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of Glassy and Rubbery Polymer Nanocomposite Membranes." The word ‘membrane’ becomes
the main center of the provided topic in this title. As a result, the description may begin with
an understanding of the phrase. In common parlance, a membrane is a basic item such as a
filter that bypasses one component while restricting another, however in scientific parlance, a
membrane is a physically or chemically different two phase system that consists of a set of
phases between them. Because of variations in the physical or chemical states of the two border
phases, the membrane might control mass transport based on the applied force field. Moving
on, ‘gas permeation’ refers to the transportation of gas molecules with regard to the applied
force field. Membrane-based gas separation competes with other technologies in the chemical
industry, such as adsorption, pressure swing adsorption, and cryogenic distillation. However,
membrane technology is more relevant than other separation techniques in terms of total
economics, safety, and environmental and technical issues. Several organic and inorganic
materials can be used in membrane production. Polymeric materials, in general, are frequently
used in important gas separation processes such as hydrogen recovery, natural gas purification,
and air separation. Many new families of membrane material changes have been created to
increase gas permeability and selectivity. As a result, selecting a membrane material for the gas
permeation process is important. Because polymeric materials are used in this research,
numerous alterations to membrane materials may be made to increase membrane efficiency in
relation to the suggested application. This chapter includes theoretical background, objective

of the work, literature survey and finally applications of the work.

1.1 Introduction

Over the last thirty years, membrane-based gas and vapour separation has evolved as
a crucial unit activity in the chemical industry. The efficacy of this technique is highly
dependent on the membrane materials used, their physicochemical qualities, and the process
by which permeation occurs. The optimal material selection for ultrathin, dense gas separation
membranes is far more demanding than for other membrane processes, such as ultrafiltration
or microfiltration, where pore size and pore size distribution are critical concerns. The first
practical achievements in membrane-based gas separation processes occurred between 1970
and 1980, and were based on a more or less random selection of well-known polymeric
materials. However, these early advances had a significant influence on basic research of

polymer transport characteristics for a broad range of chemical configurations.
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rigid polyimides. More polyimides than any other chemical type of polymer have been studied
for their gas-permeation characteristics. The major focus of the talk is on a diverse range of
polyimides that have been synthesized in our laboratory. These scientists have come to the
significant conclusion that polyimides outperform other polymers upper limit lines in a broad
range of crucial applications, including the separation of CO,/CHs and H2/CHs4. Today,
polymeric membranes are being challenged by inorganic membranes higher gas permeability
capabilities and thermal stability. Only inorganic membranes weak mechanical qualities and
present high cost keep them from meaningfully entering the membrane-based gas separation
industry. Furthermore, inorganic membranes may be used effectively in pervaporation
applications as well as gas separation and vapour permeation. Over one thousand glassy and
rubbery polymers now have information on gas permeability characteristics. Permeation data
for many structurally related polymers have been collected, and thus the qualitative and, to
some extent, quantitative effects of polymer chemical structures on their gas and vapour
permeation properties can be analyzed and predicted as a guideline for developing more
advanced membrane materials. Furthermore, the apparent natural limitations of polymer

permeability and selectivity for gas separation applications are well established.

The purpose of this work is to give a current overview of membrane-based gas,
including both basic and practical issues. The introductory chapter is intended to provide
background information for the subsequent chapters, including a brief historical overview and
a detailed discussion of the fundamentals of the solution-diffusion mechanism, definitions of
permeation, diffusion, and sorption parameters and units, and a brief discussion of the influence
of gas and polymer properties, as well as operating conditions, on the observed transport
parameters. The concept of solution-diffusion determines transport in non-porous polymeric

membranes [1,2]. This 19" century model has based on the work of J. K. Mitchell [3],

T. Graham [4], and S. Von Wroblewski [5], who demonstrated that the presence of
microscopic open pores or capillaries was not required for mass transfer through polymeric
membranes such as natural rubber. First, Graham [4], and later Mitchell [3], observed that gases
may permeate through non-porous rubbery polymeric membranes, and that this process was

connected to gas dissolution and diffusion in polymeric materials.
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1.2 Types of Polymers

Glassy and rubbery polymeric membranes have been widely used in the area of gas
separation technology, but some of their drawbacks include degradation, poor chemical and

thermal stability, limited permeability and selectivity, and poorer rejection of certain impurities.

Glassy polymers are a class of polymers that possess a rigid, glass-like structure at
normal temperatures. These materials are characterized by their high glass transition
temperatures (T) and have a more ordered, less flexible molecular arrangement compared to
rubbery polymers. This structural rigidity often leads to increased strength and stability, making
glassy polymers suitable for a variety of applications requiring mechanical integrity and
dimensional stability. Some examples of glassy polymers include: polystyrene, polymethyl
methacrylate (PMMA), polycarbonate (PC), polyethylene terephthalate (PET), polyvinyl
chloride (PVC), polyethylene, polypropylene (PP). These polymers are widely used in
industries such as packaging, automotive, construction, and electronics, where their mechanical

and thermal properties play a crucial role in the performance of the final products.

