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ABSTRACT

As the fossil fuels are depleted rapidly, and the byproducts of fossil fuels are
responsible for polluted environment, it becomes a necessity to develop an eco-friendly
and renewable energy source. To overcome the problem of air pollution by the fossil fuel
and due to energy requirement, our energy dependence on renewable energy sources
should be high. Hydrogen has been widely deliberated as an attractive energy carrier
with high efficiency for developing an environmental friendly and cost-effective
sustainable energy system. However, besides the hydrogen energy, the main issue with
other energy sources is energy density and area dependency.

Fuel cell is that unit, which is used to convert hydrogen in the other form of
energy. The advantage with the H2 fuel cell has water, the only byproduct obtained after
the energy generation. But the primary requirement for lifetime and efficiency of the fuel
cell is the purified H2 from the impurities or separated H2 from other gases. So the
separation/purification of the H2 is the solution for a new renewable energy source,
prevent the environment from global warming as well as useful for controlling the air
pollution.

The primary aim of our research work is to find out the eco-friendly technology
through which we can separate/purify hydrogen. There are many types of method or
process, which are used to separate/purify the hydrogen gas from the mixture of other
gases. Moreover, membrane-based technology for the H2 separation/purification has
attracted considerable response due to inherent benefits over other separation methods.
The membrane-based separation process is not only cost-effective but also
environmentally friendly as well.

Membrane-based gas separation, suffer from a problem in the form of trade-off
relationship between selectivity and permeability. So, the control over selectivity and
permeability of the gases is the main goal for the membrane-based gas separation. For
the gas separation with the membrane is depends on two parameters; diffusion
coefficient (D) and solubility coefficient (S). For gas separation application, we have
used different types of porous polymeric membranes and functionalized these
membranes to attach the gas sensitive nanoparticles. For the H2 selective membranes,
we have synthesised and deposited palladium nanoparticles in the functionalized porous

membranes.

Page | i



Functionalization is an effective method for different functionalities for the
membrane and subsequently desired nanomaterials can be incorporated into the polymer
matrix. Initially, Polycarbonate (PC) with functionalized and non-functionalized
MWCNTSs composite membranes have been prepared. The alignment of the MWCNTSs
is controlled by high magnetic field. Pd nanoparticles were synthesised chemically and
deposited on PC-MWCNTSs composite membranes. In the obtained of permeability and
selectivity data, significant improvement has been found with the use of functionalized
MWCNTSs and Pd nanoparticles.

If membranes will be functionalized by a specific functional group then it can
improve the selectivity of hydrogen. We have functionalized porous PET membranes
having pore diameter  ~ 0.2 um with carboxyl group. The effect of functionalization
time on permeability and selectivity of hydrogen over other gases in PET membranes
have been observed. Functionalized PET membranes were also used for the H2
separation application with 6 hours attachment of the Pd nanoparticles. Functionalization
the specific group and attachment of Pd nanoparticles enhanced the H2 permeability as
well as selectivity.

Further, to functionalized porous PC membranes, we have used a reliable and
low-cost UV irradiation method with the fixed time difference. To enhance hydrogen
selectivity, palladium nanoparticles have deposited into the pores as well as on the
surface membranes. We have also use binder polyvinylpyrrolidone (PVP), for the
palladium nanoparticles to improve the hydrogen selectivity over other gases. Due to the
functionalization and maximum attachment of palladium nanoparticles, these
membranes have high permeability as well as selectivity of hydrogen. Significant results,
easy fabrication process and low cost of these membranes gives an opportunity to use

for commercial use.
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Chapter-1

General Introduction

1.1 Gas Separation

At present situation of the world, main requirement of the human life is to
develope an eco-friendly and renewable energy source. The current energy disaster urges
us to explore a variety of alternate methods to fulfil the world’s energy demands. To
satisfy the energy requirement of the world, fossil fuels are not only sufficient but also
very harmful and dangerous for the life. In current global energy consumption, it is
predicted that it will be double by 2050 [1]. All the fossil fuels are very limited, and the
use of these fuels produce injurious byproducts such as carbon dioxide, carbon
monoxide, chlorofluorocarbon and many more. These byproducts affect the human’s life
as well as the degrading environment. So, overall air pollution and energy requirement
are two main issue in the present scenario.

To overcome the problems of air pollution by the fossil fuel and energy
requirement, our energy dependence on renewable energy sources should be high.
Because the availability of renewable energy sources is unlimited and main advantage is
no harmful byproduct [2]. However, beside the hydrogen energy, the main issue with
these energy sources is energy density and area dependency. In case of solar energy, per
area density of energy is low also not possible in the cold states. Similarly ocean energy
is possible only area near to the ocean, which is not applicable in the dry states etc. [3].
But the acceptance in the form of hydrogen energy is high because of the hydrogen (H>)
obtainability. H> has been widely deliberated as an attractive energy carrier with high
efficiency for developing an environmental friendly and cost-effective sustainable
energy system. H> has been accepted as a clean and effective energy carrier to alleviate
the mounting worldwide energy and environmental crisis, directing towards developing
efficient H, separation technologies.

