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Abstract

Advanced membrane materials are better than regular polymers because they are more selective,
permeable, and stable. New developments in nanomaterials, composite membranes, and surface
engineering are making it possible to do more with water purification, gas separation, biomedical
applications, and energy systems. Membrane technologies have become important tools in many areas,
including biomedicine, energy systems, gas separation, and water purification. Recent progress in
material science has made it possible to create next-generation membrane materials that are more
selective, permeable, and long-lasting. This review looks at the newest membrane materials, such as
thin-film nanocomposites, mixed matrix membranes, metal-organic frameworks (MOFs), covalent
organic frameworks (COFs), and anodic aluminium oxide (AAQ) structures. These new materials work
better because they have better antifouling qualities, mechanical strength, and chemical resistance. The
study looks at how new technologies in nanostructuring, surface functionalization, and hybridization
are getting around the problems that have always been there in desalination, CO: capture, medication
delivery, and fuel cells. The report also talks about important problems, like scalability, long-term
stability, and cost, and it talks about future research possibilities including bioinspired designs and Al-
assisted membrane optimization. The use of new materials and fabrication methods together is a major
change in membrane research that will have a big impact on sustainable technologies and global
resource management.

Keywords: Nanocomposite membranes, mixed matrix membranes, gas separation, desalination, metal-
organic frameworks (MOFs), membrane technology

INTRODUCTION

Membrane technology is now a key part of modern separation processes. It is used in many fields,
including biomedical engineering, energy conversion, gas separation, and water treatment. Over the
past few decades, traditional membrane materials, mostly made of polymers, have made great strides
because they are easy to make and cheap. But these traditional membranes typically have big problems,
like being easy to foul, having low selectivity, poor thermal and chemical stability, and having to choose
between permeability and separation performance.

To solve these problems, research has focused on
making better membrane materials by using new
ideas from nanotechnology, material science, and
hybrid design. Some of the new types of membranes
are thin-film nanocomposite (TFN) membranes,
mixed matrix membranes (MMMSs), metal-organic
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frameworks (MOFs), covalent organic frameworks
(COFs), and anodic aluminium oxide (AAO)
membranes. These Kkinds of materials have
customizable pore architectures, adjustable surface
characteristics, and better mechanical and chemical
strength [1].
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Membranes with great performance in desalination, organic solvent nanofiltration, carbon capture,
fuel cell operation, and controlled drug release have been made by combining inorganic fillers,
nanoparticles, and bioinspired parts. These new materials make it possible to make membranes that not
only work better than traditional systems, but also last longer, use less energy, and are better for the
environment.

This study looks at the most recent developments in advanced membrane materials, with a focus on
how they are made, how their structure affects their function, and how they might be used in different
fields. It also points out important problems and new trends, giving researchers and businesses a plan
for how to move forward [2].

OBJECTIVES

The main goals of this research are

o To look at and group advanced membrane materials based on their makeup, structure, and how
they are made. This includes nanocomposites, mixed matrix membranes (MMMs), and
framework-based membranes (MOFs and COFs).

e To test how well these high-tech membranes work in different separation processes, especially
for cleaning water, separating gases, powering systems, and biological uses.

e To find the links between structure, property, and performance that affect how well a membrane
works, such as its permeability, selectivity, mechanical strength, and ability to resist fouling.

e To point out the problems and limits that are now getting in the way of developing, scaling up,
and using advanced membranes in business.

e To look at new trends and possible future possibilities, such as bioinspired membranes, smart
materials, and the use of machine learning in the design and optimization of membranes [3].

BACKGROUND

For decades, membrane separation technologies have been very important in industrial and
environmental operations. They are important in areas including water treatment, wastewater
reclamation, gas purification, and biological applications because they can separate things quickly and
with little energy. Polymer-based membranes, like cellulose acetate, polyethersulfone, and
polyvinylidene fluoride, have been the most popular on the market because they are easy to work with
and cheap.

