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ABSTRACT

Membrane and separations technology is a driving force for both fundamental and applied
research that impacts the economy. Polymer materials are a vast design space that can be further
exploited towards high-performance membrane and filtration applications. Machine learning
(ML) can be used to improve membrane materials and design using datasets and data analytics
with agentic Al tasks from large language models (LLM). The applications of AI/ML workflows
include membrane polymer structure-composition-processing-property (SCPP) relationships,
membrane testing, and performance validation. Characterization methods to quantify transport,
permeance, selectivity, and environmental stability of membranes need to go beyond statistical
methods. Generative Al workflows are important for science discovery and rapid feedback.
Exploring bio-inspired designs — de novo membrane design, and future directions will depend on
how fast we can implement these workflows. By designing and updating research end-to-end, it
is possible to leverage the new tools and datasets becoming available to the membrane
community.

1. Introduction

The raw materials and chemical needs of modern society are based on extraction or harvesting,
conversion or production, and transport or storage systems.'* Energy and material demand from
minerals, fossil fuels, and biomass must be balanced at each step with technological, economic,
and environmental considerations; hence, the need to understand life-cycle analysis (LCA),
techno-economic analysis (TEA), and limited-resource or geopolitical considerations.*
Separations and purification technologies are highly relevant, especially if they leverage energy
savings or minimize heat loss. About 10-15% of the world’s energy consumption is for
extraction and separations from raw materials. An interesting article by Sholl et al. focused on
seven chemical separations of high global importance, including the separation of hydrocarbons
from oil, uranium from seawater, and rare-earth metals from ores.?

Membrane and separation technology has emerged as an effective alternative to distillation,
cracking, centrifuge enrichment, and seawater desalination, etc.>> The advantage is in high
efficiency, less capital, energy savings, and scalability.! Porous open-cell materials and
molecular-level mass transport optimization favor membrane and filtration technologies.
Nanofiltration (NF) is preferred for ultimate selectivity, but high energy costs should be balanced
with permeability and reduced intrusion pressures.” Reverse osmosis (RO) and electrodialysis are
important desalination methods that can reduce energy consumption and costs while providing
convenient, safe water purification.” However, most research and technology development
methods are closer to trial-and-error approaches or, at best, to using Taguchi or design of
experiments (DOE) methods.

Polymeric materials and composites are 21%-century materials.® They are mostly deployed due to
a wide range of materials and manufacturing methods, mechanical durability, and chemical
stability. Advanced manufacturing methods based on engineering thermoplastics and thermosets
enable the production of multifunctional membranes. They can be optimized to have a
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high-permeability or selectivity trade-off. The classic Robeson plot of selectivity versus
permeability in gas separations encompasses about 500 polymers, highlighting the wide range of
available polymers.(Figure 1) This does not necessarily include additives, fillers, and nanofillers
that make up the final membrane materials and compositions used in commercial applications.
High-performance polymers (HPP) for membrane separation are also of high interest, especially
for applications in extreme environments.’
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Figure 1. Robeson plots for the (a) 0,/N,, (b) H,/N,, (c) CO,/N,, and (d) CO,/CH, gas pairs showing the
position of the gas permeability data for films of PIM-BTrip ( & ), PIM-TMN-Trip ( ¥ ), PIM-HMI-Trip ( M),
PIM-DM-BTrip ( ®), PIM-TFM-BTrip (e) and PIM-DTFM-BTrip ( # ). Previously reported data are also shown
for non-PIM polymers (o) and PIMs ( & ). Upper bounds are represented by black lines (1991), blue lines
(2008), and red lines for the previously proposed (2015) upper bounds for O,/N, and H,/N,. The proposed
revised upper bounds for CO,/N, and CO,/CH, are shown as dotted red lines. (Figure and caption from
reference’ with no change under a creative commons 3.0 license'?)
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Investigating the structure-composition-process-property (SCPP) relationships of these polymers
and composites, and balancing this trade-off, can be complicated. It is important to have a good
understanding of the physico-chemical relationships within these complex material systems.
Intrinsic and extrinsic properties accompany the molecular and nanoscopic design up to the
macroscopic form factor with fabrication. An alternative to the iterative trial-and-error process is
needed and applied to end-to-end process optimization.

Although there are many known and used polymers for membranes (engineering thermoplastics,
high-performance polymers, thermosets, etc.) new polymers and composites can still be
introduced.'"'? This is especially true with advanced manufacturing methods, including
multilayer co-extrusion, plastisol molding, 3D printing, and co-axial pultrusion. Improved
efficiency, performance, and environmental sustainability are driving the need for novel
polymers and membrane applications.”® This includes optimizing parameters such as flux,
permeance, permeability, and selectivity for new applications. But the barrier to the synthesis of
new polymers and their commercial production can only be justified by the right performance
and unit cost ratio, especially with new production line investments. The DOE and other
statistical methods are useful for experimental design and membrane development. It can still be
accelerated by effective simulation and increasing the rates of formulation, screening, and
testing.

There are three main models based on the chemical potential gradient that drives flow and
separation: the pore-flow model (liquids), Knudsen diffusion (gases), and solution diffusion
model."*!*" The Darcy equation provides a first measure of the transport behavior in a porous
membrane and is highly empirical:

q = kAAP/uL eqgn 1,
where A is cross-sectional area in cm?, k is permeability in Darcy, L is for length in cm, P is for
pressure in atm, q is the flow rate in cm*/sec, and p is fluid viscosity in cp.

The Knudsen equation describes gas flow in a tube in free-molecular flow. It is expressed by the
molecules’ mean free path. For gases, depending on the tube diameter, the molecules interact
with the walls rather than with each other.

q = APANV(@m/(6Wp)  eqn2,

where q is volume flow rate under unit pressure, AP is pressure change from the starting point of
the tube to the final point, d is for the tube diameter, | is the tube length, and P, is the

density-to-pressure ratio.

Other equations include the Fickian diffusion transport equation and the separation factor in
pervaporation methods.

For molecular and macromolecular simulations, first-principles-based design, atomistic-to
-coarse-grained methods, and computational simulation tools, including molecular dynamics
(MD), density functional theory (DFT), and quantum-chemical methods, can be used.'®!"” They
have shown strong potential for predicting material structures and performance. They require
high computational costs, and are limited to simpler compositions or conditions, making it harder


https://www.zotero.org/google-docs/?2o1rKs
https://www.zotero.org/google-docs/?6JoCJ3
https://www.zotero.org/google-docs/?AKjAjL
https://www.zotero.org/google-docs/?OT4J53

to accommodate nanocomposites and new additive packages. Finite element analysis (FEA)
methods and other multiphysics simulations are increasingly important for the
thermo-mechanical properties of the final membrane and for transport modeling.?*?! Process
simulators are key to modeling, simulating, and optimizing the separation processes in unit
operations.'* The membrane design space can be much wider, with higher throughput, for
designing novel membrane materials and optimal fabrication conditions, even across
computational and experimental needs.

Artificial intelligence (AI) and machine learning (ML) can accelerate the design, synthesis, and
testing or discovery of new cost-effective membranes.”> ML enables algorithms that leverage
data (trained or untrained) to make decisions and predictions. As a complement to conventional
computational and experimental approaches, it can be designed to analyze complex data patterns
and to develop feedback-loop methods (supervised or unsupervised) for continuous improvement
toward ideal data. It can be applied to polymer co-design, composite additive selection, and
mechanistic insights into separations, and can be guided towards applications. It relies on
high-quality data, which drives the need for effective large language models (LLMs) that are
featurized and converted into strong agentic Al tasks.”** ML-driven tools can overcome many
shortcomings in the current R&D ecosystem. Our recent reviews and perspectives emphasize the
use of AI/ML in future research and discovery science in many materials systems: polymer
materials, electronics, bio-based materials, etc., and not just for drug discovery.”* Optimization
from existing data and automation of tasks, including agentic Al with LLMs as a backdrop, is the
future of materials innovation.”>

Generative Al and deep learning (DL) design could enable more efficient permeation and
diffusion control through bioinspired polymer materials and membranes.*'** For new materials,
there is potential to use 2D nanomaterials, molecular organic frameworks (MOFs)s, covalent
organic frameworks (COFs), zeolites, and other inorganic or ceramic hybrids. Combined with
polymers, they can improve separation efficiencies and multifunctionality.** ML-directed
discovery, guided by inverse design principles and nano-, meso-, and micro-scale features,
porosity, morphological, and separation-process figures of merit, can enable new discoveries in
membrane science. An additional possibility is localized permeabilities, or very low
permeabilities, in new polymers** which are important for coatings and packaging.

Another use is high-throughput ML-directed validation of the design, with synthesis and
membrane testing for fast training, dataset creation, and standards qualification.”***** An
ML-driven virtuous-cycle feedback loop experiment can be realized through an autonomous
self-driving lab (SDL). AI/ML will accelerate the timeline from discovery to validation for new
membrane systems by enabling rapid screening and manufacturing optimization. By narrowing
down optimal materials and processing methods a priori through inverse design, this approach
reduces the time and resources typically required for extensive experimental iterations. The ML
approach has been demonstrated in new polymeric membranes and in the optimization of gas
separation, solvent purification, nanofiltration (NF), and pervaporation.®® Lastly, it can be applied
widely to environmental safety, maintenance methods, and operational stability. An end-to-end
AI/ML workflow demonstration for the whole membrane ecosystem will be a game-changer. ML
algorithms for materials development can predict degradation and anti-fouling properties,
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enabling proactive maintenance with increasing membrane sustainability. Al can be used to
optimize surface treatment, backwashing cycles, fouling monitoring, chemical cleaning, and
energy consumption, thereby adding more operation efficiency.*® In summary, with scale-up in
production and advanced manufacturing, these new material systems can be adopted quickly for
new designs and separation geometries in new applications, guided by AI/ML workflows.

