: polymers of intrinsic microporosity; amorphous porous organic cages; thin film composite
membranes; gas separation; physical aging; polymerfiller interaction

Topic 2: Sustainable Membrane Processes

Integration Of Direct Air Capture with Pressure-Retarded Osmosis: Linking Caco3
Morphology with Membrane Performance

Bing Wu?, Lingxue Guan?
*University of Iceland, Reykjavik, Iceland

Aqueous hydroxide sorbents (e.g., NaOH or KOH)-based direct air capture (DAC) processes that are
operated at high-temperature conditions are well-established and commercially available. However,
high energy demand, high water usage, and strict requirements of flexible deployment of sustainable
energy sources pose major barriers for sustainable DAC deployment. To conquer the challenges,
integrating DAC with a pressure-retarded osmosis (PRO) process was considered as a promising
solution. In the DAC-PRO hybrid process, the high salinity carbon-captured solution from DAC and the
freshwater used in DAC are employed as the draw and feed solution for PRO, respectively, enabling PRO
for high energy production and achieving its economic feasibility; while the PRO offers sustainable,
reliable (seasonal- and weather-independent), and renewable energy for DAC operation. However,
membrane fouling remains an inevitable challenge that can significantly reduce PRO performance,
energy efficiency, and long-term operational stability. Although high salinity carbon-captured solutions
from the DAC process have higher purity compared to other conventional water sources (e.g., seawater,
seawater brine, salt lake water, geothermal water), the residual CaCOj; (from the pellet reactor in DAC)
in the carbon-captured solution would induce scaling on the PRO membrane. Therefore, this study aims
to systematically investigate the PRO membrane fouling mechanisms and membrane performance
when the draw solutions contain CaCO;crystals with different morphologies.

The Manufacture of Sustainable Nanofiltration Polyelectrolyte Membranes

Chang Qu?, Hesam Makki*, John Chew?, Davide Mattia*
'Department of Chemical Engineering, University of Bath, Bath, United Kingdom

Organic solvent nanofiltration (OSN) has emerged as a promising energy-efficient technology for solvent
recovery and molecular separation in chemical and pharmaceutical industries. However, most current
OSN membranes rely on non-renewable polymers and solvent-intensive fabrication processes, raising
sustainability concerns.

This study focuses on the development of sustainable OSN membranes based on bio-derived
polyelectrolytes, particularly lignin and cellulose. Membranes are fabricated via a layer-by-layer (LbL)
assembly approach on solvent-resistant supports, aiming to achieve high separation performance while
reducing environmental impact.



A combined experimental and computational strategy is employed to investigate membrane structure
and transport mechanisms. Experimentally, membrane morphology, permeability, selectivity, and
stability are systematically evaluated in various organic solvents. In parallel, molecular dynamics (MD)
simulations are conducted to explain the fundamental interactions between polymers and solvents,
providing molecular-level insights into separation behaviour.

This integrated approach aims to establish the relationships between polymers and solvents, and guide
the rational design of next-generation sustainable OSN membranes. The outcomes of this work are
expected to contribute to improved separation efficiency, reduced solvent consumption, and the
advancement of greener membrane technologies.

Ultrafiltration of Microalgal Processing Wastewater: Comparison of Membrane Vibration
and Spacer Vibration

Yuting Huang?, Bing Wu*
tUniversity of Iceland, Reykjavik, Iceland

In the microalgal industry, efficient harvesting microalgal cells from cultivation solutions is a critical
step, as it generally accounts for 20-30% of total production cost. Membrane-based separation
processes offer a promising alternative with advantages of chemical-free, high separation efficiency,
undisturbed cell integrity, scalability, and relatively lower energy consumption. However, membrane
fouling is still the major challenge. To alleviate membrane fouling, enhanced hydrodynamic
shear/turbulence during membrane filtration has been proposed, such as membrane vibration and 3D
spacer vibration. However, limited studies on both fouling control approaches have been reported for
hollow fibre membrane filtration of microalgal solutions. Thus, optimization of membrane vibration
conditions, and application of spacer vibration for membrane fouling control in treating diverse and
complex microalgal suspensions require further investigation. This study systematically assessed the
effectiveness of vibration-based fouling control strategies by examining the effects of vibrating
conditions (such as frequency, magnitude, membrane configuration) on membrane performance and
fouling mechanisms. The membrane foulants were further examined and compared, and the
relationship between the foulant characteristics and fouling patterns were illustrated. This study allows
us to provide a suitable membrane process with optimal filtration conditions for microalgal processing
wastewater treatment.