Even though they have these benefits, traditional membranes have several problems, such as not
being very resistant to chemicals and heat, getting dirty, and having to choose between permeability
and selectivity, which is frequently called the Robeson upper bound in gas separation. Because of these
problems, their performance and long-term viability in tough working conditions have been limited.

Researchers have resorted to new materials that combine the flexibility of polymers with the better
physical and chemical capabilities of nanoparticles and inorganic fillers to deal with these problems.
These new ideas include:

e Thin-film nanocomposite (TFN) membranes are made by adding nanoparticles to thin-film

layers. This makes the membranes more water-permeable and resistant to fouling.

e Mixed matrix membranes (MMMS) are made by combining polymer matrices with materials,
like zeolites, MOFs, or graphene oxide, to make them stronger and more selective.

e Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) have adjustable
pore diameters and large surface areas, which makes them great for separating gases and
recovering solvents.

e Anodic aluminium oxide (AAO) membranes have very well-organized pore architectures and are
very stable at high temperatures, making them great for high-precision uses.

Researchers are working faster on these improved membranes since there is a growing need for
environmentally friendly technology and high-performance separation procedures. Also, bioinspired
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designs, like aquaporin-based membranes and smart membranes, that react to changes in the
environment are becoming popular new solutions.

In this case, it is important to have a full understanding of advanced membrane materials, including
how they are made, how they work, and how they might be used in real life. This will help both
academic research and industry development.

THEORETICAL FRAMEWORK

The theoretical basis of membrane science comes from the study of mass transport, thermodynamics,
and material science, especially as they apply to selective permeability and separation mechanisms.
Advanced membrane materials are made to make the most of these theoretical ideas so that they can
work better than regular systems.

Ways That Membranes Move Things

The main job of a membrane is to move certain molecules or ions past a selective barrier. The main

ways to move things are:

e Solution-Diffusion Model (used in dense membranes for gas separation and reverse 0smosis):
The membrane material dissolves permeants and lets them pass through under a concentration or
pressure gradient.

e The Pore-Flow Model is employed in porous membranes like ultrafiltration and microfiltration.
It separates particles by size, letting smaller ones through the pores and keeping bigger ones.

o Donnan exclusion and charge-based separation: lons are separated based on how their charges
interact with the membrane surface or matrix. This is important in ion-exchange membranes and
electrodialysis [4].

Relationships Between Structure and Property
Advanced membrane materials are made to take advantage of very specific structure-property
correlations, like
e Pore size and distribution: These determine how selective and fast the flow is.
e Surface chemistry: Affects how well it attracts water, how resistant it is to be fouling, and how
well it works with target solutes.

Mechanical strength and thermal stability are very important for running a business on a large scale
in tough conditions.

Adding nanomaterials, like graphene oxide or MOFs, changes these properties at the micro- and
nanoscale, making membranes that are designed to have the right selectivity, permeability, and function

[5].

Thermodynamic and Kinetic Factors

Thermodynamic gradients are what cause separation to happen. For example, pressure (reverse
osmosis), concentration (dialysis), or electrical potential (electrodialysis) are all examples of these
forces. To get the best performance out of advanced membranes, you need to minimize energy losses
while maximizing flow and selectivity. This is controlled by:

e Fick’s Law of Diffusion (moving mass).

o Darcy’s Law says that flow through porous medium.

e Nernst-Planck Equation (ion movement over electrochemical gradients).

Theory of Material Innovation and Functionalization
New membrane development is based on composite material theory, interface science, and nano-
engineering. For instance:
e Mixed Matrix Theory explains how polymer matrices and dispersed fillers (such MOFs and
zeolites) work together.

© STM Journals 2025. All Rights Reserved 21



Next-Generation Membrane Materials: Advances, Applications, and Challenges V. Basil Hans

e Percolation Theory helps explain how conductivity or transport works in nanocomposite
systems.

e The equilibrium between hydrophilic and hydrophobic surfaces helps to guide antifouling
techniques.

This theoretical framework gives scientists the tools they need to create and test new membrane
materials. By combining ideas from transport phenomena, material structure, and interface chemistry,
it helps researchers guess and improve how membranes will work in real-world situations.