2. Classification of polymer materials for membranes:

Many polymers are selected based on performance-cost trade-offs as candidates for new
membranes and filtration materials.*'®*” Polymer choices can be thermoplastics, thermosets, and
elastomers. From plastics, they are valued as commodities, engineering, and high-performance
polymers, or HPP, using many routes for synthesis.”® The engineering polymers are a starting
point for many membrane materials, but performance in extreme conditions, or higher pressures
or temperatures, requires HPPs. For thermoset resins, the combination of more rubbery or
elastomeric properties is based on their mechanical properties and processability. Composites
and nanocomposites are also good candidates for membranes, improving their functionality for
specific applications.** The final membrane material is often a formulated additive package that
undergoes multiple extrusion or curing stages.

Typical membrane and filtration polymers include: Polysulfone (PSU), Polyethersulfone (PES),
polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), polyimide (PI),
polyphenyleneoxide (PPO), polyvinylalcohol (PVOHR), polyethylene (PE), polypropylene (PP),
Polyacrylonitrile (PAN), silicone, and polyurethane (PU).*!%*7 Other synthetic polymers are
considered PIMs (polymers of intrinsic microporosity). Natural polymers, such as cellulose
derivatives and marine-based polysaccharides, are available. These polymers are used to create
semi-permeable barriers for filtration and separation in water treatment, medical devices (e.g.,
hemodialysis), and gas separation. Materials are chosen for their chemical stability, tunable pore
structures, and processability, enabling tailored performance across diverse applications.*” Some
typical polymers and their applications are listed below and in Table 1:

a) PSU and PES: Widely used for water purification due to good chemical and thermal stability,
with applications in ultrafiltration.

b) PVDF: Known for chemical resistance, hydrophobic nature, and use in microfiltration.

c¢) PP and PE: Common, cost-effective options for various filtration needs and non-wovens.

d) PTFE: Highly chemically resistant, often used in harsh environments or challenging solvents.
e) PI and PPO: Excellent for high-temperature applications and gas separation.

f) PAN: Versatile, used in water treatment and as a precursor for carbon membranes.

g) Silicone and PVOH: pervaporation membranes, gas membranes, and high selectivity
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Table 1. Applications of common membrane materials 61383941743

Membrane Micro Ultra Nano Dialysis Per- Gas
Material filtration filtration filtration Vaporation Separation
(MF) (UF) (NF)
Cellulose Lab filtration Protein — Hemo — _
regenerated separation dialysis
Cellulose Sterilization DNA/RNA — — — _
nitrate recovery
Cellulose Water Wastewater Desalination Hemo — Yes
acetate treatment dialysis
Polyamide — Support Water — Organics Yes
layers softening
Polysulfone Pre-filtration Blood Support Hemo — —
plasma layers dialysis
Poly(ether Food & Viral — Hemo — _
sulfone) Beverage clearance dialysis
Polycarbonate Track-etch Cytology — — — _
filters
Poly(ether — High-temp — — — Yes
imide) UF
Poly(2,6-dime — — — — — Yes
thyl-1,4-pheny
lene oxide)
Polyimide — Solvent Organic NF — De- Yes
recovery hydration
PVDF Oily Bio- — — — _
wastewater processing
PTFE Aggressive Membrane — — — Yes
chems dist.
Polypropylene Industrial Oxygenators — — — Yes
waste
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Poly- Enzyme — Hemo — _

acrylonitrile recovery dialysis

PMMA — — Blood — —

purification

Poly(vinyl — — Metal — De- _

alcohol) recovery hydration

PDMS — — — — vOoC Bio-gas
removal upgrade

With the growing interest in biobased materials and renewable biomass-based production,
natural polymers have gained popularity.* Most of these are derived from lignocellulosic or
marine-harvested polysaccharides:

a) Cellulose Acetate (CA) and nitrocellulose (CN) for reverse osmosis and early filtration.

b) Other cellulose Derivatives: hydroxyethylcellulose (HEC), Hydroxypropyl Methylcellulose
(HPMC): are often used for specialized filters and healthcare applications. Also, for sustainable
membrane development.*!

c) Chitosan, alginate, hydrogels — Filters, additive enhancers, viscosity modifiers, biocompatible,
non-allergenic — biomedical applications.

d) Proteins, silk, and keratins are harvested and processed as fibers and employed mainly for
filtration media.

e) Polylactic acid (PLA): a biodegradable and 3D printable membrane.*>¢

Polymer properties, including semi-crystallinity, thermo-mechanical properties, pore size,
hydrophilicity/hydrophobicity, and surface chemistry, must be controlled during fabrication (e.g.,
phase inversion, electrospinning).*!®*” These polymers are applicable for microfiltration,
ultrafiltration, nanofiltration, gas separation, and oil-water separation.’”” Generally, they are
lower-cost and easier to manufacture at scale than inorganic and ceramic membranes. Certain
polymers are suitable for biomedical applications, such as hemodialysis.

Nanomaterials such as graphene, carbon nanotubes (CNTs), nanoclays, and metal-organic
frameworks (MOFs) can be added to form nanocomposite membranes.*”* Hydrogels are
interesting materials for membranes because of their swelling behavior, as well as their
ion-transport and small-molecule transport properties.*” They are based on synthetic and natural
polymers that can be both physically and chemically crosslinked.”® Indirect metal 3D printing
with biobased hydrogel inks was reported, which can be an important method for
hybrid-membrane and filter fabrication.”!

10
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3. Methods of Processing and Fabrication of Membranes

Manufacturing methods can be classified as formative, subtractive, additive, or hybrid
manufacturing (FM, SM, AM, and HM, respectively), with or without solvent (Figure 2).
Molding (including injection molding and reaction injection molding), pultrusion, thermo- or
vacuum forming, etc., are all FM methods. The membrane materials for any of these methods
require the creation of diffusive (molecular) and porous (micro to milli-) structures for
separation. The inclusion of porogens, thermo-chemical treatments, and interfacial
polymerizations can generate molecular-level porosity.”? Often, the diffusion properties are
attributed to the molecular and morphological order of the materials (amorphous,
semi-crystallinity or cross-linking order). For more macroscopic porosity, this is primarily
achieved with phase inversion (NIPS/VIPS for solvent exchange)®® , melt or electrospinning
(fiber formation via heat or electric field),** stretching (pore creation by mechanical pulling),
track etching (ion bombardment for precise pores), and sintering (particle fusion).”

Newer approaches and formats, using advanced manufacturing, include 3D printing, multi-layer

melt extrusion, micro imprinting, and interfacial polymerization (thin-film composite layers),
which achieve the desired morphology, pore size, and applications (e.g., filtration, gas
separation).® It is a complex exercise on the SCPP relationship in polymer materials,
incorporating processing parameters.>®

11
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Figure 2. Summary of membrane manufacturing and testing. (a) Example of hollow fiber
membrane operation. (b) Traditional solvent-based fiber spinning. (c) Melt extrusion + fiber
spinning. (Figure and caption from reference®” with no change under a Creative Commons 4.0
license™®)
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To summarize, the design and fabrication methods include the following.

1) Molecular and macromolecular design: classification as thermoplastic, thermoset, or
elastomer. Also based on semi-crystalline or amorphous content, morphology, diffusion and
transport behavior, and thermo-mechanical properties.

2) Solvent-based phase inversion (NIPS/VIPS): A polymer solution (dope) is cast, then
immersed in a non-solvent bath (NIPS) or exposed to vapor (VIPS), causing phase separation
and pore formation as solvent/non-solvent exchange.

3) Melt *" and Electro-spinning: A melt polymer based on extrusion, quenching, or drawing, or a
high voltage draws polymer solution into ultrafine fibers, creating nonwoven mats ideal for
filtration and biomedical uses.

4) Stretching/Drawing: A solid polymer film (often phase-inversion-made) is stretched (cold or
hot), inducing pores and increasing permeability.

5) Track Etching: Bombarding a polymer film with energetic ions creates cylindrical channels,
which are then etched to form highly uniform pores.

6) Sintering: Heating powdered polymers (like PTFE, PE) below their melting point to fuse
particles and form porous structures, common for chemically resistant membranes.

7) Interfacial Polymerization: A thin selective layer forms at the interface of two immiscible
liquids, often used for high-performance thin-film composite (TFC) membranes (e.g., reverse
0SMosis).

Other related advanced techniques are as follows.*®

a). Advanced Melt Processing: Techniques such as melt-spinning, extrusion, and melt-pressing
are used to process thermoplastic polymers, forming hollow fibers or flat sheets.

b). Solution Casting/Evaporation: Casting polymer solutions and allowing solvents to evaporate,
often used in labs, though less uniform than other methods.

c). Template Synthesis (e.g., Block Copolymers): Using self-assembling block copolymers or
colloidal templates to create highly ordered porous structures.

d). 3D Printing and Lithography: Additive manufacturing and photolithographic techniques for
complex, customized membrane geometries.

e). Spray Coating: Depositing layers (like graphene oxide) from a spray, scalable but can lack
uniformity.

Processing and fabrication implications may consist of the following factors.*

1). Morphology Control: Methods influence pore size, pore shape (finger-like, sponge-like), and
skin layer thickness, affecting performance.