Membrane-Controlled Reactant Delivery for High-Selectivity Propene Epoxidationin a
Micro-Monolith Reactor

Olukayode Gideon Oloyede?, Jialin Yu?, David Chadwick?, Kang Li*
"Imperial College London, London, United Kingdom

Catalytic membrane reactors provide a powerful approach to enhance selectivity in multiphase
reactions by enabling controlled reactant delivery and mitigating gas-liquid mass transfer limitations.
This study presents a catalytic micro-monolith membrane reactor for the selective epoxidation of
propene with hydrogen peroxide over TS-1, with emphasis on membrane-regulated reactant dosing.



A six-channel yttria-stabilised zirconia micro-monolith was fabricated via phase inversion and sintering,
followed by dip-coating of TS-1 onto the internal channel surfaces to form an integrated catalytic
membrane. During operation, propene (or propene/N, mixtures) was supplied to the shell side and
permeated through the porous wall, while a methanol-water solution of H,O, flowed through the
channels. This configuration spatially decouples gas and liquid phases, enabling controlled propene flux
to the catalytic interface and limiting local overconcentration effects associated with undesired side
reactions.

The influence of pressure, liquid flow rate, and catalyst loading was systematically investigated. Reactor
performance exhibited a strong dependence on transmembrane pressure, indicating that propene flux
governs the reaction environment and enables stabilisation of a high-selectivity regime. Under
optimised conditions (40°C), propylene oxide productivities of up to ~6000 pmol g h~" were
achieved with selectivity approaching 95%. These results surpass typical values reported for TS-1
systems under conventional segmented flow conditions, such as those described by Shin et al., where
gas-liquid mass transfer constraints limit productivity. This work demonstrates that membrane-
controlled reactant delivery is an effective strategy for achieving high productivity and selectivity in
propene epoxidation.

Continuous Catalytic Micro-Monolith Reactor for Direct Oxidation of Methane

Jialin Yu?, Olukayode Gideon Oloyede?, David Chadwick?, Kang Li*
Imperial College London, London, United Kingdom

The direct oxidation of methane to methanol is challenging due to the inertness of methane, the low
solubility of methane in aqueous solution, and the further oxidation of methanol. Many studies of direct
methane oxidation to methanol have focused on developing catalysts by testing in batch reactors.
Continuous reaction systems have lacked study and innovation. The micro-monolith membrane reactor
operated as an interface contactor has significant advantages for process intensification, which include
high mass and heat transfer, low pressure drop and safe operation. In this study, a 6-channel catalytic
micro-monolith membrane reactor coated with catalysts was designed and constructed in a shell-tube
configuration for the selective oxidation of methane with hydrogen peroxide. The thickness of the
catalyst layer significantly controlled the product distribution, where the thicker catalyst layer promoted
overoxidation of methanol to formic acid. The reaction parameters, including flow rate, hydrogen
peroxide concentration and reaction pressure, were further optimised.

When Bigger Isn’t Better: How Aggregates Limit Virus Filtration

Kuan Cheng Ma?, Bo Wang?, Richard Gutman?, Emily Whitworth?, Thomas Johnson?, Daniel
Bracewell!

*University College London, London, United Kingdom

2Cytiva, Portsmouth, United Kingdom

Virus filtration (VF) is a critical step in monoclonal antibody (mAb) manufacturing for viral
safety of the final product. Its efficiency is often limited by membrane fouling, which results
in flux decline and reduced throughput. While mAb aggregates are recognised as major



foulants, the relationship between aggregate size and virus filter structure remains poorly
understood.

This project investigates how aggregates of different sizes contribute to fouling during VF

and builds a predictive understanding of how their deposition relates to filter morphology.
Model mAb aggregates were generated via heating and characterised using SEC-MALS, DLS,
and MADLS, revealing distinct profiles. Constant-pressure VF studies with asymmetric 20 nm
filters were analysed using blocking models, while SEM and CLSM showed deposition
patterns.

Even aggregate-free feeds produced flux decline through monomer adsorption and
concentration polarisation, whereas the presence of aggregates caused rapid, severe fouling.
Model fitting indicated two-stage fouling behaviour, transitioning from pore blocking to cake
formation. Imaging revealed heterogenous membrane domains, with aggregates
preferentially depositing along porous steaks. Building on these findings, work will map
aggregate size against filter morphology using controlled aggregation, fractionation, and
advanced imagining, with the goal of predicting and mitigating fouling to improve VF
robustness in mAb manufacturing.