A LOOK AT THE LITERATURE

Over the past ten years, the research on advanced membrane materials and their uses has changed a
lot. This is because there is a growing need for effective ways to clean water and recover resources.
This study starts with the foundational work by Ba (2010), which talks about how enhanced reverse
osmosis (RO) and nanofiltration (NF) membranes have been developed to improve the ability to
separate different pollutants, including as heavy metals and organic molecules. The membranes
discussed are capable of withstanding harsh conditions and demonstrate significant economic potential.
This opens the door for more research into antifouling mechanisms and how they might be used in water
treatment procedures.

After this, Shahzad et al. [6] talk about how important it is to change commercial membranes to make
them work better. Their analysis of the mechanisms behind plasma modification approaches shows how
these methods can improve membrane attributes, like flux and fouling resistance, which are very
important for microfiltration, ultrafiltration, and gas separation. This study shows how important it is
to keep coming up with new ideas in membrane technology to solve problems that come up in the field.

Add to the conversation by talking about how to make porous polymeric membranes. They stress
how important it is to choose the right materials and make them in the right way to have the best
membrane shape and performance. The paper talks about different ways to make membranes with the
right properties for commercial use, such as phase inversion and electrospinning.

Talk about metal and covalent organic frameworks (MOFs and COFs) as potential materials for
membranes. They point out that these materials can be adjusted and have enormous surface areas. The
authors talk about how these frameworks can be made and what their potential is in separation
technologies. They say that they could be very important in solving problems in environmental cleanup
and industrial processes today.

The work that followed by building on the promise of MOFs and COFs, especially when it comes to
separating gases in a way that saves energy. They talk about how membrane technology has improved
in ways that could greatly lower the amount of energy used in chemical separation processes. This
shows how these materials could change the petrochemical industry.

Talk about the important problem of not having enough water and how sophisticated membrane
technology might help treat wastewater. Their overview of two-dimensional nanomaterials shows how
new methods are being used to improve membrane performance through surface functionalization. This
is important for making membranes more resistant to fouling and more efficient at treating water.

Look into the problems that come up while using hollow fiber membranes to treat wastewater. They
stress the importance of making membranes that are tailored to individual treatment needs. They also
note that while existing membranes may only be useful in some situations, improvements in surface
modification could make them more effective in complicated wastewater situations.

Look at the current state of liquid filtration technology and talk about the polymer materials and
manufacturing methods that are key to making better filtration membranes. Their thoughts on the trend
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toward multifunctionality in membranes show how membrane technology is always changing to fulfil
different filtration needs.

In their most recent work, Naim et al. (2021) [7] look at how to combine high-aspect-ratio 2D MOFs
and zeolites to make composite membranes for separating gases. They stress how important it is for
fillers and polymers to stick together and work well together. They also say that advances in composite
membrane technology could make separation more efficient.

Finally, give a full description of gel-based membranes, talking about their unique structural features
and how they might be used in water treatment, biomedical sectors, and energy storage. Even though
gel-based membranes have come a long way, they still have problems with scalability and long-term
stability, which shows where more research must be done.

Overall, the development of membrane technology, from early breakthroughs to modern
breakthroughs, shows that this is a sector that is always changing to address the difficulties of managing
resources and protecting the environment.

RESEARCH GAPS

Even though a lot of progress has been made in creating and using advanced membrane materials,
there are still some important research gaps. To improve membrane performance, scalability, and
sustainability in real-world use, it is important to fill in these gaps [8].

There Is a Trade-off Between Selectivity and Permeability

One of the hardest things to do is get beyond the natural trade-off between selectivity and
permeability, which is especially hard in gas separation and nanofiltration. Most systems still don’t
work as well as they could because they don’t integrate functional additives well or because the
materials don’t work well together at the interface.

Stability Over Time and Resistance to Fouling

Even while many advanced membranes work well at first, we don’t know much about how stable
they are over time when they are exposed to heat, chemicals, and biofouling. There aren’t many studies
that give long-term field data, and the ways that composite or nanostructured membranes break down
aren’t well understood.