2). Additives: Chemicals like PVP or nanofillers are added to polymer solutions to control pore
formation, increase hydrophilicity, and enhance properties.

3). Formats: Membranes are produced as flat sheets, hollow fibers, or spiral-wound modules.

13
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4. Methods of Testing and Characterization.

Characterization of the polymer materials, characterization of processed or fabricated parts, and
membrane performance testing are prerequisites, which may encompass characterization and
validation for standardized performance, long-term, or environmental stability. Advanced
characterization methods have emerged not only for membrane performance but also for in situ
and real-time studies of their separation mechanisms.®® They are sensitive to hierarchy in scale
(molecular, mesoscopic, microscopic, and macroscopic) and can be varied with spatio-temporal
considerations to match the observation objectives:®' optical microscopy, probe microscopy
(SPM, AFM), electron microscopy (SEM, TEM) for morphology, spectroscopy (FTIR, Raman,
NMR, XPS) for chemical composition, and performance tests like flux/rejection measurements,
pressure drop methods, permeability, and bubble-point/ thermoporometry for pore size, alongside
XRD for crystal structure and mechanical tests (tensile) to assess surface/bulk structure, porosity,
and separation efficiency for applications in water treatment, gas separation, etc.® Table 2 listed
various common membrane characterization techniques.

Table 2. Membrane Characterization Techniques®®*

Category Technique Primary Function / Data Provided

Morphology & SEM Visualizes surface topography, pore

Structure structure, and cross-sectional
morphology.

TEM Provides high-resolution imaging of
internal nanometer-scale features.

AFM Maps 3D surface topography and
quantifies surface roughness.

XRD Identifies crystal structure, phase
identification, and degree of
crystallinity.

SAXS/WAXS Analyzes pore size distribution,
particle size, and long-range structural
order.

Neutron Scattering Probes structures using deuterated

media to enhance contrast.

14
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Chemical FTIR & Raman Identifies chemical bonds, functional
Composition groups, and molecular vibrations.
XPS Determines surface elemental
composition and chemical oxidation
states.
EDS /EDX Provides elemental mapping and
semi-quantitative analysis (via SEM).
NMR Probes molecular structure, chemical
environment, and chain dynamics.
Porosity & Pore Bubble-Point Test Measures maximum pore size and
Size distribution under wet conditions.

Thermoporometry Uses phase transitions of liquids in
pores to calculate size distribution.
MWCO Defines the molecular weight at which

90% of a solute is rejected.

Performance &
Transport

Filtration Tests

Quantifies water flux, solute rejection,
and mass transfer permeability.

Contact Angle

Measures surface energy to assess
hydrophilicity and wettability.

EIS

Evaluates ion transport, charge
transfer, and membrane resistance.

Mechanical
Properties

Tensile Testing

Measures ultimate strength, Young's
modulus, and elongation at break.

DMA

Analyzes viscoelastic behavior across
temperature and frequency ranges.

15



S. APPLICATIONS

One application of membranes we highlight is membrane-based organic solvent separations,
which will enhance the energy efficiency of existing separation and purification systems from
crude oil to organic solvent waste.'>**%* Fractionating complex mixtures of organic molecules,
such as crude oil, will reduce dependence on energy-intensive distillation or cracking ML
algorithms and mass transport simulations can be integrated to predictively separate complex oil
mixtures.’”% The use of ML predictors for molecular diffusion with transport simulation
enables rapid screening of the best candidate polymer membranes for organic-organic
separations.*® Recent progress has been reported on the use of solution-processable polytriazoles.
Efficient membrane-based hydrocarbon separations have been reported.®®®” Progress has also
been reported on the use of ultrathin polyamide films for controlled separations. These materials
provide rapid transport for crude oil separation.®® Table 3 provides additional information on
membrane applications.
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Table 3. Membrane applications by type and materials

16,65,69-74

Category

Membrane Types &
Materials

Key Function/Process

1. Water Filtration

MF/UF (PVDF, PES, Ceramic)

Removal of suspended
solids and pathogens.

2. Municipal &
Industrial
High-Purity

RO/NF (Polyamide TFC,
Polysulfone)

Brackish/wastewater
treatment and softening.

3. Semiconductor &
Pharma Water

RO/UF (Cellulose Acetate,
Degas membranes)

Pyrogen-free water and
ultrapure water (UPW).

4. Critical Minerals

Supported Liquid Membranes

Lithium/Cobalt recovery

Separation (SLM), Ion-Exchange from brine or batteries.
5. Isotope Zeolite, Graphene, Polymer Separation of Ho/D- and
Purification (Diffusion-based) other isotopes.

6. Oil-Water &
Emulsions

Ceramic, Janus
(Hydrophilic/Oleophobic)

Breaking stable emulsions
in oily wastewater.

7. Desalination

RO (Polyamide TFC),
Membrane Distillation

Sea and brackish water
conversion to freshwater.

8. Gas Separation &
CO:

Polyimide, PIMs, Zeolites

Post-combustion carbon
capture; No/CHs
separation.

9. Pervaporation

PVA, PDMS, Chitosan

Dehydration of alcohols
and solvent recovery.

10. Organic Mixture
Nanofiltration

Solvent Resistant NF (SRNF)
(Polyimide, PBI)

Complex organic
mixture/oil fractionation.
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5.1 Functional Membranes, Coatings, and Nanostructured Composites

There has always been interest in introducing new materials, nanocomposites, functionality, and
concepts for membrane transport and separation.*>>* Important contributions from our group over
the years include nanocomposite coating methods; non-wetting, anti-fouling, and de-icing
capabilities for membranes and filters; efficient oil-water separators; and anti-corrosion coatings.
We have reported on several papers that use the Cassie-Baxter phenomenon and approach” to
enable superhydrophobicity and superoleophilicity in surface coatings, filters, and membranes.
This is generally achieved by enabling surface heterogeneity, using nanocomposites, combining
nanopatterning with electrodeposition of conducting polymers, and grafting polymers. Graphene
oxide is the most important nanofiller, enabling membranes and coatings to exhibit outstanding
properties.”® New polymer and polyelectrolyte multilayer and layer-by-layer methods are
important for demonstrating controlled diffusion, release, and even sensing with nanostructuring.
The examples and discussions are provided as follows.

An important high-temperature thermoset is polybenzoxazine (PBZ), particularly for oil and gas
applications.”” Polybenzoxazine has exhibited excellent membrane and proton exchange
membrane properties in electrolysis.”®” They have been employed for organic solvent
microfiltration.*® We first demonstrated the incorporation of silica nanoparticles with
rubber-modified PBZ to fabricate superhydrophobic, superoleophilic coatings and filters via
dipping or spraying, in which the coatings showed anticorrosion, anti-ice, self-cleaning,
anti-bacteria, as well as organic-water separation properties.®' Anti-corrosion properties on
carbon steel were established from coatings fabricated from rubber-modified PBZ-based
polyaniline composites.*> Copolymers of epoxy and trifunctional PBZ also exhibit toughened
thermo-mechanical properties.®® A report on rubber-enhanced polymer materials highlighted the
addition of elastomeric materials to boost the thermo-mechanical resilience of thermoset
materials, such as polybenzoxazines.®

5.2 Vinyl polymers

Acrylate and methacrylate compositions that can be cross-linked by light or heat are desirable
coating systems for membranes and filters since they are readily accessible and can be combined
with nanoparticles to form robust nanocomposite films. For instance, a spray-coating technique
was used with inorganic silica nanoparticles and phopolymerizable organic thiol-ene compounds
to coat wire-mesh filters for oil/water separation.® The superhydrophobic coatings are
self-cleaning and display excellent chemical resistance to various temperatures and pH
conditions. In a previous work, fluorine-free superhydrophobic substances made with
methacrylate monomers that include iso-norbornyl groups attained over 99% efficiency in
extracting water from various oils and brines.**In another strategy, a fluorine-free
superhydrophobic/ superoleophilic surface was developed via a two-step procedure involving
dip-coating and oven curing of silica nanoparticles along with methacrylate monomers, for
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which thermo-gravimetric analysis (TGA) techniques were employed to track reaction kinetics
and superior wire-mesh adhesion was accomplished with different oils.*’

5.3 Electrodeposition and Conducting Polymers

Electrodeposition is an efficient method for coating metal substrates. Electrically conducting and
conjugated polymers, such as polythiophenes, polyaniline, and polycarbazoles are excellent
anticorrosion materials as well.*** Superhydrophobicity enables them to exhibit anti-fouling
and non-wetting properties. At the same time, superoleophilicity allows them to be superior oil
or wicking absorbers. We have demonstrated a number of electrodeposition and
electropolymerization methods for depositing conjugated polymer films on metal and electrode
surfaces, including wire-mesh filters.”*

Robust oil-water separation was demonstrated using a one-step electropolymerized
polythiophene coating, with which the resultant superhydrophobic and superoleophilic surface
effectively separated six oil types across a wide pH range (1-14) and in brine.”* Deposition on
colloidally nanopatterned surfaces resulted in superhydrophobic-superoleophilic with tunable
wetting and electrochromic behavior.”* We have reported on superhydrophobic-superoleophilic
coatings from electropolymerized polythiophenes and polymer-grafted colloidally nanopatterned
surfaces,” which also exhibited hemi-wicking properties. In addition, the adaptability of
patterned polymer brushes through electrodeposited atom-transfer radical polymerization
(ATRP), reversible addition chain transfer (RAFT), and ring-opening metathesis polymerization
(ROMP) on colloidal template arrays was established.”® An interesting study reported on the
formation of free-standing, colloidally nanopatterned Janus membranes based on conducting
polymer—virus nanoparticle arrays.”” Methods for electrochemically grafting polymer brushes
onto electrode and metal surfaces were demonstrated and patented, achieving both anti-fouling
and anti-corrosion properties in robust coatings for advanced membrane applications.’®

5.4 Graphene and other Nanomaterials and Nanocomposites

Graphene, graphene oxide (GO), and reduced graphene oxide (rGO) are important classes of
nanomaterials that exhibit electrical conductivity, barrier properties, and antimicrobial
properties.” GO and rGO can be further functionalized through their hydroxyl and epoxide
groups to expand their chemistry and utility in formulations and nanocomposites. They can be
prepared as Janus nanosheets to exhibit bifacially distinct physico-chemical properties.'® These
can be used as nanofillers, additives, and functional groups for high-performance membranes and
coatings. We have reported on the enhanced corrosion resistance and oil-water filtration
characteristics of elastomer-modified polybenzoxazine/GO nanocomposite coatings.'"!