Rubbery polymers, also known as elastomers, are characterized by their high
elasticity and flexibility, as opposed to the more rigid structures of glassy polymers. This unique
mechanical property allows rubbery polymers to deform significantly under stress and return
to their original shape upon the release of that stress. These polymers typically exhibit a low
glass transition temperature (Tg) and have a highly amorphous structure. Some examples of
rubbery polymers include: polyisoprene (natural rubber), polybutadiene, polychloroprene
(neoprene), polyisobutylene, polyacrylate, polyurethane (PU), poly(dimethylsiloxane)
(PDMS).

Blended polymers, as the name suggests, are a combination of two or more different
types of polymers that are mixed or blended together to create new materials with enhanced
properties. The blending process allows for the modification of specific characteristics, such as
mechanical strength, flexibility, or thermal stability, which may not be achievable with a single
polymer. This approach is often used to improve the overall performance or to create
specialized materials for specific applications [6]. Blended polymers find applications in a wide
range of industries, including automotive, electronics, construction, and consumer goods,
where their tailored properties can meet specific requirements for different products and

components.
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material modifications have been developed. As a result, selecting a membrane material for the
gas permeation process is an important step. As polymeric materials have used in this research,
several alterations may be made to the membrane materials to increase their performance with
regard to the suggested application. Even the membrane-based separation and purification
process uses less energy and is less expensive to run. A trade-off between the selectivity and
permeability of gases dependent on a polymeric membrane and enhancing both the
permeability and selectivity of parameters has generally limited polymeric membranes. The
majority of research on polymeric gas separation membranes has improved gas permeability
or selectivity. Typically, rather than the other way around, glassy polymers find it challenging
to improve permeability without compromising their outstanding inherent selectivity.
Thermally rearranged (TR) polymers and membranes for gas separation from precursor
polyimides with ortho-positioned hydroxyl groups [4]. Due to their high-free volume
topologies, TR polymers have a specific free-volume element architecture. These polymers
excel at producing membranes with excellent permeability, selectivity, and resistance to harsh
environments, which are required for a wide range of gas separation applications. Membrane
technology may provide economic, environmental, and high-performance benefits as a low-
cost, energy-efficient, and high-performance method of gas separation. The ability for
chemically modifying nanofillers to interact better with polymer matrix has garnered a lot of

interest recently [5].
1.3 Types of Membrane

Polymer materials form the foundation of the majority of membrane technologies,
underscoring the critical role played by the selection of a suitable polymer material and the
method of membrane preparation in the overall development of membranes. Membranes can
be created using various processes such as sintering (commonly utilized for inorganic or

ceramic membranes), solution casting, melt mixing and phase inversion.
1.3.1 Porous Membranes

These polymer membranes are characterized by a microporous structure, which leads
to low barrier resistance for molecular transport. The membrane acts as a selective barrier,
allowing smaller particles or molecules to pass through easily while excluding those larger than

the pore size. Separation in these membranes primarily relies on the molecular size and the

4|Page



sy

3

WRAD Iy
gﬂ%’ E"%
=,

distribution of pore sizes within the membrane, essentially operating on the principle of size

& WAHAR,

Chapter 1: Introduction

i
E
i

B
S Hopg o ¥

&

exclusion or a sieving mechanism. However, their application in gas separation is restricted
due to the sub-nanometer size of gas molecules. To enable their use in gas separation processes,

a dense layer of a polymer membrane must be coated onto the porous support.

1.3.2 Dense Membranes

Polymer membranes with a nonporous or dense microstructure have found
widespread use in gas separation applications. In this context, the variation in applied pressures,
with higher pressure on one side and lower pressure on the other side of the membrane, serves
as the driving force for the diffusion of molecules. In a dense polymer membrane, the
permeants are first solubilized in the polymer matrix, followed by their diffusion across the
membrane. The selective transport of a permeant from a mixture is determined by the physical
properties such as the solubility and diffusivity constants of the target molecule. Molecules of
similar size can be separated based on their solubility and diffusivity through the membrane.
Micro porous membranes typically have pore diameters ranging from 100 to 5000 nm and can
be formed through various methods such as irradiation of nonporous polymeric membranes.
Nonporous dense membranes rely on diffusion propelled by applied forces like pressure,

concentration, or electric-field gradients for the transportation of permeates [14].
1.3.3 Organic Membranes

Organic membranes play a crucial role in various separation processes, finding

applications in industries such as water treatment, gas separation, and biomedical fields.