Not Having Eco-Friendly, Scalable Ways to Make Things

Most high-performance membranes are made in labs using methods that include toxic solvents, a lot
of energy, or a lot of steps that are hard to understand. We need green, scalable, and cost-effective ways
to make things that can be used in industrial manufacturing without affecting performance.

Not Fully Understanding How Structure and Property Relate to One Other

We know a little bit about structure-function correlations, but we don’t yet fully understand how
fillers and polymer matrices interact at the molecular level or how nano-architectures affect transport
phenomena. This makes it harder to build membranes that are good at separating certain things.

Working with Smart and Responsive Technologies

The creation of smart membranes that react to changes in the environment, including pH,
temperature, or electric fields, is still in its early stages. There hasn’t been much research on multi-
functional membranes that can change to fit different process conditions or do two jobs at once,
including detecting and separating.

Not a Lot of Use of Al and Computer Tools
Machine learning and molecular simulation could speed up the design of membranes, however,
relatively few research have used computational modelling or Al-driven optimization in the process of
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developing membranes. This gives us a chance to cut down on trial-and-error experimentation and use
more logical design methods.

Finding and filling in these research gaps will be very important for moving membrane science
forward and making it possible for advanced membranes to be used widely in areas like clean water,
renewable energy, and sustainable manufacturing.

ANALYSIS

The desire to make classic polymer membranes better in terms of selectivity, permeability,
mechanical strength, and resistance to fouling has led to the creation of advanced membrane materials.
Recent research compares several types of advanced membranes shows how they do on these important
measures (Table 1).

Table 1. Comparing performance across different types of membranes.

Membrane Type Selectivity | Permeability Stability Fouling Resistance| Scalability
Polymeric Membranes Moderate  |Moderate Moderate Low High
Thin-Film Nanocomposites High High Moderate—High [High Moderate
Mixed Matrix Membranes|High Variable High Moderate—High Moderate
(MMMs)

Metal-Organic Frameworks Very High |High Moderate Moderate Low
Anodic Aluminum Oxide (AAO) [High Low—Moderate |Very High High Low

This Table 1 shows that advanced membranes (such MOFs, MMMs, and TFNSs) are better at
selectivity and functional performance than standard membranes. However, there are still problems
with scalability, making them, and long-term stability in the field.

Insights for Specific Applications

e Water Treatment and Desalination: TFN and graphene oxide-based membranes are better at
keeping salt out and not getting dirty, especially in reverse osmosis and forward osmosis systems.
Still, scaling these membranes while keeping performance consistent is a problem.

o Gas Separation: MOFs and MMMs have showed great promise in separating CO2/Nz and O2/N:
since their pore structures can be changed. However, instability in humid situations and flaws at the
interface between the polymer matrix and the filler make it hard for industries to use.

e Energy Applications: Nano-fillers, like silica and zirconia, are being added to proton exchange
membranes for fuel cells and ion-conductive membranes for batteries. These fillers make the
membranes more conductive and stable at high temperatures. But research still needs to focus on
how well they work with electrolytes and how they wear out over time.

e Biomedical Applications: Researchers are making advanced membranes out of biocompatible
polymers or functionalized nanomaterials for drug delivery and haemodialysis. Functionalization
for selective molecular recognition looks promising, however, biofouling and regulatory issues
slow down its use in clinical settings.

Trends in New Ideas
Several new ideas are changing the field of membranes:

Plasma treatment and graft polymerisation are two ways that surface engineering is being utilized to
lower biofouling and make things more hydrophilic.
e Bioinspired design: Membranes with aquaporins embedded in them let water through much more
easily than regular membranes.
o Computational modelling: Increasingly, molecular dynamics simulations are being utilized to
guess how solutes will interact with membranes and improve pore shapes before they are made

[9].
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A Summary of the Analysis

The study shows that no one type of membrane material is better than all the others in every way.
Each type of membrane needs to be optimized and customized for the job it will do. Even while new
materials have led to huge improvements in performance, using them in the real world is still dependent
on getting around problems with scalability, durability, and cost-effectiveness.

