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Abstract

Air separation for the enrichment of oxygen (O2) and nitrogen (N2) gas has gained
substantial importance in both industrial and medical applications. Therefore, it is
imperative to separate O2 and N> gases from air mixture. For this purpose, it is proposed
to use composite membrane, which is regarded as one of the most innovative technology
in 21st century due to its remarkable characteristics. This research aiming for developing
high performance perm-selective composite membrane for O2/N2 gas separation for the
commercial applications such as blood oxygenator (Artificial Lungs). In-order to achieve
this purpose, initially through theoretical model and experimental phase diagram the
selection of polymer, compatibility between the layers and morphology of support
membrane were predicted. In second step, PVA support membranes were fabricated using
non-solvent induced phase separation (NIPS) process, which have the spongy
morphology, accordingly as predicted. Which were then optimized using variation in two
main parameters, polymeric concentration and coagulation residence time. In third step, a
thin mixed matrix membrane (MMMSs) based selective layer was coated on the skin layer
of PVA asymmetric membranes, having thickness of 7.06 pm forming a multi-layer
composite (MLC) membrane. This MMMs layer was composed of CA/PEG blend with
incorporated ZIF-8 particles. Through different characterization, the influence of
membrane thickness and PEG addition with respect to gas permeance and mechanical
properties were analyzed. In which SEM, XRD, FT-IR and UTM were used to study the
morphology, chemical structure, presence of different functional groups and membrane
mechanical properties respectively. In gas permeation test, it revealed that by reducing
thickness of membrane up-to 7.06 pm and addition of PEG, resulted in maximum O3> gas
permeance up-to 0.75 GPU at 2 bar. Which concludes that, by reducing membrane

thickness and addition of plasticizer, increases the gas permeance.

Keywords: Composite Membranes; Oxygen enrichment; Air Separation; O2/N>
Separation; Optimization Analysis; Multi-layer composite membrane (MLCM); Blood

Oxygenator Membrane.
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Chapter 1 - Introduction

1.1 Air Separation Background

Over the past few decades, air separation, for the purpose of enrichment of oxygen (O2)
and nitrogen (N2) has gained quite a substantial value in the commercial process
industries. As air is the main source of both oxygen (O2) and nitrogen (N2) as mentioned
in Table 1.1, it consists of 20.95 % of Oz and 78.09 % of N2. Whereas, remaining 0.96 %
comprises of other gaseous mixture. The purpose for its enrichment is that the O gas has
many application in chemical industries and medical sectors. In chemical industries, O2
gas is utilized in oxidation process in different chemical processes such as gasification
and natural gas purification, coal fired combustion engine and industrial furnace [1-3].
Aside from these application, it has been used waste water treatment process [4]. In
medical application, enrichment of O gas has also got extensive importance. As it is well
known that O gas has been used in various medical treatment and therapy such as, oxygen
therapy for the treatment of toxicity in blood (e.g. carbon monoxide toxicity reduction)
[5], other than this it is used in the treatment of novel corona virus (COVID-19) [6], open
heart surgeries and lungs transplantation [3, 7, 8]. The nitrogen (N2) gas can also be used
in variety of applications such as in food industries, pharmaceutical and chemical
industries like packaging, medicine and fertilizer production process [9]. Therefore a wide
range of conventional methods have been used for the applications of gas separation,
which are pressure swing adsorption (PSA), absorption and cryogenic distillation process
unit. Through PSA process 20-100 tons/day of O» gas can be produced having purity of
92 %. Whereas, through cryogenic method 100 tons/day with 99% of purity of oxygen
can be produced [10].

1.2 Comparison between membrane technology and conventional
technology

These conventional technologies have numbers of drawbacks such as these process are
highly energy intensive process, required large area (large footprint) and difficult to scale-
up due to its high cost of unit. Whereas, since 1970, Membrane based separation for air

(O2/N>) separation had attracted attention in both academia research and industrial sector



[11, 12]. The membrane technology has numerous advantages over the conventional

technologies for gas separation in industrial sector, which are mentioned below [9, 13]:
(1) It required no complex instrumentation to install the process.

(2) Gas separation (GS) is carried out continuously.

(3) Energy consumption is lower as compared to conventional technologies.

(4) Membrane technology can easily be combined with other separation technologies to

form a hybrid technology for GS application.
(5) It can be easily scale-up.
(6) Required no mass transfer agent or additive for the separation process.

(7) Membrane technology has greater flexibility in adjusting variable and designing

system.

(8) It’s a clean technology with operational ease, also considered as one of the green

technology system.

Table 1.1 - Unpolluted dry air composition by volume with K.D and M.W

Gases Percentage or Kinetic Molecular REF #
volume (ppm) Diameter (A) Weight
Nitrogen 78.084 % 3.64 28 [14, 15]
Oxygen 20.946 % 3.46 32 [14, 15]
Argon 0.934 % 3.40 40 [14, 16]
Carbon dioxide 360 ppm (variable) 3.30 44 [14, 15]
Neon 18.18 ppm 2.75 20 [14, 16]
Helium 5.24 ppm 2.60 4 [14, 17]
Methane 1.6 ppm 3.80 16 [14, 15]
Krypton 1.14 ppm 3.60 84 [14, 16]
Hydrogen 0.5 ppm 2.89 2 [14, 15]
Nitrous Oxide 0.3 ppm 3.30 44 [14, 17]
Xenon 0.087 ppm 3.96 131 [14, 16]




1.3 Membrane Technology

Membrane is a perm-selective barrier between two phases, which has the capability to
separate the feed stream into retentate and product streams through a certain driving force
gradient. The driving force can be concentration, pressure, temperature and electrical
potential gradients between the species of the feed gas stream. The membrane GS process
is depicted in Figure 1.1. Which represents that, the binary gaseous mixture stream is
separated through membrane into two stream, (a) product stream consist of component A,

enriched O stream gas and (b) remaining retentate stream with component B, enriched

with N2 gas.
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Feed (Air Mixture) srenenesse Retentate (Rich
l l l l l l l l l l ComponentO;Stretm)

——

Gas Components

>

° ° Permeate (Rich
/ Component N; with Other
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/ Molecules

Membrane

- Oxygen
Enriched
Stream

Figure 1.1. MBGS system diagram for air (O2/N;) separation

The following is the schematic diagram of membrane classification on the basis of nature,

structure, transport mechanism and geometrical configuration.



Membrane Classification
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Figure 1.2. Membrane classification schematic diagram

1.4 Composite Membranes

Composite membrane have the structure similar to asymmetric membrane, which consist
of one or more layer on top of porous support composed of different materials. The top
thin dense layer act as selective layer, helps in separating gas mixture components.
Whereas the bottom porous layer act as mechanical support provides negligible resistance
towards the gas transport. These membrane are preferred and used in various commercial
GS application. Due to this structural arrangement, these membrane are highly selective
towards components of gas mixture with high permeate flux at bearable high pressure
range. As compared to asymmetric membrane, composite membrane, shows numerous
advantages, such as (a) independent selection of materials for each layer (e.g. selective
layer and porous support layer) are possible. (b) Both selective and porous layer can be
independently prepared and then combined together. (c) As only thin selective layer, is
require on top of porous support in composite membrane, due to this reason expensive
materials for the selective layer can be use in less quantity [18]. Composite membrane

consist of two or more layers, dual-layer composite (DLC) membrane consist of two



layers as illustrated in Figure 1.3 (a), However to enhance its lifespan, protective layer are

also applied on top of selective layer as illustrated in Figure 1.3 (b).

{;
SELECTIVE LAYER f,ﬁf PROTECTIVE LAYER /
//; /
f’( SELECTIVE LAYER /
¢ L —
POROUS LAYER —> POROUS LAYER ———»

(a) (b)

Figure 1.3. Composite membrane types (a) DLC membrane, (b) DLC membrane with

protective layer

1.4.1 Dense Membrane (Selective Layer)

Dense selective membranes follows solution diffusion model, which relies on Fick’s law
of diffusion. The driving force of gas molecules transport is due to concentration gradient
through the membrane. In composite membrane, dense selective layer can be composed
of one or more than one polymer with addition of nano-particles. Which includes MOFs,
COFs, ZIFs, Zeolites, magnetic particles and MWCNTSs etc. Gas permeability of
membrane depends on two main factors, which are diffusion and sorption coefficient.
Whereas, diffusion of gas molecules through a dense layer also depends on the thickness
of membrane. Gas permeation rate can be increased by reducing the thickness of
membrane. But the major problem is that, by the reducing its thickness, the membrane
become fragile. This issue can be overcome, by using a porous mechanical support in
composite membrane. Through which, the membrane shows, durability and high perm-

selective nature in MBGS process [9, 19, 20].

1.4.2 Porous Membrane (Support Layer)

In a composite membrane, porous support layer provides mechanical support to the
selective thin dense layer, which shows negligible resistance towards the gas transport and
follows pore flow model as represented in Figure 1.4. These membranes are generally
fabricated from the phase inversion method proposed by Loeb-Sourirajan (LS), which
involves immersion precipitation of polymeric solution in a coagulation bath. This
technique is also called as non-solvent induced phase separation - NIPS method for the

preparation of anisotropic porous membrane. However, some porous support membrane



may have a thin dense top layer, that doesn’t consist of any pores. In this scenario, the
support layer materials also contributes to the gas selectivity nature of the membrane
separation process. Which depends on the properties of the materials and thickness of

asymmetric membrane skin layer.

ASYMMETRIC MEMBRANES POROUS SUPPORT

Porous skin layer Honporous skin layer

Figure 1.4. Types of Asymmetric structure polymeric porous support membranes

Although, there are other method for the fabrication of support layer. These method
includes, Porogen addition, Track-etch and expanded film method. But through these

methods, isotropic (symmetric) porous membrane are fabricated [9, 19, 20].

1.4.3 Protective Layer (Additional Layer)

In composite membrane, additional layer made of different polymer (e.g. Pebax polymer)
are usually applied on top of selective dense layer. Which protects the soft surface
selective layer of the membrane from being damaged during the handling of membrane
and module fabrication process, e.g. fabrication of membrane module having high packing

density and plug the defective area of surface [9, 20-22].

1.5 Composite membrane criteria for GS applications

The selection of material for the composite membrane for GS process relies on its physical
and chemical properties of materials, since these material are used to fabricate into
composite membrane for the GS applications. In order to separate gas mixture, composite

membrane should possess number of properties, which are mentioned below [23].



e The selective layer should have high selectivity towards the required component
of gas mixture.

e The composite membrane should have good adhesion and compatibility between
layers.

e High permeability/flux towards the selected component of the gas mixture stream.

e It should be thermally and chemically stable.

e Having long shelf life.

e Fouling resistance.

e Higher mechanical strength.

e Plasticization resistance.

e |t should be cost effective (economically good).

e Should be able to cheaply produced and manufactured into various modules of

membrane.

1.6 Gas transport mechanism of composite membrane

A membrane separates a gaseous mixture components on the basis of difference in their
permeability through the membrane materials. In-order to achieve higher performance
MBGS, a greater difference between the permeability of both component i and j needs to
be required. For that purpose, gas molecules physical and chemical properties as well as
its interaction with membrane material needs to be considered. There are different
mechanism of gas transport that can be employed in composite membrane. As by
incorporating, nano-particles such as MOFs, COFs, ZIFs, MWCNTSs, magnetic particles,
silica etc. in polymer matrix, these membrane can exhibits the following mentioned

mechanism.

1.6.1 Solution Diffusion

Dense selective membrane has no pores or channels for the transport of gas, it follow
solution diffusion mechanism. There are three main steps occurred in this transport
mechanism. (a) It absorbs a specific gas component of the mixture at higher pressure. (b)
In second step, due to the concentration gradient, absorbed gas diffuses through the

membrane. (c) At last step, the gas desorbs at the permeate side, under lower pressure. In



this mechanism, the gas components of the mixture separates on the basis of difference in

their permeability through membrane [9, 20, 24].

1.6.2 Molecular Sieving Effects

In this mechanism, the separation of gas components takes place due to difference in their
kinetic diameter (K.D) as mentioned in Table 1.1. By incorporating different nano-
particles in dense polymeric membrane, the selective layer can also exhibits molecular
sieving effects with the combination of solution diffusion mechanism. As different nano-
particles, such as (MOFs, COFs, MWCNTSs, etc.) have different sizes of pore aperture,
which acts as molecular sieve towards the gas components of mixture [9, 20, 25-27].

1.6.3 Facilitated Transport

This mechanism of gas transport also works with the combination of solution diffusion in
composite membrane. In this mechanism, the gas components of the mixture is separated,
by forming a complexes through temporary bonding with carrier. These complexes, then
diffuses across the membrane, due to the concentration gradient. Afterwards, complexes
undergoes through reversible reaction, which releases gas component at the permeate side

under lower pressure [9, 28-30].

1.6.4 Factors affecting MBGS in dense selective layer

Membrane act as a selective barrier towards the species present in gaseous mixture. Which
represents the separation of air (O2/N2) through a composite membrane. The gas
separation performance relies on the Fick’s law. The product stream is enriched with
desired gas component such as O» gas, whereas retentate stream is enriched with
remaining (undesired gas) components of the mixture such as N2 gas. There are two main
factors, that represents the performance of membrane (i) permeability of desired gas

component (P;;), (ii) Selectivity («;;) of gas components passes through membrane as

represented in below mentioned mathematical equations.