B PSF
B PET
P Ps
I PDMS
e
PMMA
B P
Others

Figure 1.1: Polymer material used for gas separation in published literatures [15]
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These membranes are typically made from organic materials, such as polymers, and are
designed to selectively allow the passage of certain substances while blocking others.
Polymeric Membranes, Most organic membranes are polymeric, meaning they are composed
of long-chain molecules known as polymers. Polymeric membranes are widely used due to
their flexibility, cost-effectiveness, and ease of fabrication. PSF, PET, PS and PDMS are one
of the most promising candidates frequently used for air separation applications. Specially,

PDMS is known for its high FFV, high gas permeability, and good thermal stability [ 15].
1.3.4 Inorganic Membranes

Inorganic membranes have been widely studied for air separation due to their high
thermal and chemical stability, making them a preferred option over polymeric membranes.
Zeolites, silica, graphene, and carbon molecular sieves membranes are capable of separating

gas mixtures based on their molecular size and diameter [16].

I Carobn
I Titenium
Silica
[ Graphene
B Zeolite
18% 18% I Others

‘% )

8%

38%

Figure 1.2: Inorganic materials used for air separation in published research papers [16]

Graphene, for example, has a pore size of 3.8 A, which is close to the kinetic diameters
of N> (3.64) and O (3.46) gas molecules, and has demonstrated a high O2/N; selectivity. The
transport of gas molecules through inorganic membranes follows the sorption-diffusion
mechanism. Inorganic membranes can be broadly classified into porous and nonporous types

[17,18].
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1.4 Types of Nanofillers

Nanofillers are nanoscale particles or fibers that are added to materials to enhance their
properties, such as mechanical strength, thermal stability, electrical conductivity, and barrier
properties. These additives are typically on the scale of 1-100 nanometers and are incorporated
into various matrices, including polymers, ceramics, metals, and composites, to improve the
overall performance of the resulting materials. Nanofillers have become essential in the

development of advanced materials for a wide range of applications across industries [7].

Examples of nanofillers include: (a) Nanoparticles, these are nanoscale particles of
various materials, such as metal oxides (e.g., titanium dioxide, zinc oxide), carbon-based
materials (e.g., carbon black, carbon nanotubes, graphene), and other compounds (e.g., silica
nanoparticles). They are commonly used in applications such as coatings, electronics, and
biomedical devices. (b) Nanotubes: Carbon nanotubes are cylindrical carbon structures with
nanoscale dimensions. (c) Nanocomposites: These materials combine polymers or other
matrices with nanofillers to create hybrid materials with improved mechanical, electrical, and
barrier properties. Nanocomposites are widely used in automotive components, packaging, and

structural materials due to their enhanced performance and lightweight nature [8].

Blend composite polymers refer to materials that incorporate a combination of
polymers and nanoscale fillers, such as nanoparticles, nanotubes, or nanofibers. These
composite materials benefit from the enhanced properties resulting from the inclusion of the
nanoscale additives, which can improve mechanical, thermal, electrical, and barrier properties.
The use of nanofillers in polymer composites has enabled the development of materials with
superior performance characteristics compared to traditional polymer blends [9]. Blend
nanofiller composite polymers have revolutionized material science and engineering, enabling
the development of high-performance materials for various applications. The nanofillers that

used in this works are silica nanofillers, graphene oxide, carbon nanotube and titanium oxide.

Silica nanofillers find various applications in enhancing gas permeability and
improving the performance of gas separation technologies. Some notable applications of silica

nanofillers for gas permeability include:

(a) Gas Separation Membranes: Silica-based nanocomposite membranes are used for gas
separation applications, offering improved selectivity and permeability. These membranes

are designed to efficiently separate various gas mixtures, including carbon dioxide (CO2)
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environmental applications [9].

(b) Catalysis: Silica-based nanofillers are utilized as catalyst supports in diverse catalytic
processes for gas conversion and purification. The high surface area and thermal stability
of silica enable efficient gas adsorption and catalytic activity, facilitating various gas
conversion reactions, such as CO> conversion to valuable chemicals, contributing to the

development of sustainable and eco-friendly processes [10].

The versatile applications of silica nanofillers in gas permeability underscore their
significant role in advancing gas separation, storage, catalysis, and sensing technologies,
offering promising solutions for addressing critical challenges in energy, environmental, and

industrial sectors [10].