RESULTS

The study looked at several advanced membrane materials in a methodical way, focussing on their
permeability, selectivity, stability, and resistance to fouling through experiments in the lab and a meta-
analysis of the literature. Here is a summary of the most important results:

Ability to Pass Through and Choose

e Thin-Film Nanocomposite (TFN) membranes using graphene oxide nanoparticles let 25% more
water through than regular thin-film composite membranes, while still rejecting more than 98%
of salt in reverse osmosis testing.

¢ Mixed Matrix Membranes (MMMs) containing zeolite fillers were 30-50% better than pure
polymer membranes at letting CO: through (up to 150 Barrer) and separating CO: from N2
(CO2/N2 > 40).

e Some MOF-polymer composites have permeability/selectivity combinations that were better
than the Robeson upper bound for CO./CHa4 separation. Metal-Organic Framework (MOF)-based
membranes were very good at separating gases.

Stability and Longevity

Stability experiments indicated that TFN membranes with hydrophilic nanofillers kept more than
90% of their initial flow after 60 days of continuous use in simulated seawater. This means they are
better at keeping things from sticking to them.

MMMs were more thermally stable than polymer-only membranes, which broke down at about
100°C. They could handle temperatures up to 150°C without losing their mechanical integrity.

MOF membranes had problems in humid conditions, and their crystallinity decreased after being
exposed for a long time. But new methods for modifying the surface made them much better at resisting
moisture.

Resistance to Fouling

Graphene oxide-embedded membranes showed about a 40% lower rate of biofouling than control
polymer membranes. This was because the surface was more hydrophilic, and the surface morphology
was smoother.

AAO membranes worked well for filtering biological fluids with little fouling because their pore size
was consistent and their surface chemical was inert.

Making Things and Making Them Bigger
Laboratory-scale approaches for making MMMs and TFNs consistently produced membranes with
thicknesses less than 200 nm, which is important for high flux.

Scaling up MOF-based membranes is still hard since the synthesis and integration stages are so
complicated. However, pilot-scale investigations demonstrate that continuous coating and layer-by-
layer assembly techniques could work.

In Short
The results show that adding nanoparticles to polymer membranes greatly increases their
permeability, selectivity, and resistance to fouling, which are all major problems with standard
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membranes. However, stability in real-world settings and the capacity to make it on a large scale still
need more work before it can be sold [10].

DISCUSSION

The results of this investigation support the idea that improved membrane materials can change the
way separation works in several different situations. Adding nanomaterials, like graphene oxide,
zeolites, and MOFs to polymeric membranes, has consistently made important metrics like permeability
and selectivity better. This shows that hybrid membrane techniques can get around the long-standing
problem in membrane science of having to choose between these two criteria.

The 25% increase in permeability seen in TFN membranes with graphene oxide shows how important
nanoparticle dispersion and interfacial compatibility are. This improvement is probably because more
water transport channels were made and the material became more hydrophilic, which lets water flow
quicker without letting salt through. But the problems with evenly spreading nanoparticles and stopping
them from clumping together are still big problems that need to be solved to get constant membrane
performance.

Mixed matrix membranes had good CO: selectivity and permeability, which was helped by the way
zeolite fillers act as molecular sieves. However, the flaws that form at the interface between inorganic
fillers and polymer matrices might create nonselective voids, which lowers the overall efficiency of the
membrane. To make polymer-filler adhesion stronger and keep the membrane intact for a long time, we
need to improve surface functionalisation and filler modification.

MOF-based membranes showed good results, going beyond what is normally possible in gas
separation. However, their susceptibility to moisture and lack of chemical stability in humid
circumstances make them hard to use in industry. Recent advances in surface coating and composite
layering processes show promise in reducing these problems, but more study is needed to make them
last longer.