QAL
= Egq(1.1
P=SxD Eq (1.2)



P(i)
O(i/j = P_(l) Eq (1.3)
Where Q = Flowrate of permeate gas. A = Area of membrane, AL = membrane thickness.
AP = pressure difference, Pi = permeability of desired component. P; = permeability of
undesired component and its unit is Barrer = 1071° (cm?3. (STP).cm/cm?2.s.cmHg). Whereas,
in thermodynamics term permeability is the product of solubility (S) and diffusivity (D)
of the gas permeate through membrane. The selectivity (a) term defines, the affinity of
membrane towards the gas components of mixture. In mathematical term, it is a ratio
between the permeability of binary gas components. However, in some cases permeance
is used to express the ability of a gas to permeate through a membrane having a specific
thickness. It’s unit is GPU = 10® (cm® (STP)/cm?.s.cmHg) [9, 20].

1.7 Composite Membrane Fabrication Methodologies

Composite membranes generally fabricated by deposition of a thin top dense layer on a
porous sub-layer, composed of different materials. During past years, many methods have
been developed for fabricating defect free composite membrane such as solution casting,
dip coating, spin coating, interfacial polymerization, and chemical vapor deposition
(CVD).

1.7.1 Solution casting

Solution casting is one of the most commonly used method for the fabrication of
composite membrane in lab scale. In this technigue, an automatic or manual membrane
caster consist of doctor blade, is generally used to apply coating on the surface of porous
support membrane. The thickness of coated layer is control by adjusting distance between
the doctor blade and porous substrate. The selective layer thickness can be controlled
below 10 pum, but practically fabricating thickness below 1um is quite challenging task
[9, 20].

1.7.2 Dip coating

Dip coating method is simplest method for the fabrication of composite membrane. In
which, selective layer is deposited by dipping the porous support layer in the polymer
solution for some time and then lifting at a controlled speed. The main parameter to control
the thickness of coating are as mentioned below:



e Polymeric solution concentration.
e Dipping time.
e The speed for the withdrawal of porous support.

e Evaporation rate and environmental impact.

On the basis of these parameter several predictive mathematical models have been
developed to predict the coated layer thickness such as Landau and Levich model equation
as mentioned below

2
/
h=c=* ﬂ Eq(1.4)

1 1
y 76(pg) /2
In which h is the coating thickness, ¢ is a constant (0.944 for Newtonain liquids), n
denoted as the liquid viscosity, U is the speed of withdrawal, whereas y is the surface
tension of liquid against air and p is the liquid density. However, through this method, the

coated layer thickness can be fabricated below 5 um [19, 31].

1.7.3 Interfacial Polymerization

Interfacial polymerization, is another method for the fabrication of composite membrane,
proposed by John Cadotte, which is further developed by North Star Research. In this
method a porous support layer is dipped in a reactive coating solution in-order to deposit
it, in the pores of porous layer. This coated support layer was then immersed in a reactant
bath for some time, forming highly crosslinked selective layer on the surface of porous
substrate. At the end, heat treatment is often applied in-order to complete the fabrication
process. Through this method, the dense layer thickness, can be achievable up-to a range
of 0.1 um or less. This type of membrane showed high selectivity and high permeability
due to its thinner selective layer and highly crosslinked material on the surface of porous
substrate. However, the selectivity of membrane depends on the nature of material used
in the fabrication of composite membrane. Aside from the GS application, this technique
has also used for the fabrication of reverse osmosis (RO) membranes, which showed
higher permeation flux and salt rejection as compared to commercially prepared RO
membranes [9]. The major problem in the composite membrane prepared through this

method is less crosslinked hydrogel formation in the pores of support membrane. When
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dried, it becomes rigid and adds resistance towards the gas transport but in case of RO,
this layer stayed hydrated during the process, which offers less resistance towards the
water flux. This problem of less crosslinked hydrogel formation can be prevented by
adding a gutter layer on the porous support before immersion of porous support in the
reactive material solution [9, 32].

1.7.4 Spin-coating

Spin-coating is a film coating method, which is widely used for the fabrication of
composite membrane. The device used for this process is called spin-coater. In this
method a thin uniform coated layer is produced by spreading polymeric solution onto a
rotating porous substrate through centrifugal forces. Whereas the solvent evaporation
during this process is highly depended on the nature, properties and speed of spinning. As
evaporation process is accelerated by air flow induced mechanism through high rotation
speed. Due to this reason, the film solidified within a minute during the spin coating
process. In industries, spin-coating method is usually used for the manufacturing of
advanced electronic devices. The coating layer thickness can be controlled by changing

the rotation speed and concentration of polymeric solution [33].

1.7.5 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a film deposition technique, in which through
chemical treatment, vapors of materials are deposited on the surface of substrate [34]. The
film deposition can be controlled through changing the parameters of chemical reaction.
Which includes materials of substrates, temperature, total pressure applied, flow rate and
composition of gas mixture used for reaction etc. [35]. CVD can also be used for material
deposition process that are insoluble in nature. Another advantages of this method is that,
it can be used for surface modification of substrate, such as narrowing the pore size by
deposition of material on the surface of porous substrate [36-38].

1.7.6 Post-treatment

After fabrication of composite membrane, post treatment are required in most cases,
which could leads to the high GS performance. Generally, many researcher used various
techniques for the post treatment such as high temperature oven drying for few hours after
freshly fabricated composite membrane, which remove residual solvent present in
membranes [39-42].
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1.8 Motivation

Air is the main source of both oxygen (O.) and nitrogen (N2) gas. Both these gases are
used in different industrial and medical applications. Therefore it’s imperative to separate
0. and N2 gas from air mixture. For that purpose, a cost effective separation process is
required. Since composite membrane technology is considered as one of the most
innovative technology in 21% century due to its remarkable characteristics and has fewer
requirements in terms of cost, energy and maintenance. Which gives us motivation to
explore this area further, in-order to make it more feasible at industrial scale for O2/N:

separation.

1.9 Aim of Research

The aim of this work is to, initially fabricate and optimized PVA based porous support
through NIPS method. Afterwards, synthesized a mixed matrix based composite
membrane, having active layer composed of Cellulose acetate (CA) and Polyethylene
Glycol (PEG) blend incorporated with ZIF-8 as filler. Then characterized it using various
analytical techniques, such as SEM, Gas permeation, FT-IR, XRD and mechanical testing
in-order to investigate the morphology of composite membrane, O2/N2 gas separation
performance, chemical structure, crystallinity and their mechanical properties

accordingly.

1.10 Qutlines of the Thesis

15t Chapter comprises, the introduction of air separation (O2/N.), convectional
technology for air separation and its comparison with membrane technology, introduction
to membrane technology, membrane classification, composite membrane and its
components. The different gas transport mechanism of composite membrane and factors
that affects the gas transport behaviour, state-of-the-art fabrication methodologies of

composite membrane, motivation and objective of this research work are also included.

2"d Chapter comprises, the literature review of different dense, asymmetric and
composite membrane material for O2/N2 separation. Additive in active layer such as
incorporated nano-particle, active layer thickness, support layer thickness, fabrication
methods of composite membrane, characterization, module/configuration, operating

conditions and their GS properties are also included.
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3rd Chapter summarizes theoretical solubility analysis of different solvents with the
selected polymer, in-order to predict and ensure the compatibility between multiple layers

of composite membrane.

4™ Chapter summarizes materials selection, experimental techniques used to synthesize
the composite membranes, and details of characterization techniques in-order to evaluate

its properties.

5% Chapter comprises, results and discussion of data obtained from different
characterization techniques utilized to evaluate quantitatively and qualitatively all

fabricated membranes.

Lastly, we conclude the entire work followed by list of recommendations for future

research work.
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Chapter 2 — Literature Review

2.1 Membrane Technology for O2/N separation

Throughout the years, different membranes were produced for air separation (O2/N2)
separation. As air is the main source of both oxygen (O2) and nitrogen (N2) gas as
mentioned in Table 1.1, it consists of 20.95 % of O, 78.09 % N and remaining 0.96 %
comprises of other gaseous mixture [14]. For its separation, membrane technology is
considered as one of the innovative green technology. These membranes includes pure
polymer based membranes, polymer blend membranes, mixed matrix membranes

(MMMs), composite membranes and facilitated transport membranes.

2.2 Polymeric membranes

Since 1970, polymeric membrane have been used for air (O2/N2) separation. These
membranes have several economic benefits such as, ease of material availability, light
weight, low cost, state-of-the-art membrane fabrication process and high selective nature.
The performance of membrane depends on the nature of polymeric material used. On the
basis of glass transition temperature (Tg), the polymeric materials are classified into two

main types, glassy polymer and rubbery polymer.

2.2.1 Glassy Polymers

Glassy polymers have glass transition temperature (Tg), higher than the room temperature.
These polymers showed high gas selectivity and low permeability as compared to rubbery
polymers due to its tough and rigid structure. As gas permeation in polymers depends on
the mobility of chain and free volume. These polymer possessed structure, that have steric
hindrance around the main chain, which prohibits the rotation of segments around the
main chain of the polymer [9, 20, 43]. However, glassy polymer have high gas
permeability, possessed rigid and twisted backbone of macromolecules, which provides
micro voids for the gas permeation such as in perfluropolymer, PIMS (polymers of
intrinsic micro porosity) and some polyimides [44, 45].

Some of the glassy polymers that are used for the commercial scale fabrication of
membranes are Cellulose acetate (CA), Polysulfone (PSF), Polyamide (PA),
Polyetherimide (PEI) and Poly (propylene oxide) (PPO) as mentioned in Table 2.1.
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Table 2.1 - GS Characteristics of glassy polymers for O./N, separation

P(O2)
Polymers 0.02/N2 REF#
(Barrer)
Cellulose Acetate (CA) 0.79 59 [46]
Cellulose Nitrate (CN) 1.95 16.8 [46]
Ethylene Cellulose (EC) 14.7 3.32 [46]
Polyvinyl Alcohol (PVA) 0.03 3.33 [47]
Poly propylene oxide (PPO) 16.8 4.4 [48]
Poly sulfone (PSF) 1.5 5.8 [49]
Poly amide (PA) 3.1 6.7 [50]
Polyetherimide (PEI) 0.4 8.2 [24]
Polycarbonate (PC) 15 5.8 [24]
Polymers of intrinsic micro porosity
370 4 [45]
(PIM-1)
Polymers of intrinsic micro porosity
190 4.5 [45]
(PIM-7)

2.2.2 Rubbery Polymers

Rubbery polymers have glass transition temperature (Tg), lower than room temperature
(RT). In structure of these polymers, the segments of the polymer chain, can freely rotates
around the main chain axis. Which makes them elastic and soft. Due to these
characteristics, rubbery polymers like Polydimethylsiloxane (PDMS) and Poly (1-(tri-
methylsilyl)-1 propyene) (PTMSP), showed higher permeability of gas as represented in

Table 2.2. However, they have lower O2/N2 selectivity as compared to glassy polymer.
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This might be due to the free volume present in the polymeric chain (-(CHs)2 SiO-) and

flexibility of siloxane group (-SiO-).

Table 2.2 - GS Characteristics of rubbery polymers for O/N; separation

P(O2)
Polymers 0/02/N2 REF#
(Barrer)
PDMS 800 2.00 [51]
PTMSP 8800 1.375 [52]

2.3 Polymer Blends

Polymer blends is a combination of two or more polymers. In-order to combine their

properties in the resultant membrane, the blending of polymers is done by mixing one

polymer into other polymer in certain proportions. There are three types of blending of

polymers (1) miscible polymer blends, in which the polymer blends are in homogeneous

form, having single glass transition temperature (Tg), (2) Compatible polymer blends are

miscible blends in a certain composition range and temperature and (3) immiscible

polymer blends are in heterogeneous form, having two glass transition temperature (Tg)

[53-55]. The polymeric blends, which have been studied for O2/N. separation by many

researchers are mentioned in Table 2.3.

Table 2.3 — GS characteristics of polymer blends membrane for the O2/N; separation

P(O2)
Polymers 0L02/N2 REF#
(Barrer)

PVP/EC (50/50) 3.10 5.90 [56]
PLA Blend (10/0) 0.36 6.22 [57]
PLA Blend (8/2) 0.31 6.67 [57]
PU/PVAC (80/20) 2.71 4.92 [58]
SBR/NR (50/50) 602 5.80 [59]
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Li et al. [56] investigated blends of PVP (poly (4-vinylprimidine) with EC (ethylene
cellulose) at variable PVVP content of (0 — 100 wt. %). The membrane were prepared using
solution casting method. Afterwards, the membranes were tested at pilot scale in-order to
study the permeability of different gases including O2/N2 gas through PVVP/EC blends.
They found that, by increasing the content of PVVP from (0 - 100 wt. %), the selectivity for
O2/N2 gas separation increased. Whereas, the permeability of O, reduced. In the range of
50 — 60 wt. % of PVP, sudden increased in selectivity was observed, however the
permeability of O. gas decreased. This sudden increment resulted due to the increase in

volume on mixing of the different polymers solution.

Komatsuka et al. [57] investigated PLA (poly (lactic acid)) based blended polymeric
membranes. The PLA blend (10/0) membrane showed O>/N> selectivity of 6.22 and O>
gas permeability of 3.34 Barrer. Whereas, the selectivity of PLA blend (8/2) showed,
higher O2/N; selectivity of 6.67 and permeability of Oz is much lower as compared to
(10/0) PLA blend, which was 0.33 Barrer. This increment of O2/N> gas selectivity and
decrement of O gas permeability was due to the enhancement of crystallinity. Ghalei et
al. [58] studied PU - poly (urethane) with PVAc - poly (vinyl acetate) polymeric blends
for GS applications including O2/N2 separation. They found that, by increasing the
contents of PVAc up-to 20 wt. %, the selectivity of O2/N2 increased, whereas the
permeability of O, gas decreased. S.C. George et al. [59] studied blend of styrene-
butadiene rubber (SBR) with natural rubber (NR) and investigated its O2/N2 gas separation
properties, They observed that, SBR/NR (50/50) has optimum O2/N: selectivity of 5.80
with O2 gas permeability of 602 Barrer. This high permeation rate of O gas is due to the
rubbery polymer having rotating segment, which allowed high permeation rate of gas.