The unit which is used to convert hydrogen in the other form of energy is called
the hydrogen fuel cell [4-6]. But the primary requirement of the fuel cell is the purified
H> from the impurities or separated H> from other gases [7]. Otherwise, the lifetime and
the efficiency of the fuel cell decreases drastically. So, the purity of the H is a leading
parameter to decide the effectiveness of the fuel cell system. The most important
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advantage with the hydrogen fuel cell is having water is the only byproduct obtained after
the energy generation. Produced water can be used in other useful applications. That’s
way the main advantage of using H as an energy source is a “green fuel source” which
does not damage the ecological system. Hydrogen energy is not only the clean energy
source but also the offshoot in the form of pure water. So the separation/purification of
the Hz is the solution for a new renewable energy source as well as useful for controlling
the air pollution. So to utilise hydrogen as an energy source and prevent the environment
from global warming, it is required to purify Hz gas from the other gases and impurities.
In order to resolve these problems of separation, it might be helpful to combine

the separation process with membrane technology [8]. There are many types of method
or process, which are used to separate/purify the hydrogen gas. Some of them are
membrane technology, pressure swing adsorption, chemical absorption, catalytic
purification, metal hydride separation, and cryogenic separation etc. Membrane-based
technology for the H. separation/purification has attracted considerable response due to
inherent benefits over other separation methods [9-11]. The membrane-based separation
process is not only cost-effective but also environmentally friendly as well [12,13].
Except for membrane technology, all other mentioned methods are not so popular and
also not cost effective. Some of the advantages of the membrane-based gas separation
are mentioned below:

e Mechanical strength and durability

e Controlled pore shape and size

e Chemical stability

e Thermal stability

e Manufacturing reproducibility

e Space saving

e Low weight

o Flexibility

e Low energy consumption

e Easy to manufacture

e Easyto clean

e High potential of adaptability

e Low capital cost over other conventional separation methods.
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Despite several advantages of the membrane based gas separation, this process
suffer from a problem in the form of trade-off relationship between selectivity and
permeability. So the control over selectivity and permeability of the gases is main goal
for the membrane based gas separation.

1.2 Membrane Based Gas Separation

In the membrane-based separation process, gas molecules separate by the
difference in permeation rate of gas molecules. Adolph Fick gives the fundamental law’s
called “Fick’s law” and it explain the basic mechanism of the gas diffusion or permeation
through the membrane [14]. For the gas separation/permeation with the membrane is
measured by the two key parameters 1) diffusion coefficient (D) and 2) solubility
coefficient (S) [15,16]. Basically based on the membrane structure (pores & non-
pores)/morphology gas permeation can be explained in three models. Schematic

representation of these models is shown in the figure 1.

‘ Rcrmcatc e
W side
Knudsen diffusion Molecular sieving Solution-diffusion
(Mean free path) (Size exclusion) (Solubility difference)

Figure 1: Schematic representation of the gas permeation models.

As according to equation 1, Knudsen number (Kn), which is the fraction of the gas
molecule mean free path to the pore size of the membrane, is normally used to distinguish

among the three mechanisms.

A
K, = E (1)

In the equation, d; is the diameter of the pore, and the A is the mean free path of the gas
molecules. Mean free path of the gas is depends on the pressure (p), temperature (T) and

the effective diameter of the as molecule (dg) as according to the given equation

_ KgT
A= V2 prd} (2)

Where Kg is the Boltzmann constant.
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Based on the porosity of the membrane there is three basic permeation process: Knudsen

diffusion, molecular sieving, and solution-diffusion.

1.2.1 Solution-Diffusion

The gas permeation in the case of the dense membrane can be explained by the
solution-diffusion model. The solution-diffusion model has been described widely in
many articles [17-19] and books [20,21] as well. In this model, gas permeation is cross
product of the solubility coefficient (S) and diffusion coefficient (D). The overall
equation can be shown as;

P=DxS (3)
Both the coefficient D and S depends on the membrane material and the type of gas
chosen for permeation. Every material has a different value of diffusion coefficient and
solubility coefficient according to the gas type. Also, both the coefficient changes with
temperature, as the temperature changes the polymer structure and mobility of gas
molecules. As mentioned above temperature depends on P, D and S can be represented

by the Arrhenius type equation.

P=P, exp(;—?) ()
—AH,

S = S exp(—r) ©)

(6)

_Ed
D = Do exp(¢)

Where Po, So and Do represented as pre-exponential value for the corresponding equation.
R is used for universal gas constant and T for the temperature. Eq, AHs and Ep are the
activation energy for diffusion, heat of solution/sorption and activation energy for

permeation respectively.