GO, and rGO nanoplatelets with nonpolar aliphatic groups of bifunctionalized displayed high
corrosion resistance.'” ' An efficient anti-corrosive coating was reported for epoxy resins with
aromatic-functionalized rGO nanocomposites, thanks to the confinement of corrosive-ion
transport.'®

Furthermore, GO nanomaterials can undergo photoreduction, allowing the synthesis of
graphene—metal nanoparticles, which can be important for hybrid membrane catalysis.'” The
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nanostructuring of GO and montmorillonite clay exhibited hydrogel and eventually aerogel
properties for superior oil-water separation and oil cleanup. '’ Nanoclays are also of great
interest for nanocomposite membranes and filters, as they exhibit anti-fouling and antibacterial
behaviors.'” We have reported the intercalation of polymerization initiators into these
nanoparticles to enable free-radical vs. anionic in situ polymerization to build nanocomposites.'"

GO nanomaterials and thiol-ene coatings offer excellent corrosion resistance and
superhydrophobic, non-wetting properties.''® Antimicrobial properties of a graphene-carbazole
polymer (PVK-GO) nanocomposite film have been previously reported.'"! GO functionalized
with ethylenediamine triacetic acid or EDTA presented excellent properties for heavy metal
adsorption and anti-microbial function in a membrane.'"? In general, GO-nanocomposite
materials can be used as filters to eliminate bacteria and heavy metals simultaneously, acting as
chelators.'® Chitosan-cross-linked GO coatings display an antimicrobial activity and could find
applications in packaging.'"* Functionalized GO nanomaterials can be employed in a variety of
compositions (with or without photoresins) and can be 3D printed for advanced membrane
manufacturing. '°

Nylons are important membranes for applications such as dialysis that require anti-fouling
properties.''®!""” The combination of GO with nylons as membranes for molecular separations
have been previously reported.'® We have used selective laser sintering (SLS) together with a
graphene-polyamide powder to fabricate metal-free plastic electric motors, and this is an crucial
advancement for manufacturing metal-free parts with EMI conducting and shielding properties
that can also be reverted to membrane fabrication.'® SLS 3D printing was also used to fabricate
a polyamide-12-carbon black composite that exhibited combined thermal and electrical
conductivity in 3D printed parts.'*

CNT nanomaterials are excellent for nanocomposites and coatings that confer antibacterial,
nonfouling, and anticorrosion properties.'*! We demonstrated antimicrobial polycarbazole/CNT
nanocomposite-coated membranes for water purification, and these membranes exhibit high
filtration efficiency and bacterial toxicity, offering a significant advancement for filter design..'*
Patents based on polymer precursors for cross-linking with GO and CNT as films and coatings
have been issued.'”
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Figure 3. Classification and aspects of stimuli-responsive membranes (Figure from reference'**
with no change under a CC BY-NC-ND 4.0 license'*)
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5.5 Stimuli Responsive Systems

Stimuli-responsive polymers, smart coatings, and smart membranes enable multifunctionality
even with high-performance applications or extreme environments (Figure 3).'* In a recent
review, smart, stimuli-responsive membranes have shown potential for electro-, pH-,
temperature-, and other field-gradient stimuli, enabling resilient multifunctionality.'** This can
resonate well with applications in the oil and gas industry, which are needed in challenging
environments.'?’

Stimuli-responsive properties can be observed in coatings (which we have widely reported with
controlled wetting) and in particles and polymers with thermal and shape-memory
properties.'*!?* In 3D printing, the combination with stimuli-responsive materials is also called
4D printing. We have reported on mechanically robust, ultra-hierarchical 3D-printed foams that
exhibit ultra-elastic deformation over 1000 cycles and tunable rigidity, both determined by
composition and open-cell porous structure.'** 4D Printing was carried out on a
polybenzoxazole-epoxy composition containing CNT, which exhibited shape-memory
characteristics with high cyclic recovery.'?!

5.6 Polyelectrolytes and Multilayer Complexes

Polyelectrolytes and polyzwitterions are important membrane materials because they can
mediate ion-transport.'** Polyelectrolyte complex membranes can be prepared as coacervate or
polyelectrolyte multilayers (PEM)."** They can exhibit anti-fouling control,
stimuli-responsiveness, ion selectivity, and high permeance; they have been used as
proton-exchange membranes for fuel cells, ion-exchange membranes for flow batteries, RO
membranes, and for wastewater filtration.”'”-'** A PEM or multilayer complex of oppositely
charged polyelectrolytes is a promising thin-film membrane.'** We have investigated the
properties of polyelectrolytes and multilayer films, including combinations with other
self-assembly and polymer- synthesis methods, to elucidate their behavior. The following are
examples:

We have investigated polyzwitterion hygroscopic films in electric fields using neutron and X-ray
reflectometry.'® It is essential to probe the nature of chemical specificity in
polyzwitterion-polyelectrolyte complexes, where pairing with either polycations or polyanions
results in a stronger charge interaction.*® An anti-polyelectrolyte and polyelectrolyte behavior
was identified, which influenced the conformation of polyzwitterionic chains in dilute aqueous
solutions as confirmed by X-ray scattering.'*” One possible application of polyelectrolyte
materials is in Li-metal battery applications: for example, a high-entropy gel-polymer electrolyte
was reported, with a high-temperature operational range and excellent cyclic stability.'*

Most of our work on polyelectrolyte complexes has focused on demonstrating the unique
properties of ultrathin film PECs prepared by layer-by-layer (LBL) deposition and as core-shell
particles, which can exhibit distinctive ion-diffusion, electron transport, optical, and gas-sensing
properties.'* These ultrathin films have great versatility in composition and fabrication for PEM
membrane applications.'*> Among the properties we emphasized was ion transport, including
pH-sensitive bipolar ion permeability."*® The ability to induce photo-alignment or
photoisomerization in polyionic azobenzene-containing LBL thin films was reported
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previously.'*! We also reported on the electrical and gas-sensing characteristics of copper
phthalocyanine LBL films .'** An electrostatic LBL method was used to construct fibrous TMV
biofilms.'"

Combining LBL films with surface-initiated polymerization (SIP) allowed us to control grafted
polymer density and functionality, and we applied this technique to fabricate stimuli-responsive
binary mixed brushes and free-standing films..'**

Films of semifluorinated block copolymer brushes derived from LBL-PEM macroinitiators
demonstrated controlled wetting behavior within each block and at different grafting densities.'*’
They can also be prepared as free-standing membrane films. We reported on stimuli-responsive
polymer films with a binary architecture which display switchable pH and temperature
responsiveness.'*® Using the LBL method and ATRP grafting of polyNIPAM brushes, we showed
a reversible superhydrophilic and superhydrophobic activity on a bioinspired lotus-leaf pattern.'*’

Colloidal particles enable the LBL method to produce unique transport and guest-host particle
systems with complex polyelectrolyte shells.'*® Applications of these core-shell and hollow shell
particles have been widely reported.'*"*° The fascinating concept of core-shell particles and their
respective applications as colloidosome microcapsules has been reported.'” Their analogy as
biological templates and prospective applications for drug delivery and membranes has been
suggested.'*?

Our contributions in these areas were in developing chemistries and materials for controlled
transport and synthesis. In a previous study, we report on the sustained release control of small
molecules by means of benzophenone photo-crosslinking on polyelectrolyte LBL hollow
capsules.” The LBL-PEM assembly of polyaniline and sulfonated polystyrene as multilayered
core-shell and hollow-shell colloidal particles displayed promising redox ion transport control.'>*
Using a photo-crosslinking procedure, we generated luminescent spherical and hollow-shell
particles for controlled drug delivery, while combining LBL-PEM and SIP-ATRP on these
particles created a ternary system with dual stimuli-responsive shells.'*

Conducting polymers (polypyrrole, polyaniline, polythiophene, and others) have ion-transport
membrane applications.'**">” Proton conductivity has been reported for composite
polyelectrolyte-MOF membranes in fuel cell applications.'® The intriguing concept of using
REDOX control transport in LBL-PEM and conducting polymer films indicates fine
ion-transport control through doping of conducting polymers. We pioneered methods for
preparing electropolymerizable LBL-PEM films with electropolymerizable side groups from
polyelectrolyte via cyclic voltammetry or potentiostat methods.'” The electrochemical
cross-linking of LBL-PEM—carbazole precursor films was established using conducting atomic
force microscopy (C-AFM).'®° They also exhibited patterning properties via lithographic or
non-lithographic methods.