2.4 Asymmetric membranes

Asymmetric membrane consist of two layers skin layer on top of porous support.
However, both layers of these membranes are composed of same polymeric materials.
These membranes are commercially prepared through phase inversion method. There are
four (4) different approaches for phase inversion method. Which includes (a) Non-solvent

induced phase separation (NIPS) method. (b) Vapor induced phase separation (VIPS)
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method. (c) Solvent induced phase separation (SIPS) method. (d) Temperature induced
phase separation (TIPS) method. Asymmetric membranes are used in different
commercial scale GS processes, due to its highly compact and durable structural design
[60]. The polymeric asymmetric membranes for O2/N2 separation are mentioned in Table
2.4.

Table 2.4 — GS characteristics of polymeric Asymmetric membranes for the O2/N,

separation
Skin Layer
Polymers _ P(O2) 0O2/N2 REF#
Thickness
Cellulose
- 4.41 (GPU) 2.62 [61]
Acetate (CA)
3.2x 107
Polyimide (PI) 2.6 um (cm?® (STP) 11.5 [62]
/cm?.s.cm.Hg)
Polysulfone
0.12 um 8 — 18 (GPU) 47-59 [63]
(PSF)
PLA - 0.34 (GPU) 1.03 [64]

F. Mohamed et al. [61] studied CA asymmetric membrane for O2/N2 gas separation by
varying coagulation bath solvents. Through this study, they observed that by using
combination of methanol and n-hexane, the O. permeance increased up-to 4.41 (GPU),
with highest O2/N2 selectivity of 2.62. Whereas, H. Kawakami et al. [62] studied PI based
asymmetric membrane for O2/N. separation performance. Which showed that, the
fabricated asymmetric membranes have the highest O2/N; selectivity of 11.5 with O2 gas
permeance of 3.2 x 10 (cm® (STP)/cm?.s.cm.Hg). Pesek et al. [63] studied polysulfone
(PSF) based asymmetric membranes for the O2/N> GS application. The fabricated
membrane showed O2/N; selectivity in the range of 4.7 — 5.9 with O2 gas permeance of 8
— 18 (GPU).

Another researcher F. Mohammed [64], investigated PLA flat sheet asymmetric
membranes of variable concentration (15 — 25 wt.%) for O2/N2 separation. The main
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advantage of using these membranes in GS application is due to its bio-degradable nature.
The fabricated membranes were tested on pilot scale for gas permeation properties at a
pressure range of (5 — 11 bar). Through this, study they observed that, PLA asymmetric
membrane at 15 wt. % showed the highest selectivity of 1.03 and O gas permeance of
0.34 (GPU).

2.5 Mixed Matrix membranes

Mixed matrix membranes (MMMs) are composed of an inorganic or a hybrid material
(inorganic — organic) in the form of nano or micro particles incorporated within polymeric
matrix. In which usually polymer phase is the continuous phase, while additives are in the
form of discrete phase. By combining the properties of both inorganic particles and
polymeric materials, these membrane possessed high selectivity, permeability and
mechanical properties. Due to these properties, MMMs membrane have the capability to
cross Robeson upper bound curve [9, 65-68].

For the effective development of MMMs, some of the factors needs to be considered,
which are mentioned as: (1) Selection of polymeric materials and fillers is the most
important aspect. As filler interaction with polymer depends on shape, size and filler
concentration that effects the MMMs GS performance [69, 70]. (2) Compatibility between
the polymeric matrix and the filler should be ensured. As poor compatibility between
polymeric matrix and the fillers leads to the poor GS performance. In-order to ensure its
compatibility, different compatibilizers have been used. Which enhances the interaction
between the polymer and filler [71, 72]. Other methods to resolve this problem are priming
[73] and annealing method [74]. (3) Concentration of fillers in polymeric matrix should
be optimum in-order to prevent agglomeration. As high loading of filler caused
agglomeration. Which leads to the development of voids and gaps, causes reduction of
GS performance. This problem can also be resolve by proper stirring, sonication of
mixture of polymeric solution and filler. Another method is by using charged surfactants
in the solution, can also reduce this issue [75]. Some of the MMMs membranes for O2/N>

separation are mentioned in Table 2.5.
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Table 2.5 — GS characteristics of mixed matrix membrane (MMMSs) for the O2/N;

separation
Filler
Operating P(O2)
Polymers . GO2/N2 REF#
) Conditions | (Barrer)
Types | Loading (%)
2 3.15 4.11
35 3.19 5.33
Cellulose P=25-4
Acetate ZIF-8 5 bar 3.36 9.58 [76]
(CA) T=25°C
8 4.64 2.89
11 4.10 1.62
8 2.53 5.42
MIL-
PSE 16 T=25°C 4.11 6.02 [77]
101
24 5.25 5.42
10 2.30 8.40
T=35°C
Matrimid | MOF-5 20 2.90 7.20 [78]
P= 3atm
30 4.12 7.90
10 3.53 5.13
20 7.96 5.97
PSF CMS - [79]
30 6.71 3.69
35 17.03 2.84
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S. Azam et al. [76], studied cellulose acetate (CA) mixed matrix membranes (MMMSs)
incorporated with ZIF-8 at variable filler loading of 2 — 11 wt. %. Which showed that, by
adding ZIF-8 in cellulose acetate — CA polymer increased its selectivity up-to 4 times
higher than the pristine CA polymer. Jeazet et al. [77], investigated the influence of MIL-
101-Cr (water-stable) as a filler for O./N> gas separation. Different MMMs were
fabricated at a filler loading between 8 — 24 %. They reported that, the permeability of O>
gas was enhanced up-to 6 Barrer and also the highest O2/N. selectivity of 6 was

documented.

Perez et al. [78] also studied MMM s for O2/N; separation. In this Matrimid membrane
MOF-5 nano-crystals were incorporated with different filler loading between 10 — 30 wt.
%. Through this investigation, they founds that, by increasing MOF-5 filler loading from
10 — 30 wt. %, the permeability of Oz increased, while the selectivity of O2/N. remains

constant as compared to pure matrimid membrane.

Ismail et al. [79], fabricated polysulfone (PSF) MMMs, incorporated with carbon
molecular sieves (CMS) at different loading of 10 — 35 wt. %. Which signifies that, by
increasing filler loading, the selectivity also increased. Whereas, at 20 wt.% filler loading

showed the most highest O2/N; selectivity of 5.97 with O, permeability of 7.96 Barrer.

2.6 Composite Membranes

Composite membrane are composed of multiple layers, having top dense selective layer
beneath the porous support layer. However, unlike asymmetric membrane both layers are
composed of different materials. The GS were carried out through the selective layer,
whereas porous membrane, only provides mechanical support to the thin top dense layer,
having lower or negligible resistance towards the permeated gas components [80]. Some
of the composite membranes for O2/N2 separation are mentioned in Table 2.6.

Recently Nikpour N. et al. [81], fabricated flat-sheet DLC membrane, in which active
layer was based on mixed matrix membranes (MMMs), composed of Pebax-1657
incorporated with BaFe12019 nano-particles. It was coated on a PES porous support layer
by using solution casting method. The GS performance of these membranes showed,
O2/N; selectivity of 3.34 — 4.01 and O, gas permeance in range of 0.08233 — 0.06377
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(GPU) at a magnetic field (H = 0.5 T) and temperature of 25 °C. K.C. Chong et al [82]
developed a DLC hollow fiber membrane for oxygen enrichment through dip-coating
method. Which consist of active layer of Poly (ether block amide) having thickness of 50
+ 4 um. Whereas, the support layer is composed of PSF polymeric material. The
membrane showed O2/N; gas selectivity of 3.71 and O gas permeance of 39.81 (GPU) at
a pressure of 5 bar. However further studies on PEBAX polymer as coating material
needed to be considered for the improvement of air (O2/N>) separation performance.

M. Salehi Maleh et al. [83], produced three different flat-sheet DLC membranes, using
solution casting method. These membranes consist of a MMMs based active layers and
porous support. In which, three nano-fillers, such as NaX, ZIF-8 and SiO- particles were
incorporated in each Pebax 1657 polymer matrix (active layer) on top of PES support
membrane. These DLC membranes showed, O2/N> gas selectivity of 6.06, 3.85 and 3.52
respectively. Whereas, O2 gas permeance of 2.87, 4.01, 3.17 (GPU) were observed
respectively, at a temperature of 25 °C and pressure of 4 bar. Mohammad R.M et al. [84],
fabricated a hollow fiber multi-layer composite (MLC) membrane, by applying PDMS
coating having thickness of (11.85 — 11.17 um) on recycled/used RO membranes, that
were composed of PSF/Polyester layer by layer assembly. Dip-coating method was used
to fabricate the coated hollow fiber. The MLC membranes, showed maximum O2/N. gas
selectivity of 5.92, having O2 gas permeance of 0.7104 (GPU).

S.A. Habibiannejad et al. [85], investigated functionalized multi-wall carbon nanotubes
(MWCNTS) for GS separation. In which blend of Pebax-1657 and MWCNTSs (fillers)
based selective layers were coated on the PES porous support membranes by using
solution casting method. The MWCNTS prior to embedding in the polymer matrix, were
functionalized with carboxylic, amine groups and Triton X-100 as a strong surfactant. The
thickness of active layer and porous support membranes were 20 + 5 um and 50 + 5 pm
respectively. The maximum O2/N2 gas selectivity in the range of 2.5 — 6.5 was achieved
by CNTX-100 and CNT — NHs DLC membranes. Which showed O> permeability in the

range of 4.2 —5 (Barrer) and 2.7 — 3.5 (Barrer) at a pressure range of 3 — 7 bar accordingly.

H. Nagar et al. [28], investigated air (O2/N2) separation through facilitated transport
membrane. In which O; gas permeated through Pebax polymeric membrane incorporated
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with cobalt (CoPc) complexes. In this investigation, thin film composite (TFC) membrane

were fabricated by thin coating layer of Pebax-1657 incorporated with a cobalt (1)

pthalocyannine (CoPc) compound on a ultra-porous support membrane, composed of

PES. Effects of feed pressure and concentration of CoPc compound were also evaluated,

which showed enhanced selectivity from 2.9 to 8.5 by increasing the concentration of

CoPc loading from 0 — 1 wt. % at a constant pressure of 2 bar. Whereas at maximum

selectivity, the O gas permeance of 1.12 + 0.108 (GPU) was observed.

Table 2.6 — GS characteristics of Composite membranes for the O,/N; separation

Active Support — .
.| Fabrication Operating REF
L_ayer/ Layer/Thi Method Module Condition P(O2) | a(O2/N2) 4
Thickness ckness
Pebax 1657 H=05Tat | 0.08233
- PES Solution- Flat 25°C - 3.34 - [81]
BaFe12019 (-) casting sheet P=2-10 | 0.06377 4.01
4 um bar (GPU)
Poly (ether
block PSF Dip-coating | Hollow _ 39.81
amide) ) Method | Fiber | ©~ - °P | @pyy | 37 | I8
50+ 4 ym
Pebax .
PES Solution Flat T=25°C,P 2.87
1652;' ax ) casting sheet =4 bar (GPU) 6.06
16;;’?2"";; o| PES Solution Flat | T=25°C,P| 401 285
‘) ) casting sheet =4 bar (GPU) ' [83]
R PES Soluion | Flat |T=25°C,P| 317 -
) 2 ) casting sheet =4 bar (GPU) '
PSF (-) +
PDMS
Polyester . . Hollow P=1-5 0.7104
(11.85 - Layer Dip-coating Fiber bar (GPU) 5.92 [84]
11.17 pm) )
Pebax 1657 PES ,
Solution Flat P=3-7 3
(20£5 (50£5 Casting Sheet bar (Barrer) 3.00 [85]
pm) pm)
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Pebax 1657

CNT PES Solution | Flat | P=3-7 |28-35| 25-
COOH, (50£5 Casting Sheet bar (Barrer) 3.00 [85]
(20+5 um) '
pm)
Pebax 1657
CNT - PES Solution | Flat | P=3-7 | 27-35| 3.00-
NH: (50£5 Casting Sheet bar (Barrer) 6.5 [8]
(20+5 pm) '
pm)
Pebax 1657 PES
CNTX 100 Solution Flat P=3-7 4.2-5
(20+5 (50£5 Casting Sheet bar (Barrer) 25-63 | [89]
pm)
pm)
Pebax 1657
CNT- PES . _
COOHs | (50£5 SCOa::ttllr?; SFhIS;t " _bif ! (B;}fer) 3-5 | [89]
(20+5 pm)
pm)
Pebax 1657
Cobalt (1)
phthalocya : 0.06 +
nime Pf)s sotion | P& | p=apar | 0005 | 29
(CoPc) — 0 g (GPU)
%
()
Pebax 1657
Cobalt (1)
phthalocya . 0.16 +
nime P(I_E)S Scoalsttilr?n Slﬂ:;t P =2 bar 0.015 4.1
(CoPc) — g (GPU)
0.01%
() [28]
Pebax 1657
Cobalt (1)
phthalocya : 0.38 +
nime Pf)s soltion | P& | p=opar | 0028 | 63
(CoPc) — g (GPU)
0.1%
()
Pebax 1657
Cobalt (1)
: 0.73 +
phth_alocya PES Solut_lon Flat P =2 bar 0.049 8.1
nime ) Casting Sheet (GPU)
(CoPc) —
0.5% (-)

24




Pebax 1657
Cobalt (1)
phthalocya . 1.12 +
nime P(?)S coltion | F& | p=2par | 0108 | 85
(CoPc) — 1 g (GPU)
%
()
Interfacial
PDMS PPy . Flat —hr o 40.20
(0.2 pm) ) Polyirgﬁrlzat sheet T=35°C (Barrer) 17.20 [86]
T (p- _
Pebax- . : P=0.35-8 6.3 -
OCHs) o533 | Dip-coating | Flat bar 122 | 22-76 | [87]
PPCoCl method sheet oo
(1 pm) (100 pum) T=18°C (Barrer)

Son W-I et al. [86], also produced DLC membrane, which was composed of polypyrrole
(PPy)/Polydimethylsiloxane (PDMS) and having active layer thickness of 0.2 pm. This
investigation described polymerization behaviour, as due to slow polymerization the
diameter of pores reduced from 4.89 A to 3.67 A, having closed value similar to kinetic
diameter of nitrogen (N2) gas. Which was the reason, the fabricated membrane showed a
very high O2/N; selectivity of 17.20. Whereas, O- gas permeability of 40.20 (Barrer) was
obtained at a constant temperature of T = 25 °C. Similarly, J. Han et al. [87], studied
highly selective O2/N. separation membrane based on facilitated transport mechanism by
using a porphyrin based O carrier (T (p-OCHs) PPCoCl). In this investigation, dip-
coating method was used, in-order to coat 1 um thickness of active layer on Pebax-2533
(100 pum) based flat sheet porous support membrane. The resulted membrane showed
02/Nz gas selectivity in the range of 2.2 — 7.6 with O, gas permeability of 6.3 — 12.3
(Barrer), at a pressure range of 0.35 — 8 bar and a constant temperature of T = 18 °C.