Topic 3: Sustainable Membrane Systems

Techno-Economic Assessment of Membrane-Based Processes for Carbon Capture for
Biogas Upgrading

Sarah Algasabi?, Pierre Dieudonné?, Kamran Ghasemzadeh?, Maria-Chiara Ferrari?
*University of Edinburgh, Edinburgh, United Kingdom

A comprehensive comparative assessment between membrane-based biogas upgrading and the
conventional amine absorption process is presented. Three distinct process configurations were
systematically evaluated: (i) amine absorption, (ii) a single-stage membrane system, and (iii) a counter-
current recycle membrane cascade (CRMC). The optimization of operating parameters was performed
using a Design of Experiments (DoE) framework, with process performance evaluated in terms of

CH, recovery, CH, purity, and CO, capture rate. Among the evaluated configurations, while a single stage
would not meet the required product target, the CRMC process demonstrated the most favorable
technical performance, achieving CH, purity and CO, capture rates of 97.7% and 97.8%, respectively.
Additionally, its CH,recovery was only 0.8% lower than that of the absorption process. Notably, the
CRMC configuration was the only system capable of meeting natural gas pipeline specifications while
achieving a net carbon-negative operation. The absorption process achieved a payback period of 8.5
years and a return on investment (ROI) of 7.42%, resulting in a 20-year cumulative cash flow of
approximately $10.5 million. In contrast, the CRMC process demonstrated superior short-term
economic performance, with a payback period of 4.13 years and an ROI of 19.5%, although its 20-year
cumulative cash flow was slightly lower, at approximately $9.5 million.



Partition-Diffusion-Reaction Bounds for Thin-Film Membrane Formation Kinetics

Akshay Deshmukh?, Menachem Elimelech?, John H. Lienhard?®
*University of Cambridge, Cambridge, United Kingdom

2Rice University, Houston, United States

3Massachusetts Institute of Technology, Cambridge, United States

From designing ion-selective membranes for critical metal recovery to enhancing chlorine resistance,
researchers have used new monomers, solvents, support layers, and synthesis conditions to tackle
critical challenges in water treatment and brine valorization. At the core of these membranes is a thin
selective layer typically formed by interfacial polymerization. Despite its industrial importance,
modeling interfacial polymerization remains challenging due to the complex interplay of reaction
kinetics, acid generation, oligomer formation, and polymer precipitation. A tractable framework linking
synthesis conditions to selective layer growth is essential for the rational design of next-generation
membranes.

Here, we develop an analytical model that bounds the rate of reaction during interfacial polymerization
by capturing key steps: diffusion of the aqueous-phase monomer through the support layer, its
partitioning across the interface, and subsequent diffusion and reaction in the organic phase. We
nondimensionalize the governing partial differential equations to reveal the roles of key design
parameters—monomer choice, solvent properties, and support layer thickness—on the reaction rate.
We find that the reaction rate initially scales with the square root of time as a Danckwerts-type reaction-
diffusion zone forms in the organic phase. Further, we develop a computational workflow to predict
partitioning and diffusion coefficients across 624 combinations of common reactants and solvents,
providing predictive bounds on reaction rates across a broad chemical design space for new membrane
chemistries. By developing a tractable model that quantifies diffusion bounds for the reaction rate
during interfacial synthesis, we strive to guide the strategic development of new thin-film composite
membranes.

In-Situ Crosslinking Strategy Enables Sustainable and Controllable Manufacture of Solvent-
Resistant Membranes

Tiefan Huang!
'Queen Mary University of London, London, United Kingdom

This study presents an optimized, sustainable, and scalable in-situ crosslinking approach for
polyimidazole (PBI) membranes for organic solvent treatment, emphasizing cost efficiency, safety, and
environmental sustainability. The membranes were crosslinked under mild water-based conditions at
room temperature. Characterization via X-ray photoelectron spectroscopy (XPS), Transmission electron
microscopy (TEM), X-ray diffraction (XRD) validate the homogeneous distribution of crosslinker in the
membranes. The crosslinked PBI membrane exhibited superior stability in organic solvents, including
dimethylformamide and N-methyl-2-pyrrolidone, with weight loss less than 1% and swelling degree less
than 4%. Compared to conventionally crosslinked PBI membrane, this membrane also showed higher
mechanical stability. With the increase of the crosslinker molar ratio, the membranes exhibited greater



permeance. At 50 mole% of crosslinker, the membrane exhibited more than 90% of rejection for
PEG4000 with permeance of 28.6 L/m2 h bar for acetonitrile solution.