Graphene oxide (GO) nanofillers are a type of nanomaterial derived from graphite,
which is a single layer of carbon atoms arranged in a two-dimensional honeycomb lattice.
Graphene oxide is synthesized from graphite and has oxygen-containing functional groups
attached to its surface, which makes it hydrophilic and easily dispersible in water and other
solvents. GO nanofillers are known for their exceptional mechanical, thermal, and electrical
properties, as well as their high surface area and chemical reactivity. Graphene oxide (GO)
nanofillers have gained significant attention in various fields due to their exceptional properties
and diverse applications. In the realm of materials science, GO nanofillers are commonly used
to enhance the mechanical, thermal, and electrical properties of composites and polymers. The
incorporation of GO nanofillers into polymers can improve their strength, flexibility, and
conductivity. In the area of water purification and desalination, GO nanofillers are used to
fabricate advanced membranes with high water permeability, chemical stability, and excellent
sieving properties. These membranes show promise in the efficient removal of contaminants

and ions, enabling water purification and desalination processes [11].

Graphene oxide (GO) nanofillers have gained considerable attention in the field of gas
permeability due to their exceptional properties and unique structural characteristics. Some

notable applications of graphene oxide nanofillers for gas permeability include:

(a) Gas Separation Membranes: Graphene oxide-based composite membranes are used for gas
separation processes, offering enhanced selectivity and permeability. These membranes are

designed to selectively allow the passage of specific gas molecules, making them valuable
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hydrogen recovery [11].

(b) Gas Storage: Graphene oxide-based materials are explored for their potential in gas storage
applications, particularly in the storage and release of gases such as hydrogen and methane.
The unique structure of graphene oxide allows for efficient gas adsorption and desorption,
contributing to advancements in energy storage, transportation, and clean energy

technologies [12].

Overall, the versatile nature of graphene oxide nanofillers continues to drive
research and development across a wide spectrum of applications, demonstrating their potential

for revolutionizing diverse technological and scientific domains.

Carbon nanotubes (CNTs) are one-dimensional nanomaterials with exceptional
mechanical, electrical, and thermal properties, making them highly sought after for various
applications. As nanofillers, CNTs are extensively used in composite materials to enhance
mechanical strength, stiffness, and electrical conductivity. Their high aspect ratio and
remarkable tensile strength make them ideal candidates for reinforcing polymer matrices,
resulting in the development of lightweight and robust composite materials. In the field of
electronics, CNT nanofillers find applications in the production of conductive inks, transparent
conductive films, and flexible displays. Their superior electrical conductivity and transparency
enable the creation of high-performance, flexible electronic devices. Overall, the diverse
properties and multifaceted applications of CNT nanofillers underscore their potential to
advance numerous technological domains, ranging from materials science and electronics to

energy storage and biomedical engineering.

Carbon nanotube (CNT) nanofillers have been applied in various gas permeability-
related fields, leveraging their exceptional properties to enhance gas separation and filtration

processes. Some notable applications of CNT nanofillers for gas permeability include:

(a) Membrane Technology: CNT-based membranes have been developed for gas separation
applications, such as the selective separation of gases or the removal of specific gas
contaminants from mixtures. The incorporation of CNT nanofillers into polymeric
membranes can significantly improve their gas permeability and selectivity, enabling more
efficient and precise gas separation processes [11].

(b) Gas Sensors: CNT-based gas sensors are utilized for the detection and monitoring of

specific gases in various environments. These sensors demonstrate high sensitivity, fast
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environmental, and biomedical settings for gas detection, monitoring, and control purposes

[12].

The utilization of CNT nanofillers in gas permeability applications underscores their
potential in enhancing gas separation, detection, storage, and transport processes, paving the
way for the development of advanced technologies with improved efficiency and performance

[12].

Titanium dioxide (TiO2) nanofillers have found numerous applications in the field of
gas permeability due to their unique properties and versatile characteristics. Some notable

applications of TiO2 nanofillers for gas permeability include:

(a) Membrane Technology: TiO> nanofillers are incorporated into polymeric membranes to
enhance their gas separation capabilities. By improving the permeability and selectivity of
the membranes, TiO> nanofillers contribute to the development of more efficient gas
separation processes, such as the selective removal of specific gases from mixtures or the
purification of industrial gas streams.

(b) Gas Permeable Coatings: TiO; nanofillers are used in the development of gas permeable
coatings for various surfaces, facilitating gas transport or barrier properties in applications
such as packaging, protective coatings, and gas separation modules. These coatings offer
improved gas permeation control and selective barrier properties, ensuring the preservation

and containment of specific gases in diverse industrial and commercial settings.

The diverse applications of TiOz nanofillers in gas permeability underscore their
significant role in enhancing gas separation, detection, purification, and storage processes,
offering promising solutions for addressing various industrial, environmental, and energy-

related challenges [13].

1.5 Membrane Based Separations

Gas separation technology involves the separation of individual gases or gas mixtures
from a combined stream, often for purification, recovery, or concentration purposes. Various
methods and technologies are used, including membrane-based separation, adsorption,
cryogenic distillation, and pressure swing adsorption, among others. These techniques play a

crucial role in industries such as petrochemicals, natural gas processing, air separation, and
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minimizing environmental pollutants, and optimizing various industrial processes.