2.7 O2/N2 Gas Separation Robson Curves

Membrane gas separation process, depends on two main factors permeability and
selectivity. Which relies on the membrane morphology, membrane thickness, gas pressure
gradient and area of membrane. However, there is a tradeoff between the selectivity and
permeability of membrane. This relationship was first plotted and described in 1991 by
Robeson as represented in Figure 2.1. Also known as Robeson Plot. At the time of graph
plotting, more than 300 literature data were found and plotted against permeability and
selectivity, which developed Robeson upper bound served as a benchmark [88].
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Figure 2.1. Robeson’s Upper bound Curve (O2/N>)

For the past few years, due to intensive research on the GS process utilizing various types
of membranes, the upper bound of Robeson plot has been revised in 2008. Which have
been shifted upwards from the earlier bound of 1991, as shown in Figure 2.1. These
modification in membrane were done through physical modification by adding fillers,
chemical and surface modification by crosslinking it with functional groups. Membrane
developed through addition of fillers are called as mixed matrix membranes (MMMs).
Whereas, composites membrane are the combination of both thin selective layer (MMMs)
and a porous support membrane. These membranes were known for their good perm-

selective nature, mechanical strength, thermal and chemical resistive [88].

2.8 Literature Review Conclusion

2.8.1 Dense Layer Polymer Selection

According to literature survey, cellulose acetate (CA) polymer is selected as dense
selective layer due to its glassy nature, high availability, environmental friendly, good
performance and lower cost for the GS applications. In this polymer hydroxyl group are
present in abundance. Which can be easily be activated by different process e.g. ligand
coupling [48]. In this study, CA polymer has been used as main polymeric phase in

MMM s based thin selective layer as shown in Figure 2.2.
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Figure 2.2. Dense Layer polymer selection: Cellulose acetate (CA) and Polymer selection

criteria

2.8.2 Porous Support Polymer Selection

Poly vinyl alcohol (PVA) is considered as one of the inexpensive and environmental
friendly green polymer, having variety of features such as it is well known for its high
tensile strength, non-toxic, biodegradable, and bio-compatible nature as represented in
Figure 2.3. Due to these qualities PVA is considered as a suitable polymer for the

fabrication of porous support polymer [60].

Poly vinyl Alcohol (PVA) CRITERIA

* Hard & Green Polymer

OH Porous Layer

W

* Tensile Strength

+ Cost Availability

Figure 2.3. Porous Layer polymer selection: PVA polymer and Polymer selection criteria

2.8.3 Filler Selection

Metal organic framework (MOFs) are type of nano particles that can be used in dense
layer to enhance the gas separation selectivity of membrane including for O2/N2
separation. Among different MOFs, Zeolite imidazolate framework (ZIFs) has excellent
chemical and thermal stability, which can bear evaluated temperature up-to 400 °C and

also have sieving property, tunable porosity and chemical functionality.
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For O2/N. separation ZIF-8, which has sodalite (SOD) topology shows most promising

structure having pore aperture of 3.4 °A as shown in Figure 2.4. ZIF-8 consist of five

membered imidazolate, which worked as a bridge between Zn (Il) in the center and

imparts angle of 145° throughout the frameworks by coordinating N- atoms 1, 3-position

of ring. The angle (145°) made by metal-imidazolate-metal in ZIFs is similar to the bond

angle made by Si-O-Si in many zeolites [76], as depicted in Figure 2.4.

The ZIFs also have the bonding capabilities with cellulose acetate (CA) and polyethylene

glycol (PEG). However, PEG polymer was also added to enhance the flexibilities and

mechanical strength of the membrane. Which acts as plasticizer in MMMSs and also

increases the permeability of gas due to the enhanced chain flexibility [89].

FILLER SELECTION

Zeolite Imidazole Framework (ZIF-8)

v
Zn** - {,..' Selectivity Enhancer
+ — g ) g YA >

5 9
\

miM ZI1F-8 (sod)

Poly Ethylene Glycol (PEG)
Flexibility Enhancer

5
>

CRITERIA
Selectivity & Permeability
Compatibility
Mechanical Strength
Pore Aperture = 3.4 %A
02 =346°A, N2 = 3.64 %A

CRITERIA

Plasticizer
Permeability
Flexibility Enhancer
Mechanical Strength
Hydroxyl Group

Figure 2.4. Filler selection: ZIF-8 and Poly ethylene glycol (PEG) selection criteria
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Chapter 3 — Theoretical Solubility Model

3.1 Theoretical Solubility Analysis

The polymer solubility with various solvents can be predicted and estimated through
Hansen solubility parameter (HSP) model. This model works on the basis of total cohesive
energy, which further divided into three main parameters. Such as, dispersion force (p)
—atomic, polar bonding (6p) — molecular and hydrogen bonding (dH) — electron exchange
as mentioned in equation 3.1 - 3.3. These cohesive energy is identical to liquid

vaporizating energy also called as cohesive bond breaking energy [60, 90].

=—+—+— Eq (3.2)

87 = 8Dy + 6Dy + 8Dy Eq (3.3)

In-order to determined the solubility distance (Ra) between the polymer and solvents, the

following equation 3.4 was used

Ra = J4(6DS — 6D,)" + (6P, — oB,)" + (6H,— 6H,)"  Eq(34)

Where, the subscript of solvent and polymer is defined as S and P. In-order to determined
the solubility likelihood between the polymer and solvents, the concept of Relative energy
distance (RED) was introduced by C.M Hansen. Which can be calculated through
following mentioned equation 3.5 [60, 90].

RED = Ra/Ro Eq (3.5)

Where Ra and Ro is the HSP distance and polymer solubility radius respectively. In HSP
model, the solvent is considered to have good solubiliy with polymer if RED < 1. Whereas
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if RED = 1, then solvent can caused swelling to the polymer. However, if RED > 1 the

polymer is insoluble in solvent [60, 90].

Table 3.1 - Solubility Analysis between Polymer (PVA) and Solvents (THF & Water)

Parameter PVA THF DIW REF #
dp (MP2) 15.00 16.80 18.10 [60, 90]
o (MPL2) 17.20 5.70 17.10 [60, 90]
o1 (MPL2) 17.80 8.00 16.90 [60, 90]
Ro 10.20 - - [60, 90]
Ra - 15.53 7.62 [60]
RED - 1.52 0.86 [60]

Table 3.2 - Solubility Analysis between Polymer (PEG) and Solvents (THF & Water)

Parameter PEG THF DIW REF #
3o (MP*2) 22.2 16.80 18.10 [90]
dr (MPY?) 11.2 5.70 17.10 [90]
1 (MPY2) 13.2 8.00 16.90 [90]
Ro 17 - - [90]
Ra - 13.18 10.75 -
RED - 0.775 0.632 -
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Table 3.3 - Solubility Analysis between Polymer (CA) and Solvent (THF & Water)

Parameter CA THF DIW REF #
o (MPL?2) 14.90 16.80 18.10 [90]
dp (MP12) 7.10 5.70 17.10 [90]
1 (MPY2) 11.1 8.00 16.90 [90]
Ro 12.4 - - [90]
Ra - 5.10 13.21 -
RED - 0.411 1.065 -

PVA* = Polyvinyl Alcohol, CA* = Cellulose Acetate, PEG* = Polyethylene Glycol,
THF* = Tetra-hydrofuran, DIW* = DI — Water (Total Solubility)*

3.2 Solubility Analysis Conclusion

The analysis data mentioned in Table 3.1 — 3.3 represented that, The RED between
Tetrahydrofuran (THF) solvent with Cellulose acetate (CA) and Polyethylene glycol
(PEG) polymer are 0.411 and 0.775 respectively. As these values are less than 1, so THF
is considered as good solvent for the both polymer (CA & PEG). However, the RED value
between THF and PVA is 1.52, which is greater than 1, represented insolubility.

By comparing the RED value of polymers with DI Water as solvent, both PVA and PEG
polymer shows RED less than 1 having values of 0.86 and 0.63 respectively. Whereas,
the RED value between CA and DI-Water is 1.065 greater than 1. This signifies that, DI-
Water is a good solvent for both PVA and PEG polymer. However, CA polymer showed
insolubility in DI-Water.

Through this analysis it can be concluded that, through PVA/Water/THF ternary system
PVA asymmetric membrane can be developed. Whereas, CA/PEG — THF polymer
solution can be casted on top of PVA support membrane for the fabrication of multi-layer

composite membrane (MLCM) as THF showed insoubility towards the PVA polymer.
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Chapter 4 — Materials and Experimental Methods

4.1 Materials Used
» Cellulose Acetate (CA) (Mw-50,000) from Sigma Aldrich, UK

» Tetrahydrofuran (THF) +99% Pure from Sigma Aldrich, UK
» Poly-Ethylene Glycol (PEG) (Mw-1000) from Sigma Aldrich, UK

* Poly vinyl Alcohol (PVA) (Mw-30000 — 70,000) (70 — 80 % Hydrolyzed) from
Sigma Aldrich, UK

» Zeolitic Imidazolate Framework (ZIF-8) obtained from our own research group
» Deionized (DI) Water (Solvent) from Lab Care, Pakistan
* 99.9% Oxygen (O2) gas from Linde, Pakistan

* 99.5% Nitrogen (N.) gas from Linde, Pakistan

4.2 Synthesis of Support Membrane

PVA asymmetric membrane was used as support layer for composite membrane. These
membranes were prepared using non-solvent induced phase separation (NIPS) method.
PVA asymmetric membrane was optimized on the basis of two different parameters (a).

Polymer Concentration (b). Coagulation residence time.

4.2.1. Optimization Study: PVA polymer concentration (PC)

The PVA solutions were prepared by dissolving PVA polymer having different
concentration of 10, 12 and 14 wt. % in 10 ml de-ionized water (DI-Water) as mentioned
in Table 4.1 and represented in Figure 4.1. The solutions were continuously stirred for 2
hours at constant temperature of 60 - 75 °C and then degassed for 1 hours, in-order to
remove the trapped bubbles. Afterwards these solution were casted on a glass plate using
automatic casting machine and then immersed in the THF coagulation bath. As thickness
of membrane depends on the viscosity of solution, so variable viscosity of PVA solution
were casted on a glass slab. The coagulation bath was covered with aluminum foil to
prevent THF evaporation and placed in vacuum oven for 3 hours at 20 °C. Afterwards

these membranes were dried for 3 — 5 hours at room temperature and then qualitatively
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analyzed using different characterization techniques in-order to select the optimized
concentration of PVA asymmetric membrane as support membrane for GS applications.
These analytical techniques include, scanning electron microscopy (SEM), gravimetric

porosity and mechanical testing (e.g. tensile testing and elongation at break percent).