Topic 4: Membranes for Sustainable Bioseparations and Bioprocesses

Implementing In Situ PUPSIT for Virus Filtration to Support Annex 1-Aligned Contamination
Control in Steam Sterilised Production Assemblies

Majid Rezai-Kalantary?, Alex Barclay, Colin MacKey, Lawrence Okorafor
Cytiva, Portsmouth, United Kingdom

The use of virus filters with steam-sterilisable membranes in situ within closed-loop stainless steel
manufacturing facilities represents a sustainability advantage, eliminating the need for chemical
sanitisation of virus filters and the associated environmental impacts. The 2022 revision of EU GMP
Annex 1 reinforces pre-use, post-sterilisation integrity testing (PUPSIT) as a key control for sterilising
filter assemblies. Extending this expectation to membrane-based virus filtration introduces additional
complexity where filters are installed and sterilised in situ.

Traditional approaches to virus filter integrity assurance often rely on pre-installation testing or
alternative sanitisation strategies, which can introduce operational constraints, sustainability
challenges, or residual risk. This highlights the need for approaches that enable integrity verification
under representative process conditions, aligned with Contamination Control Strategy (CCS) principles.
This work evaluates a system-level approach to implementing in situ PUPSIT for virus filtration
membrane assemblies under representative process conditions. The approach incorporates controlled
sterilisation, post-sterilisation integrity testing, and assembly-level verification prior to use.

Results demonstrate that system-level testing enables detection of failure modes not identified through
component-level testing alone, while supporting verification of membrane integrity under process-
relevant conditions. From a sustainability perspective, this approach enables elimination of chemical
sanitisation steps, reduction in filter usage, a smaller process footprint, and fewer unit operations,
contributing to reduced water and resource consumption.

This study highlights a practical pathway to extending Annex 1-aligned contamination control to virus
filtration through system-level membrane integrity assurance, while supporting more sustainable
bioprocessing operations.

Protein Valorisation from Permanent Grasslands using Membrane-based Downstream
Processing

Madhurima Dutta?, Yubin Ding?, Christopher Chuck?, Bernardo Castro-Dominguez?, Hannah
Leese!
*University of Bath, Bath, United Kingdom

Due to global food insecurity and food production accounting for one-third of global greenhouse gas
emissions, shifting to sustainable alternative food sources is essential. Permanent grasslands,
occupying 9.7 million hectares, represent a large, renewable biomass resource. However, grass proteins



trapped within lignocellulosic structures are difficult for humans to digest, and conventional recovery
methods (acid/isoelectric precipitation) denature proteins, reducing functionality and nutritional value.
This study proposes a gentle, non-denaturing, chemical-free method using tangential flow membrane
filtration to extract soluble proteins from fresh grass (clover and Aberclyde mix, with crude protein
content of 8.1%) via mechanochemical extraction in a twin-screw extruder with water as the solvent.
The extracted liquid fractions containing soluble proteins were then subjected to 1.2 pm MF followed by
diafiltration. The purity of the final concentrate was approximately 54% with a 49% overall recovery. In
vitro protein digestibility studies showed the grass protein concentrate achieved a PDCAAS (Protein
Digestibility Corrected Amino Acid Score) of 0.83 and DIAAS (Digestible Indispensable Amino Acid
Score) of 0.87, while proteomics analysis confirmed the membrane downstream process successfully
concentrated RuBisCO (termed as a complete protein by FSA) and other proteins. These findings
demonstrate that membrane cascades can produce functional, nutritionally robust protein ingredients
without the denaturing effects of acid precipitation.

While challenges remain in increasing protein functionality and purity to match commercial benchmark
of 60%, this study demonstrates a viable path to valorise forage as a sustainable, high-value protein
source through an environmentally friendly, chemical-free membrane process that reduces reliance on
animal proteins.

Spent Cell Culture Media Recovery for Cultivated Meat

Jing Zhang?, Isa Senica?, Ehsan Nourafkan?, Ming Xie', Davide Mattia®, Hannah Leese?
'University of Bath, Bath, United Kingdom
2University College London, London, United Kingdom

The emerging development of cultivated meat has highlighted downstream processing as a critical yet
underexplored barrier to scale-up, encompassing efficient cell harvesting and the valorisation of by-
products, particularly the recovery of components in spent cell culture media.*

Cell media constitutes one of the main cost drivers in large-scale cultivated meat production, due to the
high cost of key components including growth factors, recombinant proteins, and the substantial
volumes required to sustain cells.®

Despite being routinely discarded after short operational lifetimes (often within 24-72 hours), spent
media retains a significant proportion of essential nutrients.