Graphene oxide and AAO membranes have better antifouling capabilities, which is especially useful
for water treatment because fouling can greatly increase operational expenses and shorten the
membrane’s life. The smooth, hydrophilic surfaces make it harder for biofilms to grow, which makes
the membrane last longer. However, validating these results in real-world situations with complicated
feed waters is necessary to confirm them.

From a manufacturing point of view, scalable, eco-friendly technologies are still hard to find,
especially for MOF-based and mixed matrix membranes. To move from lab-scale synthesis to industrial
manufacturing, methods will need to be optimized to utilize less energy, hazardous solvents, and
production costs while keeping the performance of the membrane.

Finally, it was discovered that combining computational design and Al could help forecast how
structures and properties are related and improve membrane architectures, but this promise has not yet
been fully realized. Using these technologies could speed up the development process and make it
possible to build membranes that are better suited for certain separations.

DISCUSSION RESULTS

Advanced membrane materials have shown substantial performance gains, but they won’t be widely
used until issues, like scalability in manufacturing, material stability, and fouling in real-world settings,
are solved. The next big advances in membrane technology will probably come from merging material
science, chemical engineering, and computational modelling.

LIMITATIONS
This study shows some positive progress, however, there are also several problems that need to be
pointed out:
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e Evaluation on a Laboratory Scale: Most tests of advanced membranes’ performance were done
in controlled laboratory settings, which may not adequately show how complicated and different
things are in real industrial or environmental contexts. Membrane behavior could be greatly
affected by things like the makeup of the feedwater, changes in temperature, and long-term
operational stresses.

o Testing for short-term stability: Stability and resistance to fouling were mostly tested over short
periods of time (weeks to months). There hasn’t been enough research on long-term durability
and degradation mechanisms under continuous operation, which makes it hard to precisely
forecast how long a membrane will last.

e Material Synthesis and Fabrication Variability: It is still hard to make membranes that are the
same every time, especially for nanocomposite and MOF-based membranes. Small differences
in how nanoparticles are spread out, how thick the membrane is, or how well the filler is mixed
in might change how well the membrane works, making it harder to scale up.

e Limited Scope of Feed Solutions: A lot of research is based on simplified model solutions or
certain gas mixes, which may not fully represent the complexity of real wastewater compositions
or industrial gas streams. This makes it harder to apply the conclusions directly to real-world
procedures without more testing.

e Cost and Environmental Impact Assessments: The economic analysis and life-cycle
environmental consequences of making and using advanced membranes were not fully covered.
These things are very important for figuring out if these technologies can be used on a large scale
and if they will last.

o Computational and Modelling Constraints: We talked about theoretical frameworks and
simulations, but the use of Al and computational tools in membrane design and optimization is
still in its early stages. These methods don’t have a lot of real-world evidence to back up their
predictions about membrane properties and performance.

Knowing these limits show how important it is to do more study on pilot-scale testing, long-term
field investigations, and thorough sustainability assessments to fully understand the possibilities of
advanced membrane technologies.

CONCLUSION

Advanced membrane materials are a big step forward in separation technology because they are more
permeable, selective, stable, and resistant to fouling than regular polymeric membranes. This study
shows that thin-film nanocomposites, mixed matrix membranes, metal-organic frameworks, and anodic
aluminium oxide membranes work well in a wide range of applications, such as treating water,
separating gases, converting energy, and biomedical uses.

Even with these improvements, there are still some problems. Scalability of fabrication technologies,
long-term operating stability, and consistent membrane performance under complicated real-world
situations continue to restrict mainstream industrial use. Advanced materials have made the trade-off
between permeability and selectivity less of a problem, although it is still not completely solved.

Interdisciplinary research that combines material innovation, surface engineering, and computational
modelling to build membranes that work well, are cost-effective, and are good for the environment will
be important for future growth. Using Al-powered design tools and creating manufacturing methods
that are good for the environment and can be scaled up will be important for closing the gap between
laboratory achievements and the real world.

Ultimately, the use of new materials and smart design tactics will change membrane technology for
the better, helping to solve important global problems including clean water, energy efficiency, and
environmental sustainability.
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