/ sﬁrr%
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" ¢*  PVASolutions

w
) Solution + Phase Inversion
Bubbles
— > —> o 7~
. Degassing Membrane Coagulation Bath — .
- Casting (THF = Nonsolvent)

@ Characterization 3H-10 3H-12
Porosity Test
Tensile /
Strength

Elongation at 3H-14
Break (%)

Figure 4.1. PVA Asymmetric membrane preparation at different concentration using NIPS
method

4.2.2. Optimization Study: Coagulation Residence Time (CRT)

After optimization of polymer concentration of PVA asymmetric membrane, the effects
of coagulation residence time was also investigated in this study. For that purpose, PVA
solution having constant concentration of 12 wt. %, was prepared and casted on five (5)
glass plates through automatic membrane casting machine as mentioned in Table 4.1 and
represented in Figure 4.2. Which were then immersed in THF coagulation bath, covered
with aluminum foil and were placed in vacuum oven at different coagulation residence
from 3 to 24 hours and at a temperature of 20 °C. Afterwards asymmetric membranes
were dried for 3 — 5 hours at room temperature. Then these membranes were qualitatively
analyzed using different characterization techniques in-order to select the optimized
coagulation residence time for the preparation of PVA asymmetric membranes. The
optimized PVA asymmetric membrane was used as support layer for the preparation of

composite membrane. The analytical techniques include, scanning electron microscopy
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(SEM), gravimetric porosity, gas permeation test, X-Ray diffraction (XRD), Fourier

transform infrared (FT-IR) spectroscopy and mechanical testing (e.g. tensile testing and

elongation at break percent).
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Figure 4.2. PVA Asymmetric membrane preparation at different CRT using NIPS method

Table 4.1 - PVA Asymmetric membrane composition and nomenclature table

Concentration | Coagulation
Polymer | DI Water (ml) Residence Nomenclature
(wt. %) _
Time (h)
PVA 10 10 3 PVA 3H-10
PVA 10 12 3 PVA 3H-12
PVA 10 14 3 PVA 3H-14
PVA 10 12 3 PVA 3H-12
PVA 10 12 6 PVA 6H-12
PVA 10 12 9 PVA 9H-12
PVA 10 12 14 PVA 14H-12
PVA 10 12 24 PVA 24H-12
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4.3 Synthesis of Composite Membrane

The CA/PEG/ZIF-8 dense selective layers were synthesized using solution casting method
as mentioned in Figure 4.3, by dissolving 10 (w/v) % of CA and 10 (w/w) % of PEG in 8
ml of THF and stirred for 24 hours. The solution of ZIF-8 was prepared separately by
adding 5 wt. % in 2 ml of THF solvent and then stirred it for 24 hours at a continuous
agitation speed of 500 RPM. Afterwards, the prepared solutions were poured in a media
bottle and were mixed for 6 hours using magnetic stirrer. Then this solution was sonicated
for 2 hours for complete and homogenized dispersion of ZIF-8 in polymeric solution. This
solution was then degassed and again stirred for 2 hours, in-order to form a bubble free
polymeric solution. The prepared solution were then poured manually on the PVA support
layer at room temperature and casted a very thin layer on it. The thickness of membrane
were controlled by using automatic membrane casting machine. The composite membrane
was then covered with glass lid and dried for 24 hours in room temperature. After
successful fabrication, the multi-layer composite membrane (MLCM) was then dried for

30 - 40 °C for 24 hours for the removal of left over solvent in polymer membrane matrix.

CA+PEG + s o Probe Sonication
ZIF-8 + THF
THE Stirring Mixing (2 hrs)

Supuns ydnoayy
|enoway a|qqng

/>

| Drylng
— <
Y 0-40°C
Multi-Layer ; y
Composite Vacuum Oven Solution-casting
Membrane

Figure 4.3. Multi-layer composite membrane (MLCM) preparation using solution casting
method
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4.4 Membrane Testing and Characterization

4.4.1 Cloud Point Test

The cloud point was estimated using rapid titration methodology [91]. For this
characterization, different concentration between (5 — 15 wt. %) of PVA solutions were
prepared by dissolving in DI-water in a sealed flask. The prepared polymeric solutions
were continuously agitated at a temperature of 20 °C. Afterwards, through syringe
dropwise THF (coagulant) were added in the solution and stirred for at least 1 hour. This
addition of THF was continued until cloudy product was permanently formed. The final
composition of each solution was recorded with its composition mass fraction and its

percent, which was then represented on the phase diagram and its tabulated form.

4.4.1.1 Applications

The following are the applications of ternary phase diagram [60].

e Estimation of Mass Fraction of each components in ternary system.
e Analysis of de-mixing rate of NIPS process.
e Predicting the morphology of asymmetric membrane prepared through NIPS

method.

4.4.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) analysis were carried out to investigate the physical
structure and morphology of membrane matrix at different resolution using scanning
electron microscope - SEM (JSM-6490, Joel Japan). Through this analysis, in-depth
information about membrane surface topography, pore size geometry, surface and cross-
sectional morphology were studied. The membrane samples were prepared on copper

stub, which were then sputter coating with gold [92, 93].

4.4.2.1 Components of SEM
SEM consist of following components [92, 93].

e Electron generating source
e Magnetic lenses
e Sample Stage

e Scanning system
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Figure 4.4. Schematic diagram of scanning electron microscopy (SEM) machine [92, 93]

4.4.2.2 SEM Working Principles

When electron beam having high energy was incidence on a membrane sample, it
dissipated into various kind of signals as represented in Figure 4.4. Which focused on the
surface of material. Signals generated between the interaction of membrane samples and
the electron beams were collected by the electron detector. These signals were then
analyzed accordingly to evaluate the morphology of membranes. The samples were
analyzed in 10 KV voltage at different magnification between X500 — X20000. As
samples doesn’t damage in the process, SEM is considered as non-destructive analytical
technique [92, 93].
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4.4.3 Gravimetric Porosity Test

The interconnectivity of PVA asymmetric porous support membranes were determined
by using gravimetric based porosity analysis method. Which is the fraction between the
volumes of pores over total volume of porous membrane matrix. The following mentioned
equation (4.1) was used to measure the porosity of membrane. In-order to evaluate
standard deviation and to eliminate the errors in the estimation, three samples of each
asymmetric membrane were tested. The mentioned below equation was used to estimate

the gravimetric porosity of membranes [60].

— (WW - Wd)/pw
(Ww - Wd)/pw + Wd/pp

In this equation, 2-propanol was taken as non-solvent displacement fluid, which have the

£ X 100 Eq (4.1)

density of pw = 0.785 g/cm?®. Whereas pp is the PVA polymer density having value of 1.19
g/cm?. Initially membrane samples were dried in oven to remove unwanted moisture
content and then weigh to measure the weight of fully dried samples Wq4. The membrane
samples were then immersed in non-solvent (2-propanol) bath for 24 hours. Through
capillaries action the liquid sustained in the porous network of asymmetric membranes.
Afterwards, the samples were again weigh in-order to estimate the weight of wet

membrane samples (Ww) [60].

4.4.4 Fourier transform Infrared (FT-IR) Spectroscopy

Fourier transform infrared (FT-IR) spectroscopy is an analytical techniques carried out to
evaluate the presence of function group in organic compounds and its modes as
represented in Figure 4.5 and 4.6. Which also includes, detecting the chemical bond type
in molecules, molecular structure of membrane samples. For this characterization, Perkin-
Elmer spectrum 100 FT-IR spectrometer was used at a range of 4000 — 400 cm™ wave

number with a resolution of 4 cm™[94, 95].

38



4.4.4.1 Components of FT-IR Spectrometer

FT-IR spectrometer consist of the following components [94, 95].

e Infrared (IR) source
e Beam Splitter
e Fixed and movable mirrors
e Sample cell
e Detector
Fixed mirror

.
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Figure 4.5. Schematic diagram of Fourier Transform Infrared (FT-IR) Spectrometer [95]

4.4.4.2 Working Principles

In FT-IR spectrometer, an IR radiation was generated through IR source as represented in
Figure 4.5. Which was then absorbed by the material, this cause the molecules to raise its
energy state from lower energy level towards the excited energy state. Through this mean,
the molecules gained a higher vibrational states. This amount of energy that is needed to
transfer the molecules to that higher state is proportional to the wavelength of the radiation
absorbed. Each particular functional group present in a molecules absorbs radiation in a
different specific wavelength. This formed a spectra peak called as fingerprint of that

functional group. When all the characteristics peaks of different functional group present
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in a materials are combined, it formed a spectrum of that particular molecules called as
FT-IR spectrum [94, 95].

Symmetrical Out-of-Plane Bending  Asymmetrical Out-of-Plane Bending|
(Veagging) (Twisting) I

Figure 4.6. Different modes of molecular vibration in FT-IR (stretching and bending)

4.4.5 X-Ray Diffraction (XRD)
XRD characterization technique was carried out to measure the crystallinity of material
(membranes). XRD provides in-depth information about the phase identity, purity, crystal

structure and crystallinity of membrane [96].

4.4.5.1 Components of XRD

XRD consist of the following components [96].

e X-Ray Tube
e Sample holder

e Detector
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Figure 4.7. Schematic diagram of X-Ray Diffraction characterization [96]

4.4.5.2 Working Principles

XRD working principles is represented in Figure 4.7, X-Rays are produced by using X-
ray tube having monochromatic nature. X-Rays are passed through collimator. These rays
are then concentrated and directed towards the sample stage. A constructive interference
are produced, when X-Rays interact with the test samples and some of the rays got
diffracted. This applied Bragg’s Law (nA = 2d sinf) conditions as depicted in Figure 4.8.
Which correlates with electromagnetic radiation wavelength to the diffracted angle and
the spacing between the sample lattices. By using Debye-Scherer’s equation, the
crystallite size of the crystals can be estimated. All crystalline material have their own

unique finger print pattern for its identification [96].
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Figure 4.8. Bragg’s Law X-Ray Diffraction system [96]
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4.4.6 Gas Permeation Testing

Gas permeation testing analysis were carried out to investigate the perm-selective nature
of the membranes. For that purpose PHILOS-Korea gas permeation testing rig was used
to evaluate the gas permeation of membrane samples as depicted in Figure 4.9. Three
samples of each membrane were tested in-order to calculate the standard deviation and to

remove the random errors [60].

4.4.6.1 Components of Gas Permeation Testing Rig

The following are the components of gas permeation testing rigs [60].

e Membrane Cell
e Flow regulators
e Bubble flow meter

e Flow valves

e Venttube
»{ VENT
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BUBBLE FLOW
GAS CYUNDERS PERMEATE METER

Figure 4.9. Gas permeation testing system rig [60]
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4.4.6.2 Working Principle of Gas Permeation Testing Rig

The membrane samples were prepared by cutting the samples up-to 8.0 cm? and placed in
membrane cell having two porous ceramic disk. In this study, Oxygen (O2) and Nitrogen
(N2) gases were used as feed gas. The permeation analysis test results were recorded and
calculated by using gas flow meter also called as bubble flow meter at a gauge pressure
range between 2.0 to 5.0 bars at constant temperature condition of 25 °C and constant
volume. In this characterization, the gas permeation works on the basis of solution-

diffusion mechanism and estimated through the following mentioned equations [60].

_ o

P= oo Eq (4.2)
P=SxD Eq (4.3)
- _ PO

S, = 56y Eq (4.4)

4.4.7 Mechanical Testing

Mechanical testing of a membrane samples were carried out to investigate the different
mechanical characteristics, which includes tensile strength testing and elongation at break
percent. In-order to estimate the standard deviation to eliminate the random errors, three
samples of each membrane were used to determine the mechanical properties of
membranes [60, 97].

4.4.7.1 Components of Ultimate Tensile Testing Machine (UTM)

The following are the components of the ultimate tensile testing machine (UTM) [97].

e Screw Column

e Adjustable upper crosshead
e Wedge Grips

e Adjustable Lower Crosshead

e Base and encoder assembly
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Figure 4.10. Schematic diagram of ultimate tensile testing system [97]

4.4.7.2 Working Principle of Ultimate Tensile Testing Machine (UTM)

The maximum tensile strength of a material can be estimated by the ratio of maximum
stress of that material before forming a permanent deforming of the physical structure of
membrane and its strain. The strength of the materials depends on the basis of their nature
whether it is glassy or rubbery. For this purpose, UTM SHUMADZU AGS-X Plus Japan
machine is used to determine the mechanical characteristics of the membranes as
represented in Figure 4.10. The membrane samples were cut according to the ASTM
standard D882-02 and mechanical testing was performed at an elongation rate of 10
mm/min [60, 97].
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Chapter 5 — Results and Discussion

For this investigation different characterization techniques were used to evaluate the
properties of asymmetric and composite membrane. The list of techniques are as follows:

e Cloud Point Testing, used to investigate the demixing rate of the ternary system
of phase inversion and to predict the morphology of asymmetric membrane.

e Scanning electron microscopy (SEM), used to investigate the surface and cross-
sectional morphology of membrane.

e Gravimetric Porosity Testing, used to study inter-connectivity and porosity of
porous membrane.

e Fourier Transform (FT-IR) Spectroscopy, used to evaluate the different
functional groups present in the membrane.

e X-Ray Diffraction (XRD), used to analyze crystalline structure of membrane.

e (Gas Permeation Testing, used to study the perm-selective nature of different
gases permeation through membrane.

e Mechanical Testing, used to investigate the tensile strength and elongation at

break of membrane.

5.1 Cloud Point Testing Results

Table 5.1 - Phase Inversion cloud point composition data

POLYMER CLOUD POINTS
(F();//'?) SOLVENT (WATER) NON-SOLVENT (THF)
° (%) (%)
2.41 57.4 40.18
3.68 58.38 37.94
4.99 59.38 35.63
5.96 59.14 34.89
7.34 58.21 34.46
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Figure 5.1. Phase inversion ternary diagram for PVA/Water/THF system at 20 °C

The cloud point estimation of PVA/Water/THF ternary system were experimentally
carried out to investigate the thermodynamic behaviour and to predict morphology of
asymmetric membrane through its demixing rate. In this system coagulant drops were
added in different polymer solution (PVA-Water) having concentration between 5 — 15
wt. %, which converted the clear PVA polymer solution into cloudy product as
represented in Figure 5.1. The estimated cloud point’s values, were plotted in the ternary
phase diagram forming a curve called as binodal curve. The mass percent data of ternary
phase diagram was represented in Table 5.1. The experimental binodal curve divides into
two main parts. (a) The inside portion denoting the single phase region, where all the
components are miscible. (b) The outside region of the curve represented the two phase

consist of rich in polymer phase (solid) and lean in polymer phase (liquid).