Media longevity is limited by the accumulation of cytotoxic metabolites, particularly lactate and
ammonia, which progressively impair cell proliferation.? Therefore, removing toxic metabolites presents
a strategic opportunity to extend media usability, reduce production cost, and enhance environmental
sustainability.

This study proposes an ultrafiltration membrane-based approach to recover proteins and growth factors
from spent media while maintaining their functional integrity. Using 10 kDa regenerative cellulose spin
filters, up to 97% protein recovery was achieved at laboratory-scale. Lactate concentration was reduced
from 10.5 mM to 1.1 mM, while ammonia levels fell below detection limits following ultrafiltration
coupled with dialysis. The recovered fraction supported cell growth for six passages, with no significant
differences compared to fresh FBS-containing media. Ongoing work focuses on scaling up protein
recovery using cross-flow ultrafiltration systems.



This work demonstrates the potential of membrane-based separation to enable nutrient recovery and
media recycling, supporting the development of a scalable, cost-effective, and environmentally
sustainable cultivated meat production framework.

Topic 5: Industrial Application of Membranes

Investigating Molten-Hydroxide Membranes for CO2 Separation at Lower Operating
Temperatures

Joshua Gray?, Greg Mutch?, lan Metcalfe?!
Newcastle University, Newcastle upon Tyne, United Kingdom

Supported molten-salt membranes are a promising technology for CO, separation due to their
exceptional selectivity and the ability to exploit a difference in humidity as a driving force for

CO; permeation. Recent work transitioned from conventional carbonate eutectics to a (Li/Na/K)OH
hydroxide melt, demonstrating that H,O counter-permeation controls CO, flux and that the membrane
evolves toward a majority carbonate composition (~60:40 CO3*/OH") during operation. However, this
system still requires operating temperatures of 500-700 °C, and limited exploration exists regarding how
cation selection within the hydroxide melt governs the operating temperature and the dynamic CO3z*
/OH" equilibrium.

In this study, we utilise laser-drilled porous alumina supports with a known uniform pore geometry and a
custom automated permeation rig. We replace Li* with Ba?* in a NaOH/KOH/Ba(OH), ternary mixture to
lower the operating temperature. CO, flux is measured as a function of temperature and H.0% in the
sweep gas, with post-experiment acid-base titration used to quantify the COs%/OH- ratio in recovered
salts.

We have demonstrated stable CO, flux (6.3 x 10* mol m?s™) below 400 °C with the Ba** doped melt,
significantly lower than the 500-700 °C required for (Li/Na/K)OH. Increased steam concentration shifts
the CO3?/OH ratio toward a more hydroxide-rich composition, maintaining the lower operating
temperature. We will present initial screening results for alternative dopants (e.g., Ca?*and Cs"),
supported by thermodynamic calculations of carbonation tendency, to establish composition-property
relationships for the rational design of sustainable, lower-temperature CO, separation membranes.

Improving Supported Liquid Membranes Feasibility for Carbon Capture by Tailoring Solvent-
Support Affinities

Jing Lin Lin?, Benjamin Moore?, Sahar Gholami?, Pablo Lopez Porfiri, Maria Perez-Page?
The University of Manchester, Manchester, United Kingdom
’Department of Chemical Engineering, The University of Manchester, Manchester, United Kingdom

Carbon capture is essential to mitigate climate change and reduce CO, emissions. Although amine-
based absorption is currently the most mature technology, its high energy requirements and limitations
have driven the development of alternative separation processes.* In this context, Supported Liquid
Membranes (SLMs) using lonic Liquids (ILs) and Deep Eutectic Solvents (DES) have attracted increasing



attention due to their tunable properties and potential for efficient CO, separation, while addressing key
limitations of amine-based systems: improved operational safety (high boiling points and non-
flammability of ILs)? and reduced reliance on petrochemical feedstocks (biobased DES).% However, their
application is still limited by challenges related to material lifespan and long-term applicability, due to
limited affinity between the liquid phase and the porous support.
This work investigates the key factors influencing SLM performance for CO,/N, separation by combining
solvent and membrane support characterisation with COSMO-RS modelling to estimate thermodynamic
and kinetic properties. Membrane support modifications are also explored to enhance liquid-support
affinity and improve stability while maintaining gas permeability.
The results show that membrane performance and stability are dependent on the coupled effect of
solvent and support properties. These parameters influence capillary pressure and therefore affect
impregnation and long-term stability. A proper balance between solvent viscosity and pore structure is
essential to achieve stable impregnation without compromising membrane performance.