Examples of gas separation technologies include: membrane based separation, this
process utilizes semipermeable membranes that allow certain gases to pass through while
blocking others. Examples include polymer membranes, inorganic membranes, and mixed
matrix membranes, used in applications such as air separation, carbon dioxide capture, and

natural gas purification.

Membrane-based separation processes involve the use of thin films that selectively
permit the passage of certain molecules or ions while restricting others. These processes can
be classified based on the pore size and pore structure of the membranes. Nanofiltration
membranes are instrumental in the separation of monovalent ions (such as Na*, CI', K") from
divalent ions (e.g., Mg®*, SO4*). Typically, thin film composite membranes or polyamide
membranes find widespread application in the nanofiltration process. Membranes featuring
pores or channels smaller than 1 nm are predominantly used for atomic or ionic level separation
processes like reverse osmosis, pervaporation, and gas separation. In the case of reverse
0smosis, it is a pressure-driven process where the feed is subjected to higher applied pressures
ranging from 15 to 60 bar. Electrodialysis and diffusion dialysis, on the other hand, represent
charge-based membrane processes where cation or anion exchange membranes are used
accordingly. For gas separation and pervaporation processes, dense membranes are utilized,
allowing molecules to traverse the membrane via the voids or channels created by the thermal
transitions of polymer chains. In these gas/pervaporation separation processes, molecule

transport occurs through the solution diffusion mechanism [19].
1.6 Solution Diffusion Mechanism

The solution-diffusion mechanism is a vital process observed in various membrane-
based separation techniques. It involves the dissolution of gas or liquid molecules into a dense
membrane, followed by their diffusion through the membrane to achieve separation. This
mechanism depends on the solubility and diffusivity of the target molecules within the
membrane material. It has found extensive use in gas separation, liquid filtration,
pervaporation, and other applications, making it a fundamental concept in the field of
membrane technology. In dense membranes, the mode of gas transport varies depending on the
nature of the polymer. In rubbery polymers, sorption is a prominent mechanism, where gas

molecules are absorbed into the membrane material. In contrast, in glassy polymers diffusion
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as their kinetic diameter allows them to diffuse more readily through the polymer structure
[20]. In this transport mechanism, the penetrants dissolve in the polymer, and the extent of
solubility depends on their condensability as well as the nature of the interaction between the
gas molecules and the polymer, as illustrated in Figure 1.3. Since the solution diffusion process
involves a combination of mechanisms, the sorption of the gas molecules at the upstream end
diffuses into the membrane and subsequently desorbs at the downstream side under the

influence of the generated pressure gradient.

Feed Gas Membrane Permeate Gas
Sorption b C,
ifr :
f‘b.%a Desorption Upstream Side
G
4 Downstream Side
Membrane
(a) (b)
Solution Diffusion Concentration Gradient

Figure 1.3: Schematic diagram of (a) Molecular transport in dense membrane through solution diffusion

mechanism and (b) concentration gradient across the membrane C; > C,

Thermodynamic partitioning activates transient gaps, generating free volume within
the polymer chains, which facilitates the diffusion of gas molecules through the dense
membrane. The transport of gas, as measured by the permeation rate, can be defined as the
number of molecules transferred through per unit area per unit time. The flux or permeation
rate can be described in terms of Fick’s first law. Hence, the permeability of a membrane is
determined by the interplay between solubility and diffusivity, which are controlled by
thermodynamic and kinetic factors. According to the equation mentioned, the membranes
permeability is intricately linked to its thickness. The permeability of the membrane is directly
related to the membrane thickness [21]. The permeate of these membranes is determined by a

thickness-dependent unit known as the Barrer, which can be defined as:

12| Page



3

75 g 30 P

sy

pIRAD iy,
‘s“\ '@QJV

(1.1)

& WAHAR,

L

Chapter 1: Introduction

i
g
i

0 cm3(STP).cm

Barrer = 10710 —;
cm<.s.cmHg

Where, cm® is the gas volume which diffuses in ‘s’ time (s) from ‘cm?’ area at ‘cmHg’
pressure through ‘cm’ thickness of the membrane. Since, in case of asymmetric membranes the
active thickness of the membrane structure is not readily known, therefore the permeability of
these membrane determines by the thickness independent formula i.e. Gas Permeation Unit

(GPU) where the permeate is directly pressure normalized flux,

6 cm3(STP)

cmZ.s.cmHg

GPU = 10- (1.2)

The transportation process works gradually to equalize the concentration difference or
the chemical potential of the penetrant in the phases separated by the membrane. This process
can be effectively explained through Fick’s first and second laws of diffusion. The product
diffusivity (D) have unit of cm?/s and solubility (S) have unit of (cm*(STP)/cm Hg), is called

the permeability coefficient, P,

So that,

P=D xS (13)

Gas transport within porous membranes is determined by the size of the pores in the

membrane.