This curve also provided the in-depth information about the coagulation power, which is
the known parameter that effects the demixing rate of the phase inversion process. If there
is less distance between the binodal curve and polymer solvent axis then the non-solvent

as coagulant is considered as strong, this results instantaneous demixing, formation of
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finger-like structure and vice versa [98, 99]. According to the Figure 5.1, as there is more
distance between the binodal curve and polymer-solvent axis. Also during
experimentation, it was observed that the phase inversion process took longer time to
precipitate. Which concludes that, THF works as a weak coagulant for this ternary system,
indicating the demixing rate of the process is slow also called as delay demixing rate. This
predicted that the morphology of asymmetric membrane will have sponge-type inter-
connective porous structure with top dense layer.

5.2 Scanning Electron Microscopy (SEM)

PVA asymmetric membranes and composite membrane were analyzed using SEM at a
magnification range between 500X — 20,000X, to investigate its surface and cross-section
matrix structure (morphology). The SEM analysis is consist of three main parts, which
were divided on basis of different parameter optimization. Which includes polymer
concentration, coagulation residence time and thickness of coated surface layer (dense

selective layer) as mentioned below:

5.2.1 PVA Asymmetric Membrane Polymer Concentration Optimization

@OV !
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Figure 5.2. PVA 3H-10 asymmetric membrane (A) porous layer, (B) dense layer, (C) cross-

section
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Figure 5.4. PVA 3H-12 asymmetric membrane (A) porous layer, (B) dense layer, (C) cross-
section [60]
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Figure 5.5. PVA 3H-14 asymmetric membrane (A) porous layer, (B) dense layer, (C) cross-

section

For polymer concentration optimization, the effects of changing concentration on the
morphology of membrane was investigated. Three membrane were fabricated having
concentration between 10 wt. % to 14 wt. % at a constant coagulation residence time of 3
hours. The sample nomenclature are PVA 3H-10, 3H-12 and 3H-14, as mentioned in
Table 4.1. Through SEM analysis, it is clearly shown from Figure 5.2 — 5.5, that PVA
asymmetric membrane possessed the sponge type structure as predicted through ternary
phase diagram analysis. Whereas, the information about the morphology variation

occurred due to the change in polymer concentration as mentioned below:

5.2.1.1 Effect of Polymer Concentration on Membrane Thickness and Top Dense
Layer

The prepared PVA membranes (PVA 3H-10, 3H-12 and 3H-14) possessed thin skin dense
layer on top of sponge type porous structure. These membrane were fabricated at variable
thickness of 14 — 16 um, 40 — 42 pm and 130 — 135 um as illustrated in cross-sectional
images of Figure 5.2, 5.4 and 5.5 (C). This variation in membrane thickness were due to
the change in PVA solution viscosity. As lower polymer concentration leads to lower PVA
solution viscosity, which can be easily spread in a glass slab forming thinner PVA

asymmetric membrane. However, by increasing polymeric concentration, PVA solution
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started to show increase in viscosity. Which leads to the thicker membrane formation due
to the difficulty in spreading of polymeric solution on the glass slab during membrane

casting process.

From Figure 5.3, 5.4, 5.5 (B), illustrated dense skin layer of PVA asymmetric membrane.
In which formation of some partial voids in the top dense layer of PVA 3H-10 were clearly
visible. Which were reduced in the PVA 3H-12 and PVA 3H-14 asymmetric membrane
due to the increased in polymer concentration forming uniform densified top layer. In
Figure 5.3, 5.4, 5.5 (C) represents the reduction in porous structure as membrane polymer
concentration increased. In PVA 3H-12 membrane, intermediate membrane matrix
structure having uniform distribution of both dense and porous layer thickness was
observed. Whereas, PVA 3H-14 membrane show densified structure with thicker top layer
as compared to other PVA asymmetric membranes. This signifies that, by increasing
polymeric concentration favours more dense and thicker skin layer of asymmetric
structure [100, 101]. However, through the comparison analysis of all PVA asymmetric
membrane, PVA 3H-12 asymmetric membrane shows the most optimum cross-sectional

morphology for GS applications including O2/N2 gas separation.

5.2.1.2 Effects of Polymer Concentration on the asymmetric membrane porous
morphology

Through SEM analysis of PVA asymmetric membrane porous structure from Figure 5.3
— 5.5 (A), an in-depth information about the porous morphology can be obtained. The
averages pore size of PVA 3H-10, 3H-12 and 3H-14 asymmetric membrane possessed
2.486 + 1.2 um, 2.096 + 0.5 um and 1.447 + 0.9 um respectively, as graphically depicted
in Figure 5.6. In PVA 3H-10 asymmetric membrane large and irregular connective porous
structure have been observed. This membrane also contain some defective area present in
the porous layer, which is illustrated in Figure 5.4 (D), representing mechanically unstable
porous membrane matrix. Whereas, In PVA 3H-12 membrane these irregularity in pore
sizes were reduced, having smaller pores as compared to PVA 3H-10 membrane and have
the most uniform and connective porous layer. This represent a mechanically stable
porous structure. However, by increasing the polymer concentration further up-to 14 wit.

%, in membrane (PVA 3H-14) both voids and smaller pores appeared in the porous layer.
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This concludes that, higher polymer concentration leads to the formation of denser
membrane morphology [101-103]. However, there is an intermediate point of polymeric
concentration (PVA 3H-12), which shows the least pore size deviation as compared to
other membranes forming an uniformly distributed porous structure of asymmetric
membrane. This represents that PVA 3H-12 asymmetric membrane possessed the most

optimum porous structure (support layer) for GS applications.
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Figure 5.6. Mean pore size of PVA asymmetric membranes at different concentration
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5.2.2 PVA Asymmetric Membrane Coagulation Time Optimization
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Figure 5.7. PVA 3H-12 Asymmetric membrane morphology, (A) Porous layer, (B) Dense
layer, (C) Cross-section [60]
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Figure 5.8. PVA 6H-12 Asymmetric membrane morphology, (D) Porous layer, (E) Dense
layer, (F) Cross-section [60]
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Figure 5.9. PVA 9H-12 Asymmetric membrane morphology, (G) Porous layer, (H) Dense
layer, (1) Cross-section [60]
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Figure 5.10. PVA 14H-12 Asymmetric membrane morphology, (J) Porous layer, (K) Dense
layer, (L) Cross-section [60]
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Figure 5.11. PVA 24H-12 Asymmetric membrane morphology, (M) Porous layer, (N)
Dense layer, (O) Cross-section [60]

After polymer concentration optimization, the most optimum asymmetric membrane was
selected (PVA 3H-12) for further optimization of its morphology in-order to utilized as
porous support membrane. For that purpose, a novel parameter (coagulation residence
time) was introduced to further alter the morphology of asymmetric membrane. To study
the effects of this parameters, five (5) asymmetric membranes were fabricated having
same polymeric concentration but at different coagulation residence time of 3 to 24 hours.
The prepared membrane possessed the same sponge type morphology as predicted from
cloud point testing and have top thin dense skin layer, which represent slow demixing

behaviour.

Through coagulation residence time variation from 3 hours to 24 hours, membrane
morphology changes were observed, which includes expansion of pore size and
restructuring of porous layer of asymmetric membrane due to the change in diffusional
flow time for coagulation steps in phase inversion process [60, 104-106]. The PVA 3H-
12 asymmetric membrane possessed single chain porous structure, which restructured and
changed to double chain porous network in PVA 24H-12 asymmetric membrane.
However, the skin layer surface also got affected due to the coagulation variation, as
particle formation first appeared on the surface of PVA 3H-12 asymmetric forming rough
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surface of skin layer. This rough surface reduced in PVA 24H-12 skin dense layer surface,
having optimum skin roughness to provide better skin fraction to the selective layer for
the formation of multi-layer composite membrane (MLCM).

5.2.2.1 Effects of Coagulation residence time on membrane porous structure

SEM characterization analysis also provides the in-depth information about the pore size
distribution data as graphically illustrated in Figure 5.12. These results show that, PVA
3H-12, 6H-12, 9H-12, 14H-12 and 24H-12 membranes have the mean pore sizes of 2.096,
2.224, 2.26, 2.702 and 2.736 pum accordingly. Which signifies that through increasing
coagulation residence time, porous network restructuring and expansion of pore size was
observed. From the time period of 3 hours to 9 hours, there is a slight effects of coagulation
residence time on the mean pore size. However, from 9 hours to 14 hours, a sudden
increased in mean pore size was observed in porous layer, also called as transition stage.
This restructuring of membrane morphology was then completed in PVA 24H-12
asymmetric membrane, forming durable and double chain porous layer network. This
phenomena of restructuring and expansion of porous network occurred due to the more

time given to the diffusional flow (mass transfer) in coagulation process [60, 104-106].
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Figure 5.12. Influence of coagulation residence time on PVA asymmetric membranes pore
size distribution [60]
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5.2.2.2 Effects of coagulation residence time on membrane thickness ratio

The in-depth information about the effects of coagulation residence time on the membrane
thickness ratio of skin layer and porous layer, was obtained through SEM characterization
analysis as represented in Figure 5.13. The SEM analysis results show that, by changing
coagulation residence time from 3 hours to 24 hours for fabrication of PVA asymmetric
membrane, the skin layer thickness ratio percentage decreases from 17.96 + 1.32 % to
8.35 + 1.32 %. Whereas the porous support layer thickness ratio percentage increases from
82.04 + 0.60 % to 91.65 + 0.60 %.

These results signifies that, by increasing coagulation residence time, facilitated pore size
expansion in porous membrane matrix was due to the more time given for the mass
transfer (diffusional flow) between solvent and non-solvent in the coagulation process.
Due to this pore expansion, the dense layer thickness of PVA asymmetric membrane
reduces as observed from the SEM analysis of Figure 5.7 — 5.11, which is represented in
tabulated data of Table 5.2 and graphically depicted in Figures 5.13 [60, 104-106].

Table 5.2 - Coagulation residence time effects on the membrane thickness ratio data
obtained from SEM analysis [60]

Time Dense Layer | Porous Layer Dense Layer Porous Layer
Hours (um) (um) (%) (%)
3 7.42+0.77 33.83+1.49 17.96 +1.32 82.04 +1.32
6 2.64 +0.03 2248 +0.14 10.49 + 0.07 89.51 + 0.07
9 4.87 +0.06 42.35+0.20 10.30 +0.08 89.70 + 0.08
14 2.31+0.17 23.29 +0.01 9.02 +0.01 90.98 + 0.01
24 6.21+0.41 68.12 + 0.90 8.35+0.60 91.65 + 0.60
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Figure 5.13. Influence of coagulation residence time on PVA Asymmetric membrane
thickness ratio [60]

5.2.3 Multi-layer Composite Membrane (MLCM)

10kV X500  50pm SCME NUST[ 4] 10kV  X1,000 10pm

Figure 5.14 (a). Multi-Layer Composite Membrane (MLCM) (A) Cross-Section (B) Dense
Layer
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Figure 5.14 (b). Multi-Layer Composite Membrane (MLCM) (C) and (D) Dense Selective
Layer

Figure 5.14 represents the multi-layer composite membrane (MLCM), composed of
selective layer (CA/PEG/ZIF-8) on top of PVA asymmetric membrane (PVA 24H-12).
Figure 5.14 (a) and (b), (B), (C) and (D) depicted the surface morphology of selective
layer, which signifies uniformly dispersion of ZIF-8 in Cellulose acetate (CA)/

Polyethylene glycol (PEG) blend polymer.

Whereas, the cross-section image of multi-layer composite membrane is depicted in
Figure 5.14 (A). Which represents the three (3) layer of multi-layer composite membrane,
(@) Selective Layer composed of CA/PEG/ZIF-8 having thickness of 7.06 um, (b) Skin
layer of PVA Asymmetric membrane having thickness of 7.12 um, (c) Porous layer of

PVA Asymmetric membrane having thickness of 78.17 pm.

The particle present on the surface of PVA 24H-12 membrane, also provide skin layer
friction and helps in adhesion of two layer as illustrated in Figure 5.14 (a) and (b), (B),
(C) and (D). Through these SEM images it is also confirms that, selective layer is properly

adhere and merged together on the surface of the P\VA asymmetric membrane.

5.3 Gravimetric Porosity Testing

Gravimetric porosity analysis test were carried out on three (3) similar samples of each
PVA asymmetric membrane in-order to estimate the average porosity with its mean
standard deviation as illustrated in Figure 5.15 and 5.16. The gravimetric porosity test

were taken in account for two optimization, as mentioned below:
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(a) Effects of polymer concentration,

(b) Effects of coagulation residence time on mean porosity of PVA asymmetric

membranes.

5.3.1 Polymeric Concentration Effects on membrane Gravimetric Porosity

The polymeric concentration effects were graphically represented in Figure 5.15. The
results show that, the PVA 3H-10, 3H-12 and 3H-14 asymmetric membrane have inter-
connected porous structure having mean porosity of 77.73 + 15.26 %, 56.31 + 3.6 % and
31.35 + 11.98 %. Which signifies that, increasing polymer concentration leads to the

formation of lower gravimetric porosity.