5.7 Multilayer Extruded Films

Multi-layered extruded polymer films are an important technology that was developed to show a
co-extrusion of incompatible but melt-indexed polymers.'®' They can have a variety of
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morphologies, compositions, anisotropic orientations, in addition to the ability to form open cell
structures.'*>'®> More importantly, these films exhibited excellent gas-separation membrane
properties, including high CO,/O, selectivity and gas flux, with two distinct polymer layers
playing a key role in combining these properties.'® When subjected to biaxial stretching, they
also exhibited excellent membrane and separation properties.'®® We have demonstrated
swellability and controlled characteristics in these films by employing guest-host system
principles, as well as the capability to create various particle shapes using reactive ion

etching. %167

Electrospinning of polystyrene (PS) and CNT nanofibers has resulted in superhydrophobic and
antibacterial behavior in these multilayer films, which can also serve as gas barrier films.'*® We
also demonstrated stimuli-responsive polymer characteristics with grafted
poly(N-isopropylacrylamide) (PNIPAM) brush layers on coextruded, nanolayered polystyrene
(PS)/polycaprolactone (PCL) films.'® Innovative characterization for polymer coatings and
polymer-dielectric (solvent) interactions, including sum-frequency generation (SFG), is possible
in conjunction with solvent swelling and interaction on surfaces.'”

6. Introduction to AI/ML

AI and the machine learning ecosystem

Artificial Intelligence (Al) is the overarching discipline of creating computational systems that
exhibit behavior traditionally associated with biological intelligence.*”"'’"'7? This includes
everything from the symbolic logic of early "expert systems" to the probabilistic models used
today. Machine Learning (ML) is the most successful branch of Al, characterized by a shift from
hand-coded rules to statistical inference. In ML, models learn from data by minimizing a loss
function—essentially a mathematical "penalty" for incorrect predictions. Data science provides
the experimental framework for this, managing the data-cleaning, feature engineering, and
rigorous statistical validation pipelines required to make these models reliable.

Machine learning is traditionally categorized by the nature of the feedback the model receives
during training:*"'""'72 (1) Supervised Learning: The model is "taught" using labeled datasets.
Algorithms like decision trees split data into branches based on feature values, while support
vector machines (SVMs) find the optimal boundary (hyperplane) to separate classes. (2)
Unsupervised Learning: The model identifies patterns without labels. Clustering (e.g., K-Means)
groups similar data points, while dimensionality reduction techniques like principal component
analysis (PCA) simplify complex datasets by identifying the most influential variables. (3)
Reinforcement Learning (RL): Inspired by behavioral psychology, an agent learns to make
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sequences of decisions by receiving rewards or penalties. This is the foundation for robotics and
game-playing Al

Natural Language Processing (NLP) has been revolutionized by the shift from recurrent
architectures to the Transformer architecture.**!”*"'”> Transformers use a protocol called
"Self-Attention" to process entire sequences of text simultaneously, understanding how every
word relates to every other word regardless of distance. LLMs are massive neural networks
trained on trillions of tokens. They function as high-dimensional probability engines; when you
ask a question, the model isn't "thinking" in the human sense but rather calculating the most
statistically probable sequence of characters to follow your prompt. Beyond text, these
architectures are being applied to "biological languages," such as SMILES strings in chemistry,
allowing Al to "write" new molecular structures for drug discovery.

The most recent paradigm shift is the move toward Agentic AL**'7*"'" While a standard LLM is
a passive tool (it waits for a prompt and provides a static response), an Al Agent is an
autonomous system that uses an LLM as its "brain" to interact with the world. An agentic system
typically consists of four core components: (1) Reasoning/Planning: The LLM breaks a complex
goal (e.g., "Research and buy the best laptop for my budget") into a series of logical sub-tasks.
(2) Memory: Short-term memory (in-context learning) and long-term memory (vector
databases/RAG) allow the agent to learn from its mistakes and retain information across long
workflows. (3) Tool Use: The agent is granted "hands"—the ability to call APIs, search the web,
execute Python code, or access local files. (4) Action/Refinement Loops: The agent observes the
outcome of its actions and loops back to correct its plan if the result wasn't as expected.

Al in the context of other simulations

The exploration of new materials leverages ML-driven simulation to reduce computational costs
and optimizes feedback using reinforcement learning.?**%#3171:1"2 Djgital twins provide
end-to-end AI/ML simulation workflows for these stages, enabling inverse design across
material properties, membrane fabrication, process engineering, and performance. Membrane
simulation methods span multiple scales, from atomistic density functional theory (DFT) and
quantum mechanics to molecular dynamics (MD) for detailed field interactions. Larger systems
utilize faster coarse-grained (CG) MD, while Dissipative Particle Dynamics (DPD) and Monte
Carlo (MC) methods address mesoscale structures and statistical sampling, respectively—often
integrated with high-level Computational Fluid Dynamics (CFD). Furthermore, Al/machine
learning enables multiscale modeling of complex processes such as water purification, transport,
and fouling. An extended classification of membrane simulations is given as follows.

A. Molecular-level methods:

1. Molecular dynamics (MD): Simulates atomic motions over time, using all-atom (AA) or
coarse-grained (CG) models to study protein-lipid interactions, membrane dynamics, and
transport mechanisms.

2. Ab Initio/DFT: For quantum-level interactions, often used for specific site studies.
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3. Dissipative Particle Dynamics (DPD): A coarse-grained particle-based method capturing
hydrodynamic interactions, ideal for large-scale mesoscale phenomena like membrane formation.
4. Monte Carlo (MC): A statistical method for exploring system configurations and properties,
often combined with MD. An example was given in a previous work on a PIM membrane where
the gas separation mechanism was established in the context of microporosity, adsorptive
characteristics, selectivity, and diffusive transport.'®® (Figure 4)
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Figure 4 (a) The initial low-density simulation box; (b) the simulation box after 21-step MD
compression; (c) the gas diffusion model of membranes with a constant concentration gradient.
(Figure and caption from reference'® with no change under a Creative Commons BY-NC 3.0
license'?)
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B. Mesoscale and Coarse-Grained Methods:'#!-'%2

1. Coarse-Grained MD (CGMD): Groups atoms into "beads" to simulate larger systems faster,
improving efficiency while maintaining chemical detail at interfaces.

2. Highly Mobile Membrane Mimetic (HMMM): An accelerated MD approach replacing some
lipid tails with solvent for faster lipid diffusion.

C. System-Level & Multiscale Methods:*

1. Computational Fluid Dynamics (CFD): Models fluid flow, concentration polarization, and
fouling at the continuum level, often coupled with molecular simulations.

2. Finite element analysis (FEA): Often used for a microscopic phenomenon and
thermo-mechanical properties

D. Artificial Intelligence (Al) and Machine Learning (ML): Used with simulation data to predict
intrinsic and extrinsic properties, accelerate design, use of new composites, and optimize
performance.'®

E. Process and Macroscopic Methods:'®

1. Process Simulators: Models entire separation units, flow behavior, sometimes requiring
custom equations for membrane units.

2. Finite Difference/Element Models and Response Surface Methodology (RSM): For
system-wide performance and optimization.

These methods are often combined in multiscale frameworks to bridge scales, from atomic

details to industrial process performance, enabling rational design of next-generation
membranes. (Table 4) An end-to-end digital twin will be ideal (Figure 5).'%
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Table 4. Multiscale membrane simulation methods discussed in this section

Scale & Category Technique Primary Function / Key Application

Molecular Level Ab Initio / DFT Quantum-level studies of specific binding

(Quantum) sites, adsorption energies, and electronic
interactions.

Molecular Level All-Atom MD Simulates exact atomic motions to study

(Atomistic) protein-lipid interactions and specific
transport mechanisms.

Monte Carlo (MC) Statistical sampling of system

configurations; vital for predicting gas
adsorption and solubility.

Mesoscale &
Coarse-Grained

CGMD (Coarse-Grained
MD)

Groups atoms into "beads" to simulate
larger systems (>100 nm) and longer
timescales while retaining chemical
detail.

DPD (Dissipative
Particle Dynamics)

Captures hydrodynamic interactions;
ideal for modeling membrane formation
and phase separation.

Continuum & CFD (Computational Models fluid flow, concentration
System Level Fluid Dynamics) polarization, and fouling patterns at the
membrane-fluid interface.
FEA (Finite Element Evaluates thermo-mechanical properties
Analysis) and microscopic stress/strain phenomena.
Process Simulators Models entire industrial separation units;
often requires custom equations for
specific membrane modules.
Advanced Al and Machine Learning | Predicts material properties and optimizes
Optimization composite designs by analyzing large
simulation or experimental datasets.
RSM (Response Surface Statistical methods used for system-wide
Methodology) performance optimization and

experimental design.
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Data generated from surrogates or simulations—ranging from targeted datasets to ideal
outcomes—can be tailored to specific applications. Furthermore, digital twins and Large
Language Models (LLMs) can generate predicted outcomes to facilitate essential feature
extraction from membrane data. By employing featurization or fingerprinting, membrane
architectures and properties are encoded into numerical vectors, enabling their integration as
input features for ML-based predictive modeling.'® Membrane featurization strategies are
tailored to specific materials—accounting for polymer types and their physicochemical
properties—and dictate the selection of appropriate machine learning architectures. By utilizing
regression methods, Bayesian optimization, or neural networks, MLmodels can efficiently
narrow the search space to identify the most promising membrane candidates.'®” The SHAP
package can be useful for quantitatively analyzing the correlation of membrane features and
transport properties.'®® This approach enables the refinement of molecular architectures in
conjunction with polymer chemistry and physical properties. For instance, it allows for the
determination of key correlations between RO and NF membrane descriptors and critical
performance metrics, such as ion rejection efficiency.
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Figure 5. The workflow consists of training dataset preparation, ML-based generative monomer
design, and physical validation of polymer based gas filtration with molecular dynamics
simulations. (Figure and caption from reference'® with no change under a Creative commons
license 4.0°%)

Computational strategies for nanofiltration and ultrafiltration leverage nanopore modeling,
density functional theory (DFT) calculations, molecular dynamics (MD), and materials-based
Large Language Models (LLMs). Within this framework, regression models are employed to
predict critical thermodynamic parameters, such as the enthalpic (41H?), entropic (74S%), and
free-energy barrier (4G*) parameters for ion permeation, for example. Other feature subsets can
be chosen by applying a recursive feature addition and regression-based coefficients.'® These
features encompass critical parameters such as pore size, capillarity, surface energy, and
hydrophilicity, all of which fundamentally dictate the permeability, ion transport kinetics, and
selectivity of the membrane." These AI/ML workflows enable the accurate prediction of critical
performance metrics, including permeate flux, rejection rates, and fouling tendencies. Ultimately,
such predictive capabilities facilitate a deeper understanding of membrane behavior and material
properties tailored for specific industrial applications.