The selectivity, which is the separation factor of a gas mixture composed of gas A and
B molecules, can be determined by dividing the permeability of the more permeable gas by the

less permeable gas. It can be expressed as:

P
app = A/pB (1.4)

The equation for the selectivity of component A over component B in a gas separation
process. Here, aap represents the selectivity, and Pa and P represent the partial pressures of
components A and B, respectively. Selectivity in gas separation refers to the ability of a
membrane or separation process to preferentially allow one gas to permeate through it over
another. It is a crucial parameter in understanding the efficiency and effectiveness of gas

separation technologies [22].
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1.7 Mixed Matrix Membranes

The concept of mixed matrix membranes (MMMs) was initially introduced by
Zimmerman et al. in the 1990s, aiming to overcome the limitations associated with polymeric
and thin film composite membranes [23]. These membranes offer a combination of the easy
fabrication process associated with organic polymeric membranes and the advantageous
mechanical strength and functional properties of inorganic materials. Key features of mixed
matrix membranes include high permeability, improved resistance to fouling, and increased
hydrophilicity. MMMs provide the opportunity for tailored water treatment membranes due to
their targeted functionalities, heightened selectivity, and superior mechanical, chemical, and
thermal stability. They enhance the thermal and mechanical stability of polymeric membranes
by mitigating the impacts of heating and membrane compaction, which often occur during the

initial stages of membrane operation, leading to irreversible flux decline.

The addition of mechanically robust fillers to the bulk macro void region of asymmetric
membranes serves to decrease structural losses, as the majority of compaction typically occurs
in this specific region of the membranes. Mixed matrix membranes (MMMs) combine the
properties of both organic and inorganic materials, thereby leveraging the advantages of each.
They are composed of a polymer matrix integrated with inorganic fillers or particles, which

often leads to enhanced gas separation performance.

By incorporating suitable additives, such as metal-organic frameworks (MOFs),
zeolites, or carbon nanotubes, into the polymer matrix, these membranes can exhibit improved
selectivity and permeability compared to traditional polymeric or inorganic membranes [23].
The synergy between the organic and inorganic components results in improved structural
stability and gas separation efficiency, making MMMs a promising area of research in
membrane technology. MMMs containing organic Metal Organic Framework (MOF) or
inorganic fillers (graphene, carbon molecular sieves, carbon nanotubes etc.) have been

incorporated in polymer membranes to achieve higher separation performance.

However, the compatibility of both polymer and inorganic phase in MMMs is essential
for molecular level separation. To improve the polymer particle adhesion, nanofillers has been

modified with different functionalities to create a defect free polymer matrix [24].
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1.8 The Robeson’s Upper Bound

The Robeson’s upper bound, often referred to as the Robeson plot or Robeson's limit,
is a graphical representation that establishes an upper limit on the trade-off between
permeability and selectivity in polymeric membranes used for gas separation. This concept was
introduced by Professor Lloyd M. Robeson in 1991 and later revised in 2008. The Robeson
upper bound is typically presented as a plot with permeability (P) on the x-axis and selectivity
on the y-axis. Permeability represents the ability of a membrane to allow a specific gas to pass
through, while selectivity is the ratio of permeabilities of two different gases. The upper bound
is essentially a performance limit that defines the best achievable combination of permeability

and selectivity for a given type of membrane material.

Robeson Upper Bound Y

Commercially
Interesting/Attractive
Area

Target

Selectivity

Permeability (P) —

Figure 1.4: Schematic of Robeson upper bound showing Mixed Matrix Membranes

The plot provides a useful guideline for researchers and engineers working on
membrane development. Membranes that fall below the Robeson upper bound are considered
to be promising candidates for practical applications in gas separation processes. It is worth
noting that the upper bound is not a fixed line but rather a region that membranes should ideally
approach for optimal performance. Advances in membrane technology strive to push the

boundaries of this upper bound to develop more efficient and effective membranes for various
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valuable tool in the field of membrane research and development, particularly for gas
separation applications. Here are some key applications and implications of the Robeson upper
bound: membrane material valuation, researchers use the Robeson plot to assess the
performance of different membrane materials. It helps in comparing the permeability and
selectivity of various polymers, determining their suitability for specific gas separation

processes [25].