Whereas, standard deviation of each samples signifies uniform pore channel connectivity
of asymmetric porous membrane. In which PVA 3H-12 asymmetric membrane has the
most uniform connective channels in porous layer as compared to the other PVA
asymmetric membranes. These analysis results were also supported by SEM analysis data

[60, 104-106].
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Figure 5.15. Gravimetric based mean porosity of PVA asymmetric membrane samples
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5.3.2 Coagulation Residence Time Effects on membrane Gravimetric Porosity

The coagulation residence time effects on membrane gravimetric porosity were

graphically represented in Figure 5.16. These results shows that PVA 3H-12, 6H-12, 9H-

12, 14H-12 and 24H-12 have inter-connective mean porosity of 56.31 + 3.60 %, 61.96 +
6.94 %, 65.52 + 10.47 %, 70.52 + 14.81 % and 75.52 + 14.24 % [60, 104-106].

Through these analysis data, it is concluded that longer coagulation residence time leads

to higher gravimetric porosity of PVA asymmetric membrane. These results were also

supported by SEM analysis, which signifies that by increasing coagulation residence time,

more diffusional flow occurred. This increases the mean pore size and thickness of porous

layer of asymmetric membrane [60, 104-106].
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Figure 5.16. Gravimetric based mean porosity of PVA asymmetric membranes [60]

60



5.4 Fourier Infrared Transform (FT-IR) Spectroscopy

FT-IR spectra analysis of membrane samples were illustrated in Figure 5.17. Which
confirmed the presence of different chemical bonds such as functional groups present in
the material of membrane samples. The FT-IR of PVA Asymmetric membrane, CA blend
(CA/PEG), Mixed matrix membrane (CA/PEG/ZIF-8) and Composite membrane
(CA/PEG/ZIF-8/PVA) are discussed in this section.

In FT-IR spectra, different peaks of PVA asymmetric membrane were observed at 3417,
2943, 1731, 1428, 1375 and 1095 cm™ accordingly. At peak of 3417 cm™, having bell
shape like structure indicated the strong-broad Hydroxyl group (O-H) stretching of
alcohol having intermolecular hydrogen bonding. Whereas at peak of 2943, 1731 and
1375 cm™, represented the stretching, blending and deformation vibration of Csp-H
bonding of asymmetric methyl compound accordingly. These two compounds (Cs*-H

bond and Hydroxyl group) are the two main peaks of PVA polymer.

However at peak of 1731 and 1081 cm™, carbon double bond (C=0) and single bond (C-
O) were indicated, which shows carbonyl stretching and acetyl group stretching. Through
this analysis of PVA asymmetric membrane signifies that, as PVA asymmetric membrane
show the similar behaviour of pure polymer, so there is no chemical interaction and effects
of non-solvent (THF) on the PVA asymmetric membrane [107, 108].

CA Blend (CA/PEG) and MMMs (CA/PEG/ZIF-8) membrane exhibits, similar FT-IR
peaks of 3507.02, 2956.85, 2877.25, 1740, 1442.21, 1362.54, 1238.46 and 1069.89 cm™
respectively. Absorption FT-IR band at 3507.02 cm represented intermolecular bonded
of hydroxyl group (O-H) having bell shape like structure. Whereas, 2956.85 and 2877.25
cm peaks are allocated to asymmetric and symmetric of Csp>-H methyl group stretching.
At peak 1740 cm* exhibits strong carbon double bond (C=0) of Aldehyde group. While,
1442.21 and 1362. 54 cm™ peaks represents Csp°>-H asymmetric and symmetric bending

of methyl group (deformation).

However, at 1238.46 and 1069.899 cm* shows C-O-C stretching (strong) of acetate group
and primary alcohol of C-O stretching (strong) bonding accordingly [109, 110]. However,

two additional absorption peak are also observed in MMMs membrane due to presence of
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ZIF-8 nano-particles at 1574.2 and 421 cm™ consigned to C=N and Zn-N (stretching)
groups respectively [76, 111].

In Composite membrane FT-IR spectra, shows characteristics peak at 3456.68, 2924.08,
2874.91, 1740, 1574, 1425.75, 1374.24, 1247.82, 1071.07 and 421.25 cm™ respectively.
In which peak of 3456.68 cm™ indicated the strong-broad Hydroxyl group (O-H)
stretching of alcohol having intermolecular hydrogen bonding and having bell shape like
structure. Whereas, 2924.08, 2874.91, 1425.75 and 1374.24 cm™ peaks are consigned to
Csp®— H asymmetric and symmetric methyl group stretching and deformation accordingly
similarly like in CA/PEG blend FT-IR spectra. In which symmetric stretching and
deformation peaks shows, lower intensity as compared to asymmetric peaks. These two

compounds (Csp>-H bond and Hydroxyl group) are the two main peaks of PVA polymer.

Whereas at peak of 1740, 1247.82, 1071.07 cm™ exhibits strong carbon double bond
(C=0) of Aldehyde group, stretching (strong) of acetate group and primary alcohol of C-
O stretching (strong) bonding respectively. However, two additional peaks are also
similarly observed at 1574 and 421 cm™ allocated for C=N and Zn-N stretching bonds
accordingly, which represents the characteristics peaks of ZIF-8 nano-particles [76, 107-
111].
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5.5 X-Ray Diffraction

X-Ray Diffraction (XRD) analysis of membrane samples were illustrated in Figure 5.18,
which defined the chemical structure including crystallinity and purity of different
membrane samples. Which includes the sample of PVA support membrane, CA Blend
(CA/PEG), ZIF-8 (nano-particle) powdered and CA/PEG/ZIF-8 based composite
membrane. These XRD analysis pattern were acquired between the 26 angle of 5° to 60°
at a rate of 0.04°/s.

In XRD pattern of polymeric membrane, some parts of polymer chain are orderly
arranged, which shows higher crystalline peaks. While loosely packed polymer chain
represents amorphous region of polymer, which represents lower intensity in XRD

spectrum.

The XRD pattern of PVA asymmetric membrane showed an prominent peak at 26 angle
of 20.04°, representing higher intensity of crystalline region. Wheras, some peaks were
also observed at 26 angle of 40° — 42° representing lower intensity of amorphous region.
Which indicate the behaviour of semi-crystalline similar to pure PVA polymer [60, 112-
116].

In Blend of CA/PEG XRD spectrum shows a hump-shaped like pattern between 26 angle
of 17° — 20°, as there is a absense of high intensity sharp peak, this represents the semi-

crystalline behaviour of membrane [117].

The XRD spectrum of nano-particle particles ZIF-8 showed sharp and strong peaks at
different 26 angles of 7.20°, 10.28°, 12.56°, 14.58°, 16.32°, 17.92°, 22.6°, 24.36°, 25.44°,
26.48° and 29.52°, which correspond to the plane of (011), (002), (112), (022), (013),
(222), (114), (223), (224), (134) and (004) accordingly. These peaks are excellent
agreement with the literature [76, 118].

In Composite membrane XRD pattern, sharp peaks of nano-particles (ZIF-8) were
observed at angle of 10.55°, 12.25°, 16.15° and 17.65°. Whereas the similar hump shape
like pattern represent CA/PEG blend, in which at angle of 18.75° showing an peak of
crystalline CA polymer [76]. At 26 angle of 20.55° represents prominent peak of PVA

polymer. Whereas, some peaks are also observed at angle of 40° — 45° representing lower
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intensity of amorphous region [60]. This shift in pattern of composite signifies good

interaction between polymers and ZIF-8 nano-particles.
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Figure 5.18. Graphically representation of X-Ray Diffraction (XRD) analysis of membrane

samples
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5.6 Gas Permeation Testing

The gas permeability testing were carried out in-order to investigate the gas transport
behaviour of pure oxygen (O2) gas and nitrogen (N2) gas through PVA asymmetric
membranes (support layer) and composite membrane (CA/PEG/ZIF-8/PVA). These
permeation analysis were tested at a pressure range of 2 - 5 bar. The analysis results were

investigated for the two main objectives:

e Effects of varying pressure
e Effects of decreasing selective layer membrane thickness and addition of
plasticizer (PEG)

5.6.1 PVA Asymmetric Membrane Gas Permeation Analysis

The gas permeation testing were carried out to investigate the co-relation between the
morphology of PVA asymmetric membrane and its gas transport properties. Also through
this analysis, the most optimum PVA asymmetric membrane was selected for the
fabrication of composite membrane for O2/N2 gas separation. For this investigation, three
samples of each membrane were tested, to estimate the standard deviation and it also
eliminate the analysis random errors. The gas permeation analysis data of PVA

asymmetric membranes were represented in Table 5.3, Figure 5.19 and 5.20.

These gas permeation analysis results showed the changes were occurred in gas transport
behaviour with respect to varying morphology of PVA asymmetric membrane due to
change in coagulation residence time. The oxygen (O>) gas has slightly higher permeation
rate than Nitrogen (N2) gas, as O- gas shows higher diffusion rate as compared to N> gas
in the dense skin layer of PVA asymmetric membrane. The kinetic diameter (K.D) of O2
gas is 3.46 °A, which is smaller than N2 gas having K.D of 3.64 °A. Due to this difference
of K.D between two gases, smaller molecule (O2) gas passes with less restriction through
the polymeric chain. Whereas, larger gas molecules (N2) passes slowly within chains of
polymer material due to more resistance. As increase in gas molecule size leads to
decreased in diffusion co-efficient. Which satisfied the co-relation between the gas

molecular size and diffusion coefficient [60, 119, 120].
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From analysis data it has also been observed that, change in membrane thickness ratio
also affects the gas permeation rate. As PVA 3H-12 asymmetric membrane having
membrane thickness ratio between skin layer and porous layer of 17.96 + 1.32 % and
82.04 + 1.32 % accordingly, shows lower gas permeation rate as compared to PVA 24H-
12 asymmetric membrane having skin layer and porous layer thickness ratio of 8.35 +
0.60 and 91.56 + 0.60 respectively. Through these gas permeation analysis results, it is
concluded that longer coagulation residence time favours higher gas permeation rates due
to decrement in thickness of skin layer and higher gravimetric porosity of PVA
asymmetric membrane. However, the O./N> selectivity (o) of all PVA asymmetric
membranes are in the range of (1 — 1.5). These single gas permeation analysis confirms
the occurrence of solution diffusion mechanism through the dense skin layer of PVA

asymmetric membrane [60, 121-123].

Table 5.3 - PVA Asymmetric membranes gas permeation analysis for O,/N; separation[60]

Gas Permeance (GPU)
Membrane | Gas Pressure Gas Selectivi
as Selectivity
Nomenclature P2 P 0(02/N2)
(bars) (GPU) (GPUL)
2 453 +0.10 3.1+0.12 1.46 + 0.033
3 6.56 + 0.16 6.18 +0.14 1.06 + 0.002
PVA 3H-12
4 10.69 + 0.23 8.55+0.19 1.25 + 0.0002
5 16.04 + 0.19 14.69 + 0.16 1.09 + 0.0023
2 8.99 +0.34 6.8 + 0.03 1.32+0.05
3 14.03 +0.17 11.88 + 0.05 1.18+0.01
PVA 6H-12
4 19.79 + 0.39 17.19 +0.12 1.15+0.01
5 27.04 + 0.09 20.93+0.4 1.29 +0.03
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2 8.83+0.04 6.93 + 0.03 1.27 +0.01
3 14,36 + 0.12 12.34 + 0.1 1.16 + 0.01
PVA 9H-12
4 21.16 +0.27 18.64 + 0.18 1.14 +0.01
5 31.16 + 0.84 24.34 + 0.3 1.28 + 0.03
2 8.93 +0.45 6.96 + 0.35 1.28 + 0.01
3 14.63 + 0.27 12.29 + 0.43 1.19 + 0.03
PVA 14H-12
4 21.75+0.4 18.21 + 0.35 1.19 + 0.03
5 33.15+0.19 26.86 + 0.62 1.23+ 0.06
2 9.13 + 0.67 6.63 + 0.3 1.38 + 0.16
3 1757 +1.13 12.93 + 0.53 1.36 + 0.04
PVA 24H-12
4 22.34+19 18.41 + 0.43 1.21+0.1
5 33.72+2.1 27.62 + 0.67 1.22 + 0.06
40
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Figure 5.19. PVA Asymmetric membrane Oxygen (O>) gas permeation analysis results [60]
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Figure 5.20. PVA Asymmetric membrane Nitrogen (N2) gas permeation analysis results
[60]

5.6.2 Multi-Layer Composite Membrane (MLCM) Gas Permeation Analysis

As among all PVA asymmetric membrane, PVA 24H-12 membrane shows the most
optimum and highest gas permeation rate. Due to this reason, it was selected as support
layer for the fabrication of composite membrane for O2/N. separation. This support
membrane showed Oz and N2 gas permeance up-to 33.72 + 2.1 (GPU) and 27.62 + 0.67
(GPU) respectively. Whereas, the O2/N2 selectivity were in the range of 1 — 1.5 [60].

In-order to enhance its gas selectivity, a highly selective dense layer is coated on the top
surface of PVA 24H-12 asymmetric membrane, which formed a multi-layer composite
membrane (MLCM). The coated dense is composed of CA/PEG/ZIF-8. This composite
membrane was then tested through gas permeation unit, in-order to analyze single gas
permeation performance with respect to varying pressure. In this membrane, ZIF-8 nano-
particle possessed the property of gas molecules sieving due to its similarity with zeolites
[25]. These nano-sieves have pore aperture of 3.40 °A, which is nearly similar to the K.D
of Oz gas having size of 3.46 °A. However, N2 gas have K.D greater than the size of ZIF-
8 pore aperture [124]. Which is the reason ZIF-8 nano-sieves are one of the most suitable

candidate for incorporation in CA/PEG blend membrane for O2/N> separation.
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From Table 5.4 and Figure 5.21 — 5.22, single gas permeation data shows decrement in

O and N2 gas permeance with increased in pressure difference. However, the O2/N> gas

selectivity increased. This phenomena occurred due to the polymer chain compression,

which effects the free volume presents within the polymer chains of membrane [125]. At

this points the transport behaviour depends on ZIF-8 particles. Which acts as an excellent

nano-sieves that passes Oz gas due to its nearly similar K.D and its higher condensability,

while K.D of N2 gas molecules is greater than pore aperture size of nano-sieve, it retains.