1. Hekmatmehr, H. et al. (2024), Fuel, p. 130898.

2. Gonzalez-Miquel, M. et al. (2013), J. Phys. Chem. B, pp. 3398-3406.

3. Nowaosielski, B. et al. (2023), ACS Sustainable Chem. Eng., pp. 4093-4105.

Tailoring the Formulation of the Molten Phase in Supported Molten-Salt Membranes for the
CO, Separation at High Temperatures

Jose Fabian?, lan Metcalfe?, Greg Mutch?
*Newcastle University, Newcastle, United Kingdom

Carbon capture is a promising technology for decarbonising the industrial and transportation sectors.
Currently, carbon capture technologies can reduce approximately 80-90% of CO, emissions released
primarily from the industrial sector [1]. Among the various carbon capture methods, supported molten-
salt membranes stand out as a highly promising solution. These membranes consist of an inorganic
porous solid infiltrated with a molten-salt phase, typically composed of eutectic carbonates and/or
hydroxides of Li/Na/K. They are particularly effective for separating CO, from flue gases produced by
burning fossil fuels. The effectiveness relies on both permeability and selectivity toward CO, at elevated
temperatures (>400 °C) [2]. Here, we study the formulation of supported molten hydroxide membranes
through tailoring binary systems of LiOH and KOH. Membranes are fabricated to study the influence of Li
content (70-50 mol%) on high-temperature CO,separation (550-700 °C) under controlled humidity
levels (0.35-1.5% H,0). Results show that increasing the Li content in supported molten-salt
membranes enhances CO, flux when H,0 is present in the permeate side of the membrane, reaching a
maximum permeation value of 2.2 x 10 mol-m~2-s™" at 700 °C, when the membrane composition is 70
mol% LiOH. Additionally, our results confirmed that the membrane composition changes under
operational conditions, resulting in a final composition primarily of carbonates, with a carbonate-to-
hydroxide ratio of approximately 9:1.

References:

[1] E. Hanson et al., Surf. Interfaces, 2025.

[2] G. A. Mutch et al,, J. Mater. Chem. A, 2019, 7, 12951.

Synthesis of lon Exchange Membranes for Energy Applications



Gabriela Bezati!
Imperial College London, London, United Kingdom

Anion exchange membranes (AEMs) are an emerging class of ion-conducting materials and a key
component in a range of emerging electrochemical technologies, such as water electrolysers, fuel cells,
and electrochemical separation processes. Their performance is affected by a range of parameters such
as balance of ionic conductivity, chemical stability, and mechanical robustness, which are influenced by
their backbone composition and functional group distribution. This work focuses on the development of
AEM materials derived from microporous polymeric precursors, with an emphasis on post-synthetic
chemical functionalisation to introduce ion-conducting sites. The strategy aims to leverage the intrinsic
structural features of the polymer backbone to regulate the ion transport while maintaining dimensional
and chemical stability particularly under hydrated conditions. Ongoing work includes optimisation of
functionalisation conditions and assessment of key physicochemical properties relevant to ion
exchange behaviour. The objective is to establish a versatile materials platform for AEM development,
enabling systematic investigation of structure—property relationships.

CO0,/CH, Separation Using Mixed Matrix Membranes Prepared by Capillary Rise Infiltration
(CaRl) Method

Zoe Zhuang?, Yang Lan!
tUniversity College London, London, United Kingdom

Membrane based CO,/CH, separation is a promising method for biogas upgrading. In this process, CO,
and CH, are separated by partial pressure driven membrane transport, which avoids phase change and
solvent regeneration steps. However, conventional mixed matrix membrane (MMM) fabrication often
suffers from filler aggregation, interfacial defects and limited filler loading. Here, we develop a capillary
rise infiltration (CaRl) process to fabricate polymer/silica membrane for CO, selective separation. A
Pebax layer is combined with a densely packed SiO, nanoparticle layer. Thermal treatment increases
Pebax chain mobility and promotes polymer infiltration into interparticle voids by capillary force, forming
a highly filled Pebax/silica nanocomposite layer. This process avoids direct high filler solution mixing and
improves control of particle packing and polymer filler contact. For gas separation testing, the MMM
membrane prepared via CaRl are loaded on porous PAN, PSF and PVDF supports. This work provides a
CaRl route for defect controlled Pebax-based MMMs for sustainable biogas upgrading.
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