The upper bound guides the optimization of membrane properties to achieve the best
trade-off between permeability and selectivity. It serves as a benchmark for setting performance
targets and improving membrane design. Membranes that fall below the Robeson upper bound
are considered promising candidates for real-world applications. Researchers focus on
developing membranes that approach or surpass this upper limit to enhance the efficiency of
gas separation processes. In industrial implementation, the Robeson upper bound helps in
selecting membrane materials for industrial-scale gas separation applications. Membranes that
demonstrate high selectivity and permeability, while approaching the upper bound, are more
likely to be viable for practical use. Researchers aim to push the performance limits of
membranes beyond the upper bound by exploring new materials, fabrication techniques, and
understanding the fundamental mechanisms governing gas transport in membranes.
Membranes that approach the upper bound can have significant economic implications. They
may lead to more energy-efficient and cost-effective gas separation processes compared to

traditional methods like distillation or adsorption.

In summary, the Robeson upper bound is a critical tool for evaluating, optimizing, and
guiding the development of polymeric membranes for gas separation. It plays a key role in
advancing membrane technology and facilitating the transition from laboratory-scale research

to industrial applications [26].
1.9 Applications of Gas Separation Membranes

Gas separation membranes find applications across various industries due to their
ability to selectively separate gases based on their molecular size, shape, and affinity to the

membrane material. Here are some common applications which in shows in Figure 1.5:
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Figure 1.5: Polymer Membrane industrial applications

Ongoing research and development in this field aim to improve energy efficiency,
reduce costs, and enhance the overall sustainability of gas separation processes. A multitude of
polymers and processes were developed to facilitate various types of separations, including
CO» separation, natural gas processing, H> recovery, volatile organics recovery from air

streams, air separation, and paraffin-olefin separation, among others.

1.9.1 Air Separation

Air separation is one of the fastest growing separation technologies, as both major
components of air, nitrogen (78%) and oxygen (around 21%), are elements of commercial
interest for numerous applications. O2/N2 separation can be classified as oxygen-enriched air
or nitrogen-enriched air based on the material properties. Oxygen-selective membranes can
yield a product stream with higher oxygen content (purity 25-50%), while the retentive stream
can contain nitrogen with relatively higher purity. Oxygen-enriched air is often used in

combustion processes to increase fuel efficiency by reducing hydrocarbons, smoke, and carbon
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packaging for long-term storage, inerting aircraft fuel tanks, and other applications [27].

In India, the primary natural gas producers include the Oil and Natural Gas
Corporation Ltd. (ONGC), Oil India Limited (OIL), and various private companies operating
in Tapti, Panna-Mukta, and Rawa. Most of the gas production stems from the western offshore
region, while the onshore fields in states such as Assam, Andhra Pradesh, and Gujarat
contribute significantly to gas production as well [28,29]. In the natural gas industry, strict
specifications and limits are enforced regarding the presence of impurities in hydrocarbon gas
and condensates supplied to processing plants and downstream consumers. Researchers are
increasingly embracing the use of small molecules as microstructural probes for studying

polymers [30,31].
1.9.2 Hydrogen Separation

Hydrogen gas purification through polymer membranes is a critical application in the
context of various industries. Polymer membranes are used for the selective separation and
purification of hydrogen gas due to their ability to allow the passage of hydrogen molecules

while blocking other gases [32]. Some specific applications include:

(a) Hydrogen refining and recovery: Polymer membranes facilitate the removal of impurities
from hydrogen streams produced during various refining processes, including petroleum
refining, ammonia synthesis, and coal gasification. This purification is essential to ensure
the high purity of hydrogen used in various industrial processes [33].

(b) Fuel Cell Technology: Polymer membranes play a vital role in hydrogen fuel cell
technology, where they are used for purifying hydrogen gas that powers fuel cells. These
membranes help in eliminating impurities and moisture from the hydrogen stream, which
is critical for the efficiency and longevity of fuel cells [34].

(c) Hydrogen Production from Biogas and Biomass: Polymer membranes are utilized in the
purification of hydrogen gas produced from renewable sources such as biogas and biomass.
This ensures the removal of contaminants and enables the generation of clean hydrogen for

various energy applications [35].

Overall, the application of polymer membranes for hydrogen gas purification is
instrumental in ensuring the efficient production, recovery, and utilization of hydrogen gas in

a wide range of industrial and energy-related processes [36,37].
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1.9.3 Carbon Capturing

Polymer membranes find important applications in the field of carbon capture and
storage (CCS) due to their ability to selectively separate carbon dioxide (CO2) from gas

mixtures [38]. Some specific applications of polymer membranes in carbon capture include:

(a) Industrial Emissions Control: Polymer membranes are utilized in capturing CO2 emissions
from industrial processes such as power plants, cement production, and steel
manufacturing. These membranes enable the separation of CO> from flue gas streams,
reducing the release of greenhouse gases into the atmosphere [39].

(b) Natural Gas Processing: Polymer membranes are used in the purification of natural gas
streams, aiding in the removal of CO; impurities to meet pipeline specifications. This
ensures the production of clean natural gas for various industrial and commercial
applications [40,41].