By leveraging machine learning models, researchers can now develop automated pipelines for
high-throughput material selection and characterization. Specifically, the integration of Bayesian
optimization, convolutional neural networks (CNNs), artificial neural networks (ANNs), and
deep reinforcement learning (deep RL) has become instrumental in accelerating the discovery
and optimization of nanoporous materials (Figure 5).'"!

Better ML models will be developed through simulation, and more empirical data of membranes

and performance will be obtained; a data-driven science discovery phase will prevail.'”* There
are both challenges and opportunities for this:
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1) The lack of data sets will prevent the transition to more DL models and computer vision
methods

2) Standardized data representation and model training can be made more available to
computational chemists, resulting in better data sets. Consistency of labels, featurization,
descriptors, experimental parameter prediction, and evaluation methods for membrane design
will be helpful.

3) Modeling and ML of composite and nanocomposite formulation and behavior need to be
addressed since they are becoming more important as a class of membranes.'*?

4) The development of multi-objective simulations is essential to ensure that computational
models remain fit-for-purpose and aligned with specific membrane applications. For example, in
gas separation, membranes can be selective to multiple gas types, requiring a multiobjective
optimization approach. The same applies to wastewater treatment and filtration.'**

Resolving these challenges will enhance the use of ML-assisted membrane simulation and
design.'”> Moreover, automated laboratory techniques will enable acceleration of material
discovery, including the use of nanomaterials and nanocomposites.'”® By designing a workflow
that enables an LLM to autonomously plan, design, and execute complex experiments, future
automated labs will promote significant advancements in the field, enabling new membrane
applications in water purification, desalination, gas separation, biomedical devices, and
pervaporation technologies (Figure 6)."7-'8
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Figure 6. Assisted design of high-performance polymer membranes. The large synthetic toolbox
available for creating new polymers is simulated by translating the polymer into a binary
“fingerprint,” which is input to the ML algorithm. The model is trained with a random subgroup
of polymers from our literature database and then tested against the remaining polymers. The
model is then applied to a large set of literature data to discover high-performance polymers, thus
facilitating machine-assisted design. (Figure and caption from reference'” with no change under
a creative commons license 4.0°%)

7. 3D Printing and Membrane Research

3D printing, or additive manufacturing (AM), is classified primarily by how material is deposited
and solidified.******* For most industrial and consumer applications, the landscape is dominated
by Vat Photopolymerization (using light-curable resins), Material Extrusion (melting filaments),
and Powder Bed Fusion (fusing particles with lasers). Each classification is defined by its
"energy source" (laser, heat, or chemical binder) and the physical state of the starting material.
The materials used in these processes have expanded from simple plastics to high-performance
composites, metals, and ceramics. Thermoplastics like PLA, ABS, and high-strength PEEK
remain the workhorses for extrusion-based methods.?***% In contrast, photopolymer resins allow
for incredible detail and smooth surfaces in dental and biomedical applications.?*¢2%
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There is high potential for additive manufacturing and 3D printing of membranes and
filters.(Figure 7) Additive manufacturing enables the fabrication of complex membrane media
and customized filter architectures, allowing for the development of material form factors
precisely tailored to specific functional applications.?”® 3D printing, together with other forms of
fabrication based on formative or subtractive manufacturing, can fully develop a new design
concept for a membrane or filter. We have previously reviewed the opportunities of 3D printing
for membrane separation, desalination, and water purification applications.*” These
manufacturing capabilities offer significant potential for the fabrication of novel filtration
membranes, adsorbents, desalination components, and modular spacers. Furthermore, this
approach facilitates the design and rapid prototyping of innovative filter media and geometries
for applications in water purification, solar steam generation, and the development of porous
catalyst supports.?'’ The adaptation of advanced manufacturing methods, including 3D printing,
is crucial to many other industries that also support environmental sustainability in a circular

economy.”!
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Figure 7. 3D printed membranes. (Figure from reference®'! with no change under a CC
BY-NC-ND 4.0 license'®)

Our previous work has detailed various 3D printing materials, methods, and applications,
specifically focusing on thermoplastic polymers and nanocomposites. By highlighting the
potential for creating toughened materials with diverse fabrication pathways, these investigations
serve as a necessary foundation for understanding the material properties and processing
capabilities vital for 3D-printed polymer systems.?** There are many novel opportunities to
employ thermoplastics, thermosets, and elastomers (silicone, polyurea, polyurethane?'?) in
advanced manufacturing, as has been reported.'**?'3'* In particular, Direct Ink Writing (DIW)
3D printing relies on shear-thinning behavior and precisely tuned rheological properties to
achieve high-resolution prints; the effectiveness of this approach was demonstrated by
successfully printing commercial styrene-butadiene rubber (SBR) and moisture-curable
polyurethane inks.?!>2!¢
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Polypropylene (PP), an important membrane and thermoplastic material, has been optimized for
3D printing by annealing to optimize its thermomechanical properties.?!” Polyethyelene
terephthalate (PET) is also an excellent thermoplastic membrane and filtration material, together
with polyethyelene terephthalate glycol PETG.?"*2"” We have demonstrated 3D printing and
post-processing of PETG materials with superior thermo-mechanical properties.**

A review of additive manufacturing of viscoelastic materials, including hydrogels, and their flow
behavior has been reported.”?' A number of these materials are also bio-based and are important
for hydrogel and bio membrane applications.?”**** Thermo-mechanical and swelling
characteristics were investigated for 3D printed poly (ethylene glycol) diacrylate/silica
nanocomposites.?**

The 3D printing of high-performance polymeric (HPP) composites is important for the oil and
gas industry, an industry that uses a lot of membrane technologies.””> PEEK-based membranes
give excellent thermo-mechanical and chemical stability they have been used for organic solvent
separations, showing good permeance and rejection rates even at high temperatures.”?* We have
reported on the 3D printing of PEEK by optimizing its thermal processing and mechanical
properties.””” Optimization can also be achieved by controlling slicing parameters and analyzing
void content using X-ray microcomputed tomography.***?%°

Another important HPP membrane material is polyphenylene sulfone (PPSU) and polysulfone
(PSU), and some have reported applications in water-in-oil emulsion separations.”**? We have
reported on their 3D printability by correlating viscosity and die-swell behavior in 3D-printed
parts to optimize their thermo-mechanical properties.**

Silicone polymers are excellent gas membranes and separation materials.”***° They have been
used for oil-water separations, membrane actuators, and as coatings for other membranes to
provide chemical stability.”*”**° Specifically, for gas-separation membranes: CO,/N, separation,
we highlighted the use of DIW 3D printing to fabricate formulated silicone/silica nanoparticle
materials with the right form factor; it was observed that the PDMS-based membranes exhibited
high CO, permeability with slightly lower selectivity for the CO,/N, separations.?**2*

We first reported on the optimized 3D printability of commercial silicone-based adhesives with
high resolution and thermo-mechanical stability.*** Salt/silica PDMS formulations with
controlled porosity were printed to create multifunctional, hyperelastic materials for oil-water
separation and spill cleanup.’'* By systematically formulating silicone elastomeric inks, we
demonstrated their commercial viability by correlating ink composition with key properties such
as conductivity, viscosity, elasticity, and thermal stability.*** To further optimize the formulation,
carbon nanotubes (CNTs) were incorporated to precisely control gelling and curing behavior
during the 3D printing process.** An additional method to 3D print silicones was to incorporate
them into methacrylate photoresins using SLA printing at loadings up to 20%.2*® We recently
reviewed advanced silicone materials and their application, including soft actuators.*"’

We highlight the critical role of statistical methods—such as simulation-based optimization,

factorial design, and Taguchi methodology—in the systematic fabrication and characterization of
3D-printed polymers.**® Building upon established methods such as injection molding,
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thermoforming, and reaction injection molding, we demonstrate the utility of 3D-printed molds
for rapid tooling and process adaptation.***** It is also feasible to design micro-sandwiched
structures via DIW to show multi-layer reinforcement in composites when combined with 3D
printing.*'