For these reason the composite membrane showed, the maximum O/N; selectivity of 8.78

+ 0.011 at higher pressure of 5 bar. This also showed that the non-selective voids is not

present in the membrane selective layer and there is good interaction between ZIF-8 and

CA/PEG based selective layer of composite membrane [76].

Table 5.4 — Multi-layer composite membranes gas permeation analysis for O2/N;

separation
Gas Permeance (GPU)
Gas Pressure o
Po2) Pn2) Gas Selectivity
0,(02/N2)
(bar) (GPUL) (GPUL)

2.0 0.7545 + 0.024 0.3419 + 0.019 | 2.2065 + 0.053
2.5 0.6832 + 0.030 0.2432 + 0.016 2.8092 + 0.45
3.0 0.6208 + 0.017 0.1691 + 0.012 3.6713+0.30
35 0.5804 + 0.0075 0.0969 + 0.040 5.9896 + 0.52
4.0 0.5593 + 0.0030 0.0790 + 0.0002 | 7.0764 +0.20
4.5 0.5126 + 0.0062 0.0610 + 0.030 | 8.4032 +0.013
5.0 0.4808 + 0.0054 0.0547 + 0.010 | 8.7897 +0.011
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Figure 5.21. Multi-layer composite membrane gas permeation analysis results
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5.6.3 Effects of Plasticizer (PEG) and selective layer thickness on gas permeance

In this section, gas permeance results of multi-layer composite membrane (MLCM) are
compared with previous work of CA/ZIF-8 based mixed matrix membrane (MMMs) as
represented in Table 5.5 — 5.6 and Figure 5.23 — 5.24. Which showed significantly
improvement in gas permeance as compared to MMMs due to (a) lowered thickness of

selective layer and (b) PEG addition.

In composite membrane, the thickness of selective layer is reduced from 25 um to 7.06
pm. In MLCM, the highest permeance of Oz gas was achieved up-to 0.6832 GPU at 2.5
bar, whereas MMMs show maximum O gas permeance of 0.2024 GPU at 2.5 bar.
Similarly N2 gas permeance was also increased in MLCM from 0.0588 to 0.2432 GPU at
2.5 bar. These results signifies that MLCM showed higher gas permeance up-to three
times than MMMs.

This improvement of gas permeance depends on two main factors, (i) Thickness variation
of selective layer: As seen from Figure 5.23 and 5.24, the permeance of both gases has
significantly improved, when dense layer thickness is reduced from 25 pum to 7.06 pm.
This improvement in the gas permeance was also confirmed and supported by many
researchers including Firpo et al. [126], Alsari et al. [127] and Nikpour N. et al. [81]. In
which they showed that the permeability of gas significantly increases as thickness is

reduced.

Another factor is (ii) Plasticizer (PEG) addition, which is used to enhance the polymer
chain flexibility of selective layer. Which also lowers the resistance present between the
polymer chains, caused increases in gas permeance rate of O, and N2 through membrane.
This phenomena was also supported by J. Li et al. [89] in their research work, they also
explained that by PEG addition up-to 10 wt. % in CA membrane, increases gas permeation
rate of O. and N2, whereas O2/N> selectivity reduced by one factor. This increase in

diffusion rate occurred due to enhancement of polymeric chain flexibility.

However, as seen from Table 5.5 and Figure 2.5, the O2/N gas selectivity decreased from
9.58 to 7.07 in MLCM at 4 bar. This signifies that, even with the addition of PEG and
variation of thickness does not greatly affected like gas permeance. Which was also
supported by Pakizeh et al. [128] and J. Li et al. [89]. Another aspect to this effects are
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also that, due to presence of ZIF-8 nano-particle the selectivity doesn’t drastically

reduced, as at higher pressure polymer chains were compressed and the gas transport

behaviour becomes depended to the sieving properties of ZIF-8 nano-particles [76].

Table 5.5 - MMMs and MLCM O; and N gas permeance comparison analysis data

Gas Pressure

MMMs Gas Permeance (GPU)

MLCM Gas Permeance (GPU)

P2 Pn2) Po2) Pn2)
(bars) (GPU) (GPU) (GPU) (GPU)
2.5 0.2024 + 0.0204 | 0.0588 + 0.0152 | 0.6832 +0.030 | 0.2432 +0.016
3.0 0.174 +0.014 0.0456 + 0.01 0.6208 + 0.017 | 0.1691 +0.012
3.5 0.1536 + 0.0064 0.022 +0.032 | 0.5804 +0.0075 | 0.0969 + 0.040
4.0 0.1344 +0.0048 | 0.014 +0.0004 | 0.5593 +0.0030 | 0.0790 + 0.0002
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Table 5.6 - MMMs and MLCM O2/N; selectivity comparison data for O,/N, separation

Gas Pressure Gas Selectivity (O2/N2)
(bar) MMMs MLCM
2.5 3.44 +0.49 2.80 +0.45
3.0 3.81+0.49 3.67 +0.30
35 6.98 +0.71 5.98 + 0.52
4.0 9.58 +0.18 7.07 +0.20
0] [l MMMs

SELECTIVITY (O,/N,)

2.5 3.0 3.5 4.0
PRESSURE (BARS)

Figure 5.25. MMMs and MLCM O3/N; gas selectivity comparison



5.7 Mechanical Testing

The mechanical testing of all fabricated membrane samples were carried out at an
elongation rate (ER) of 10 mm/min. Through this characterization tensile strength (TS)
and elongation at break percent (EAB) % of different membrane samples were analyzed
as illustrated in Figure 5.26, 5.27, and 5.28. This analysis is divided into three main section

as mentioned below:

5.7.1 Effects of Polymer concentration on PVA asymmetric membranes

The mechanical properties were performed to investigate the tensile strength and (EAB)
% of PVA asymmetric membranes having different polymer concentration from 10 — 14
wt. % as depicted in Figure 5.25. The recorded tensile strength of PVA 3H-10, PVA 3H-
12 and PVA 3H-14 asymmetric membrane were 14.5 + 1.2 MPa, 19.4 + 2.88 MPa [60]
and 26.6 + 1.2 MPa respectively. The analysis results showed an increasing trend of tensile
strength with respect to increasing polymeric concentration from 10 wt. % to 14 wt. %
[100].

However (EAB) % of PVA 3H-10 to PVA 3H-12 asymmetric membrane initially
increased from 158.4 + 30.2 % to 247 + 48.77 % [60]. After increasing the polymer
concentration from 12 wt. % to 14 wt. %, the (EAB) % decreased from 247 + 48.77 % to
121.5 + 38.2 %. This trend of (EAB) % signifies that, when polymer concentration
increased from 10 wt. % to 12 wt. %, the membrane matrix showed enhancement in

mechanical properties due to formation of smaller pores.

However, after increasing polymer concentration from 12 wt. % to 14 wt. %, the PVA
membrane rigidified [100]. Due to this reason PVA 3H-14 asymmetric membrane shows
increased in tensile strength with reduced (EAB) % as compared to lower polymeric
(PVA) concentration based asymmetric membrane [100, 129-131]. Through this analysis,
it is concluded that, at 12 wt. % PVA asymmetric membrane have the most optimum
mechanical properties showing higher durability for GS applications.
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Figure 5.26. Effect of Polymer Concentration on mechanical properties of PVA

asymmetric membranes

5.7.2 Effects of coagulation residence time on PVA asymmetric membranes

The effects on mechanical properties of PVA asymmetric membrane samples fabricated
at different coagulation residence time between 3 hours to 24 hours were analyzed, which
were illustrated in Figure 5.26. The analysis results showed that, PVA 3H-12, PVA 6H-
12, PVA 9H-12, PVA 14H-12 and PVA 24H-12 asymmetric membrane have tensile
strength of 19.44 + 2.88, 15.51 + 1.11, 12.61 + 1.26, 18.08 + 2.76 and 19.19 + 1.41 MPa
accordingly. Whereas (EAB) %, are 247.89 + 48.77 %, 205.81 + 20.99 %, 129.25 + 13.55
%, 152.34 + 87.83 % and 141.60 + 80.61 % respectively [60]. These results showed that
PVA 3H-12 possessed the highest mechanical strength and ductility as compared to other
membrane. Whereas these mechanical properties were decreased in PVA 6H-12
membrane. Which were further reduced in PVA 9H-12 membrane. This decrement of
mechanical properties represents changes occurred in polymer matrix due to the variation
of coagulation residence time. This is due to the formation of weaker inter-connective

porous structure and thinner dense layer [60].
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However, after 9 hours the membrane started to developed proper inter-connective
stronger porous network as mechanical properties was enhanced in PVA 14H-12
asymmetric membrane. This durability was further enhanced in PVA 24H-12 asymmetric
membrane due to the formation of double chain porous network. The PVA 24H-12
membrane showed, the similar mechanical strength of PVA 3H-12 membrane in-spite
more porous structure and thinner skin layer. This concludes that, PVA 24H-12
asymmetric membrane possessed the most optimum mechanical properties in-order to

utilized it as support layer for the fabrication of multi-layer composite membrane [60].
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Figure 5.27. Effect of coagulation residence time on mechanical properties of PVA

asymmetric membranes

5.7.3 Composite membrane mechanical properties

Figure 5.28, represented the graphical data of tensile strength comparison between
different membrane samples. The results showed that, PVA support (P.S) membrane
(PVA 24H-12) has the tensile strength of 19.19 + 1.41 MPa. The single layer dense
selective membrane composed of CA/PEG blend, incorporated with ZIF-8 nano-particles

has a tolerable stress of 26.69 + 0.43 MPa. Whereas, multi-layer composite membrane
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(MLCM) results showed the highest tensile strength of 30.50 + 1.5 MPa. Which signifies
that, when both membranes are combined together a significant increase of tensile strength
was observed in-spite of lower thickness of selective layer. This increased occurred in
MLCM, was due to the support layer of PVA asymmetric membrane. This concludes that,
the composite membrane having dense selective layer thickness of 7.06 um can tolerate

higher stress as compared to single layer mixed matrix membrane (MMMs).
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Figure 5.28. Comparison of tensile strength between different membranes

*P.S = PVA asymmetric support membrane
*D.L = Dense Layer composed of CA/PEG/ZIF-8
*MLCM = Multi-layer composite membrane (CA/PEG/ZIF-8/PVA)
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Conclusion

In this research work, multi-layer composite membrane was fabricated for O2/N:
separation. For this purpose, a MMMs based selective layer composed of CA/PEG blend,
incorporated with ZIF-8 as filler was coated on support membrane. In which PVA
asymmetric membrane was used as support layer, fabricated through PVA/Water/THF
ternary system by using NIPS method. The compatibility between different layers of
composite membrane was ensured through theoretical solubility model. The support layer
possessed the same sponge type inter-connective porous structure with top dense layer as
predicted through experimental phase diagram. The PVA asymmetric membrane
morphology and physical properties were improved through optimizing two different
parameters of NIPS process. Which include (i) polymer concentration and (ii) coagulation
residence time. It was reported that, by increasing polymer concentration from 10 wt. %
to 14 wt. % leads to more densified PVA asymmetric membrane. However, 12 wt. % PVA
asymmetric (3H-12) membrane showed the most optimum durable structure. Then
coagulation residence time was changed from 3 hours to 24 hours, which leads to more
porous membrane morphology and thinner dense layer. At 24 hours, the membrane
possessed the most optimum structure having double chain porous network with thinnest
top dense layer of 8.35 %. This optimized support membrane (PVA 24H-12) asymmetric
membrane have the enhanced physical durability of 19.19 MPa, similar to PVA 3H-12
membrane in spite of its higher porosity and thinner dense layer. It was also reported that,
the gas permeation was directly linked to gravimetric porosity and reduction of dense layer
(skin layer) thickness of PVA asymmetric membrane. The highest O gas permeance of
33.72 GPU with selectivity of 1 — 1.5 was achieved by PVA 24H-12 support membrane

at pressure of 5 bar.

Then improvement in gas separation performance and mechanical properties was
observed by coating a thin layer of CA/PEG/ZIF-8 on support membrane. The coating
layer thickness was reduced from 25 pum to 7.06 pum. The addition of plasticizer (PEG)
up-to 10 wt. % and reduction of selective layer thickness to 7.06 um, resulted in

improvement of gas permeance up-to 0.75 (GPU) at pressure of 2 bar. We report that the
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increment in the gas permeance was directly linked to the reduction in the thickness of
selective layer and addition of PEG content. However, the selectivity of the membrane
was not that much affected. The highest O2/N. selectivity of 8.78 was achieved by
composite membrane at maximum pressure of 5 bar. The resulting membranes were also
characterized by SEM, FT-IR, XRD and UTM. Which showed excellent compatibility
and adhesion between the layers of composite membrane. The mechanical test showed
that, the use of composite membrane instead of single flat sheet membrane also showed
improvement in tensile strength, which can tolerate higher stress of 30.5 MPa as compared

to single layer membrane.
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Future Recommendations
The following are the recommendation for future research works.

e Further reduction of selective layer thickness up-to nano-meters should be

consider to increase the O gas permeation rate.
e There lies a need to incorporate different MOFs (e.g. MOF-5 and MIL-101-Cr) in

the polymer matrix to fabricate high performance composite membrane.
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