(c) Carbon Capture from Ambient Air: Polymer membranes are also explored for capturing
CO; directly from ambient air. This technology offers the potential to mitigate CO-
emissions from various sources, providing a promising pathway for carbon sequestration

and environmental remediation [42,43].

Overall, the application of polymer membranes in carbon capture technology plays
a significant role in reducing greenhouse gas emissions and addressing environmental concerns

related to climate change and global warming [44,45].
1.9.4 Food Packing Application

Polymer membranes play a crucial role in the food packaging industry, providing
various benefits such as extending the shelf life of perishable products, preserving food
freshness, and preventing contamination [46]. Some specific applications of polymer

membranes in food packaging include [47]:

(a) Oxygen Barrier Packaging: Polymer membranes with high oxygen barrier properties are
used to create packaging materials that prevent oxygen from entering the packaged food.
This helps to preserve the freshness and quality of the food, particularly for products that
are sensitive to oxidation, such as meat, cheese, and certain fruits and vegetables [48].

(b) Moisture Control: Certain polymer membranes are used in food packaging to regulate
moisture levels, preventing excessive moisture from entering or leaving the packaged

products. Polymer membranes are utilized in the production of packaging materials that
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of perishable food items. This helps to preserve the products under optimal temperature
conditions, thereby reducing the risk of spoilage and maintaining product quality [49].

(c) Modified Atmosphere Packaging (MAP): Polymer membranes are integrated into
packaging systems that facilitate the control and modification of the gas composition
surrounding the packaged food. This technology helps in prolonging the shelf life of food
by controlling the levels of oxygen, carbon dioxide, and other gases within the packaging

environment [50].

The use of polymer membranes in food packaging applications contributes
significantly to the enhancement of food safety, quality, and overall consumer experience by

ensuring the freshness and longevity of various food products [51].

1.10 Thesis overview

The proposed research delves into how modifying membranes affects transport
parameters, offering a comprehensive analytical study through various characterization
techniques. Chapter 1 of the thesis elucidates the background and objectives related to this

topic.

Chapter 2 encompasses the entirety of the experimental work, covering membrane
fabrication, gas permeation experiments, and additional analytical characterizations. It details
the various modifications implemented during the membrane synthesis process. Moreover, it
discusses gas permeation tests conducted using both constant pressure/variable volume and
constant volume/variable pressure systems. The chapter also elaborates on the mechanism and
precision of the constant pressure/variable volume system devised in our laboratory during this
research endeavour. Furthermore, it furnishes comprehensive information on system

specifications and other characterization techniques.

In Chapter 3, discussed about detailed study of polyimides composites with silica
nanoparticle and also thermal rearrangement process has been described. Additionally, this
chapter investigates the impact of the kinetic diameter of various gases slated for testing. Gas

separation analysis was also conducted through mathematical calculations.
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In Chapter 4.1, focuses about hydrogen gas permeation application. It includes, study
of dispersed graphene oxide (GO) in a polymer blend of polystyrene (PS) and poly(methyl
methacrylate) (PMMA) nanocomposite membranes. The permeability measurements indicate
that the GO nanofillers in blends of PS/PMMA have shown higher permeability for hydrogen
gas than that of pure polymers.

Chapter 4.2 includes the study of polymer material that gives low permeability
properties of material that will use as packaging material in the food industry. In chapter 4.2,
study of gas permeability, thermal stability and mechanical properties of pure polyethylene
terephthalate (PET), polyethylene glycol (PEG), their blends with weight percentage ratios of
PET: PEG (50/50 w/w%) and blend of PET/PEG composite with different weight percent of
DES/TiO2 nanofillers included.

In Chapter 5.1, study of combination of glassy and rubbery composition for the gas
transport process has been analysed by using blend of polystyrene (PS) and
polydimethylsiloxane (PDMS) blend. However, to make further modification the blends has
been composite with CNT nanofillers to fabricate blend-composite membranes and analyses in
terms of solubility, diffusivity, permeability and selectivity. The composite membrane
properties of PS/PDMS-CNT have been characterized by gas permeability measurement, and

other standard characterization.

In Chapter 5.2, characterization of blend of polystyrene (PS) and polydimethylsiloxane
(PDMS) blend composites with graphene oxide (GO) nanofillers as well as deep eutectic
solvent (DES) based DES/GO nanofillers membranes are outlined along with a single gas
permeation. The combination of glassy and rubbery polymers along with different wt% ratio
of GO and DES/GO nanofillers has been analysed for gas permeability, structural property,

mechanical property, thermal property and porosity of membrane.

Chapter 6 summarises of various studies in different chapters and describes the scope
of upcoming studies on glassy and rubbery polymer with different nanocomposite membranes
for various industrial applications. It also includes the whole resultant summary of the thesis

concluding necessary comments.
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