Nanocomposite membranes offer many new functionalities for separation and also provide
strong thermomechanical reinforcement.*> We have summarized advanced and functional
nanocomposite materials and their importance in advanced manufacturing in a previous work.>®
An earlier review of 3D-printed polymer nanocomposites via stereolithographic (SLA) or digital
light processing (DLP) was reported, focusing on future opportunities for materials research
based on photopolymerizable resins.”>* Cellulose and other polysaccharide nanocrystals, carbon
nanotubes (CNT), graphene nanomaterials, clay nanoparticles, and other nanoparticles were
important additives for SLA 3D printing due to their ability to improve thermomechanical
properties.”>* >’ The 3D printing of methacrylate/chitin nanowhisker composites via SLA reveals
that even low loadings (0.5 wt%) of chitin nanowhiskers substantially enhance the
thermo-mechanical performance of the printed structures.?*® The DIW 3D printing of thermally
cured rubber-toughened epoxy was made possible by polybutadiene addition (Figure 8), with
shape memory properties.”® The superior thermo-mechanical properties of epoxy/carbon fiber
(CF) composites based on surface-functionalized CF were demonstrated.?*® Furthermore,
CF-reinforced epoxy composites were 3D printed by incorporating helicoid channels for passive
fiber alignment control, with FEA modeling.**!
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Figure 8. Top: Optical images of 3D printed epoxies. (A) Lattice structure printed from the
E3140 system with 30 wt % ePB-h. (B) Vase printed from the W agent system with 20 wt %
ePB-h. (C) Honeycomb structure printed from the E3140 system with no ePB-h. Bottom: (A)



Schematic illustration of the printing process of the E3140 system. (B) Viscosity of the epoxide
and cross-linker parts with different loadings of silica NP. (C) G’ and G” of the epoxide and
cross-linker parts with different loadings of silica NP. (D) G" and G” of the epoxide resin part
with and without 5 wt % E3140. (Figure and caption from reference®’ with no change under
author reuse permission from ACS. Copyright © 2020 American Chemical Society)

The 3D printing of biocompatible polyurethane/poly(lactic acid)/GO nanocomposites revealed
enhanced anisotropic thermal properties at loadings above the percolation threshold.?> Graphene
nanocomposite membranes had been reported, and their applications in water treatment shown
remarkable performance.’®

A review on biomedically relevant polymers and hydrogels was conducted, emphasizing the role
of direct ink writing (DIW) and SLA.*** Both methods were found to be relevant for 3D printing
complex fluids and photoresin compositions.?***® Thermo-mechanically enhanced properties
were observed in 3D-printed nanocomposites with chitosan-surfactant complexes and chitin
nanowhiskers fabricated by SLA.?*%** It should be noted that polymeric and polyelectrolyte
membranes are also pertinent for biomedical applications.*”

Selective laser sintering (SLS) is another promising option for controlling thermal and electrical
conductivity.””" high-performance polymers (HPP) materials for membranes possess high melting
points, chemical resistivity, and specific morphologies that can be adjusted to be more porous or
microporous, phase-segregated, to enable selective separation performance.?’”> We reported on the
importance of reliable mechanical characterization of 3D-printed polymers *”* and its relevance
for evaluating HPP.2427:229-233 Shape memory properties of thermoset nanocomposites and
elastomers were highlighted using carbon nanotubes as a key filler material, based on a modified
fused deposition modeling (FDM) method. "3

3D printing for filtration includes water desalination, municipal, water purification, oil-water
separation, organic-pollutant removal, gas separation, and nuclear cleanup.?'' Achieving
controlled surface wetting is key to anti-fouling, and combining membrane filters with
superhydrophobic surfaces has proven highly effective in optimizing performance across diverse
separation applications.”’* Following our prior research on anti-corrosion and anti-bacterial
surfaces, we subsequently reported the development of parahydrophobic multi-reaction platforms
via SLA 3D printing, and showcased the achievement of superhydrophobicity by optimizing
SLA slicing parameters and G-code to create non-wetting surface geometries.?’>’¢
Polyvinylidene fluoride (PVDF) membranes are an important class of semi-crystalline polymers
known for their chemical resistance, non-biofouling properties, thermal processability from a
relatively low melting point, and piezoelectric behavior.?”” More recently, we have reported on
the 3D printing and fabrication of high-performance PVDF parts and sensors.””*2*!

In addition, we demonstrated a distinct mechanism for anti-corrosion applications with nylon
particle composites, with a swelling-adhesion model to explain this advantage.*

As previously mentioned, polyelectrolyte complexes (PEC) and polyelectrolyte multilayers
(PEMs) are important membrane materials for controlled ion transport, fuel cell applications, and
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small-molecule transport or drug delivery.”#*3*** PECs and their coacervates tend to precipitate
from solution, and possible methods for utilizing PEC as processible, extrudable, or film-forming
materials and membranes are through the saloplastics concept.?®>*¢ We were among the first to
report the 3D printing of these saloplastics in air by DIW, enabled by their controlled rheology
and in situ conversion to solid-state form via water flushing. These formulated PECs were
rheologically optimized for extrusion, enabling us to build objects via 3D printing.*® A
follow-up work demonstrated the 3D printing of these PECs through the addition of silica
particles, which did not necessitate the flushing method.**” Incorporating PECs into
photopolymerizable resins via SLA 3D printing demonstrated photocurable, variable
small-molecule diffusion properties in hydrogels with future membrane applications.® SLA
3D-printing of PEGMA-co-(PNIPAM crosslinked with PEGDA) hydrogels also showed
controlled diffusion and swelling behavior.?*®

Vitrimers are another interesting class of polymers due to their dynamic bond properties and
recyclability.”®” % These polymers facilitate dynamic cross-linking and the continuous exchange
of covalent and non-covalent bonds, yielding robust, flexible, and solvent-resistant films and
membranes. Various membrane applications of vitrimers have been reported, highlighting these
advantages.””**?"  Building on our work in vitrimeric materials, we successfully engineered a
3D-printable polyurea vitrimeric elastomer, which not only provides a pathway for mechanically
isotropic, recyclable structures but also demonstrates robust self-healing behavior.””' We also
developed a 3D-printable, exceptionally tough, and recyclable vitrimeric PDMS elastomer that
utilizes a rational network design to produce an elastic network (REN) with optimized
rheological behavior.®® A novel thioctic acid (TA)-based dynamic bond polymerization was
recently reported, featuring disulfide linkages and 3D printing.?

In addition, we developed a 3D-printable carbonated cementitious material (CMM), which

demonstrates effective CO: gas-diffusion while simultaneously improving the
thermo-mechanical properties of the resulting structures.””
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8. Fluidics and Autonomous Self-driving Labs for
Membrane Research

With the introduction of self-driving laboratories, high-throughput experimentation (HTE) can be
deployed for membrane polymer synthesis and characterization.”***® The high-throughput
arraying of multivariate analysis and the generation of optimized data for further training,
augmented by ML-driven design and algorithms, will be a game-changer. (Figure 9) Proxy
experiments or scaled-down experiments can be done with smaller quantities or samples of
materials.”* >’

The increasing interest in self-driving laboratories (SDLs) underscores their potential to
revolutionize materials synthesis and characterization. By aligning these processes with AI/ML
workflows, SDLs offer a scalable approach to accelerate discovery and data-driven material
optimization.?”® Research conducted by our group at ORNL utilized machine intelligence to
automate the study of functional thin-film materials; by coupling thin-film array fabrication with
automated surface-sensitive techniques (acoustic, spectroscopic, microscopic, and dielectric), we
demonstrated a scalable, intelligence-centered approach to materials characterization.””

By constructing AI/ML-driven SDLs and using continuous flow chemistry (CFC) it will be
possible to codify materials discovery in polymers and membranes within the broader Al in
science and data ecosystem.?**°*" Although still within the realm of chemistry and materials
synthesis, the concepts can be translational towards permeability and transport phenomena
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Figure 9. a, Hybrid modelling for the chemical separation industry. The curated NF-10K dataset
was used in the machine learning and energy models to forecast the applicability of
nanofiltration in the untapped chemical space (that is, unexplored separations). The eight
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implications and results of the hybrid modelling are expected to aid industrial separation design
and decision-making. ., omrion, €NETEY Of evaporation; E,.fiation, €NEIgy of

nanofiltration; E,..ion» €N€rgy of extraction; S, solvent; R, rejection; logP, log partition
coefficient. b, The three chemical separation technologies considered in this research:
triple-effect continuous evaporator, continuous nanofiltration and liquid—liquid extraction.
(Figure and caption from reference®®” with slight rephrases under a CC BY license 4.0°®)

ML-driven microfluidic and millifluidic design and control for membranes and transport
research is also a growing field.*® It presents opportunities to miniaturize, as well as to combine
theories of membrane transport with those of microfluidics.’”” These miniaturized devices can be
used to study membrane and filtration processes. It can model permeability at scales from nm to
mm to represent various porous media in NF and UF. In-situ and real-time studies with
microscopy, high-speed imaging, and spectroscopy can model various membrane and filtration
processes.’® The fabrication of membranes and incorporation with microfluidics is a challenge,
but with many potential applications for ion transport, separations, biology, drug delivery, and
sensing.’”” An SDL in microfluidics or millifluidics for membrane research can enable more
complex statistical models or ML-directed algorithms trained for pattern recognition and event
prediction in microfluidics. ** The fluidics research at this scale can implement more
ML-directed design and validation via HTE. This can also be enhanced through 3D printing for
prototyping devices in fields such as capillary electrophoresis, metal nanoparticle synthesis,
aerofluidics, and perovskite nanocrystals.’'° Materials synthesis is the current emphasis on SDL
and can also be turned to permeability and selectivity testing.*'' ' High-throughput
characterization with real-time spectra and high-speed imaging has been established for online
optical control in microfluidics.*!” Drop microfluid agents (DMFAs) for an autonomous droplet
microfluidic system are suitable for LLM agent deployment.*'®

HTE-driven SDLs effectively bridge the gap between Al-driven design and membrane
performance simulation. By facilitating MI-validated experiments on selectivity and
permeability—specifically within varied packed-bed and porous-flow supports—this framework
enhances our understanding of transport behavior, hydrodynamics, and multiphase reaction
dynamics.*'” This implementation contributes significantly to data analytics and agentic Al for
membrane research. Adherence to FAIR data principles enables high-quality, standardized
datasets, while reinforcement learning (RL) provides a necessary framework for multi-step,
multi-variate optimization—such as chemical environment screening. By leveraging deep
reinforcement learning (DRL) for hyperparameter tuning, we can achieve self-optimizing
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discovery loops. Establishing an HTE-SDL pipeline is the critical prerequisite for realizing this
level of autonomous, bench-scale materials research.

Continuous flow chemistry (CFC) and microreactor technologies offer scalable, modular
alternatives to batch processing, providing superior precision in fluidic control and automation.
While traditionally utilized for organic synthesis and the fabrication of polymers and
nanomaterials, CFC platforms are uniquely suited for dedicated permeability and selectivity
testing in pressurized environments. Current research focuses on advancing these platforms into
High-Throughput Experimentation (HTE) stations integrated with autonomous Self-Driving
Laboratory (SDL) capabilities. We aim to implement modular packed-bed column architectures
with precise control over gas-liquid inputs, ultimately enabling AI/ML-optimized workflows for
next-generation membrane and permeability research.
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Figure 10. A Schematic diagram of the system flow manifold. B Structure and light distribution
of the LCW photocatalytic microreactor. (B1) Schematic diagram of the LCW photocatalytic
microreactor and online UV-Vis absorption spectroscopic detection device; (B2) Cross-sectional
light intensity distribution in the reaction channel of the LCW photocatalytic microreactor
obtained using TracePro software. C Photographs of the system. (C1) Overview of the system.
(C2) Light source module, consisting of four 450-nm lasers and four optical fibers. (C3) Liquid
handling module with a 10-port selective valve and a syringe pump. (C4) LCW photocatalytic
microreactor. (C5) Online UV-Vis absorption spectroscopic detection module. D Schematic
diagram (D1) and photograph (D2) of the iChemFoundry platform. (Figures and captions from
reference* with no change under a creative commons BY-NC-ND 4.0 license'*’) LCW refers to
liquid-core waveguide.

Some important current examples of AI/ML workflows and integration in high-throughput
experimentation, including CFC and reaction optimization, have been demonstrated. Although
established for synthesis and reaction engineering, they can be repurposed for membrane
research.’?**?! (Figure 10) An autonomous discovery and optimization platform in an SDL setup
can be guided by reinforcement learning (RL) and Bayesian optimization.*?*** For membrane
polymer materials, an SDL setup can automate synthesis and test new polymer designs generated
by ML-driven simulation. Important questions beyond increasing yield include answering
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fundamental questions about sequence polymerization (copolymerization), microstructure

control, branching, topological polymer control, macrocycles, etc.
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Figure 11. Steps for developing an autonomous continuous flow reactor synthesis for
atom-precision with scalability. (Figure and caption from reference’” with no change under a CC
BY-NC-ND 4.0 license'®)

We previously assessed the feasibility of using autonomous continuous-flow reactors for
precision polymerization and scalable material synthesis (Figure 11).** Building upon our
previous work, we successfully utilized CFC platforms to synthesize block copolymer—grafted
silica microparticles using water/ethanol solvent systems.*?® By utilizing a continuous-flow
RAFT polymerization process in an ethanol/water solvent system, we achieved superior kinetic
control, allowing for the fine-tuning of molecular weight distribution (polydispersity) through
precise adjustments in residence time and flow velocity.*”’ Leveraging the precise control of
continuous flow reactors, we achieved the synthesis of hyperbranched PDMAEMA -grafted silica
microparticles via ATRP, showcasing the platform's utility for complex polymer architectures.’*
Additionally, we utilized PET-RAFT polymerization to facilitate the synthesis of hyperbranched
architectures through self-condensing vinyl polymerization.*” A review of the PET-RAFT
process for CFC and surface reactions in thin films has been reported.**°
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From CFC, the conversion to SDL methods involves automating the CFC and enabling real-time
sensing with feedback on the polymerization process, as well as the ability to control reaction
parameters in situ (e.g., flow rate, temperature, pressure, and dosing) to intervene on the reaction
and alter the results. SDLs for emulsion polymerization have been previously reported.**! We
have reported on the use of SDLs to address questions in ML-Driven copolymerization and
demonstration of feedback loop protocols that also include MD simulation.**!-3?

Lowering the barrier to SDLs in Membrane research and testing

Ultimately, this framework offers a pathway to democratize high-throughput and autonomous
research. (Figure 12) By making these technologies viable at the bench scale, we empower the
next generation of scientists with the tools to master complex workflows in materials synthesis
and process engineering. Integrating AI/ML-driven workflows allows for the development of
bench-scale instrumentation that synthesizes flow chemistry, modular separation units, and
mechatronics-based diagnostic testing—all while achieving significant cost-efficiencies
compared to traditional research platforms.*** Configuring the CFC as a packed-bed column
enables a simplified, affordable closed-loop station for testing membrane separations and
porous-flow performance. This setup is ideally suited for applying statistical DOE and
machine-learning-driven optimization to complex reaction engineering workflows.***
Pressurization or pressure drop measurements will be needed, including more robust tubing and
valves. This is augmented by using 3D printing as a CNC movement platform and building CFC
parts.*>*** Microfluidics and millifluidics are appropriate entry points for rapid prototyping and
for implementing the principles of transport and separation in micro- to millimeter-scale devices
or designs for filtration,**’* with open-source interactive design platforms.>*=*
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Figure 12. Development of low-cost 3D-printed SDL components: a focus on affordable and accessible
solutions for self-driving labs. (Figure and caption from reference®* with no change under a creative
commons license 3.0'%)
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Bridging the gap between advanced research and education, the implementation of 3D-printed,
CFC-based stations allows for the democratization of high-throughput experimental training.
This approach empowers students to engage with Al-driven, autonomous workflows for
membrane fabrication and materials testing at an early stage in their academic careers.**%3434¢

It will be important to introduce robotics, mechatronics, and electronics, including Arduino,
Raspberry Pi, IOT electronics.**’ Ultimately, this roadmap facilitates the adoption of autonomous
membrane research across diverse settings, from educational labs to small to medium-scale
enterprises (SMEs). Integrating democratized HTE and SDL platforms into these environments
fosters an accelerated learning curve, training a workforce prepared to leverage AI/ML for the
next generation of materials discovery.'”!

9. Future Applications

A driving force for future applications of membranes and separations can be end-to-end AI/ML
workflows. Knowledge, skills, and investments can be made at specific stages of planning. A
good number of these applications are essentially process intensification and address critical
needs related to materials supply chains, energy reduction, and health. Here are a few examples:

1. Critical Minerals and Rare Earth Elements (REE) extraction and recovery from tailings, mine
wastes, and combustion ash.>*3%

2. Isotope’s enhancement and separations: recovery and separations beyond distillation, water
isotope filtration, separation of helium, and lithium isotope separation.**=>?

3. Biorefining and bioreactors: biofuel production, recycling, pervaporation in solvent and
chemical intermediates purification.***%

4. Sensing and molecular separations: Biosensors, stimuli-responsive membranes, new PIM
membranes, and hybrid MOF and COF membranes.*¢35

10. CONCLUSION

The integration of end-to-end AI/ML workflows into membrane science offers transformative
potential for optimizing separation and filtration processes. Advancing our understanding of
diffusion and transport phenomena across multiple length scales is crucial for the development of
high-performance polymers and composites. By leveraging inverse design, we can address
complex technical challenges across diverse industrial sectors.

Various machine learning algorithms—including linear regression, support vector machines

(SVM), decision trees, random forests (RF), and neural networks (NN)—provide powerful tools
for modeling membrane performance. These models are instrumental in predicting key figures of
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merit, such as selectivity, permeability, rejection rates, and long-term stability across reverse
osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF) systems.
Furthermore, Bayesian optimization enables the precise tuning of operating
parameters—including temperature, pressure, flux, and flow rate—to achieve peak efficiency.
Such optimization not only maximizes performance but also reduces energy consumption,
thereby extending membrane service life and decreasing maintenance requirements. Looking
forward, predictive ML-driven models are poised to enhance real-time operations, enabling early
fault detection in critical applications such as micropollutant removal, forward osmosis (FO),
food and beverage processing, biosystems, and energy management.

Despite this potential, significant challenges persist, including data scarcity, model
incompatibility, and the high computational costs of implementation. Overcoming these barriers
requires the adoption of autonomous Self-Driving Laboratories (SDLs) and a shift toward
collaborative, federated research infrastructures that prioritize standardized data formats. The
establishment of reliable, open-access databases for diverse membrane systems is essential to
fuel advanced reinforcement learning (RL) and deep learning (DL) architectures. Finally, the
proliferation of affordable generative Al and Large Language Model (LLM) tools will improve
model interpretability, empowering researchers to better understand the decision-making
processes underlying Al predictions. The convergence of these technological advancements
signals a promising future for Al-assisted membrane research.
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