1.2.2 Molecular Sieving

In terms of gas separation, molecular sieve membranes have been recognized as
a very promising applicant for gas separation [22,23]. These molecular sieves are porous
solids that contain constrictions of apertures that approach molecular dimensions of
diffusing gas molecules. A typical schematic diagram of molecular sieving mechanism

for gas-polymer interaction phenomena is shown in the figure 2.

Page | 4



Figure 2: Typical molecular sieving mechanism for gas-polymer interaction phenomena

When pore diameter or opening of membrane is relatively small to the gas
molecule, then repulsive force dominates. In this case, higher activation energy is
required for the permeation [24]. In the same situation, when gas molecule has
suggestively small diameter compared to opening or pore diameter, then it requires small
amount of energy for the permeation. Molecular sieving is dominating mechanism for
the above mentioned conditions [25].

Overall, pore diameter and gas molecule size are key element to control the
separation performance such type of membranes. The molecular diameter of the gases
and other important properties are listed in the table 1 [26].

Kinetic Molecular Specific gravity Specific

diameter weight  at 70°F (1 atm) volume
(A) (cf/lb)
H2 Compressed Gas | 2.89 2.02 0.0696 192
N2 Compressed Gas | 3.64 28.01 0.967 13.8
He Compressed Gas | 2.6 4.003 0.138 96.7
02 Compressed Gas | 3.46 32.0 1.105 12.1
CO: | Liquefied Gas 3.3 44.01 1.52 8.74
CsHs | Liquefied Gas 4.4 42.08 1.501 9.05
CsHg | Liquefied Gas 3.96 44.1 1.55 8.5
CHs | Compressed Gas | 3.8 16.04 0.555 23.7
CO | Compressed Gas | 3.76 28.01 0.97 13.8
Ar Compressed Gas | 3.4 39.95 1.38 9.7

Table 1: Gases with their kinetic diameter, molecular weight specific gravity and volume.
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1.2.3 Knudsen Diffusion

When mean free path of the gas molecules is in the order of the pore diameter
than the dominating mechanism for the gas permeation is Knudsen diffusion [27].
Because the walls of the pore involve in the mechanism, so the walls of the membrane
also effects the gas permeability. The general equation for the Knudsen diffusion for the

gas is given by equation 7.

dci
Jik = —Dmgi U)

where, Dik is representation for the Knudsen diffusivity. Dik can be calculated by
equation 8. In this mechanism, the molecules collision with pore walls are more repeated
than the collision among molecules. Also, the selectivity of gases is inversely

proportional to square root of the molecular weights.

d 8RT
Dix = ?p /n_Ml (8)

where, M; showing the molecular weights for gas species i, and dp is the average pore
size of porous membrane. Generally, Knudsen diffusion is useful for the low pressure,
because due to the bigger pore diameter the permeation rate in such membrane is high at
low pressure. This mechanism is ruled in the zeolites membranes [28], CNT-polymer
composite membranes [29], swift heavy ion irradiated membranes, fiber membranes and

the membranes have porous structure across the thickness etc.

1.3 Types of Membrane
Commercially, various types of membranes are used for application on hydrogen
separation like metal membranes, track-etched membranes, polymer membranes,

ceramic membranes, etc. [30,31].

Membrane
classification
L
R Separation Geometry
regime |
[ —— —— [ I —
. . . lon Hollow Spiral
Synthetic Biological Dense Porous exchange Tubular fiber wound | Flat sheet
Organic Inorganic
) & ‘
[
Ceramic Metallic

Figure 3: Generalised classification of the membranes
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Because the membrane material is most critical portion for the selectivity and
permeability of the gas, so the selection of the membrane material is very important for
the required application. Based on the properties and approach, the membrane can be
classified in many categories. M De Falco et al. [32] has reported the generalised
classification of the membrane as shown in the figure 3.

In the field of gas separation, most of the samples are in the form of mixed matrix
membranes (MMMs) [33,34], as shown in the figure 4. In these MMMs materials, 2
phase are present, one is the polymer matrix which acts as a bulk phase and another one
the filler material like zeolite, carbon nanotubes, different form of metal (nanoparticles,
nanorod, nonoflakes, etc.) [35]. MMM s is one of the advantageous form of the samples
to overcome this problem relatively to pristine polymer or pure filler material. At the
same time, the cost of the MMM s is low compared to the pure material, at the same time
MMMs have high flexibility.

Polymer Phase Filler Material
_— H o U/ b @ O
@ O A
® i1 o® » @ 0 B

Figure 4: Schematic representation of Mixed Matrix Membrane (MMMs)

For the hydrogen gas separation, following membranes are being used by various

researchers:
1.3.1 Composite Membranes

The amazing properties of nanomaterials result in a new class of
composite material, which helps to improve the separation properties [36,37]. In the
composite membranes, it covers metallic alloys [38,39], organic polymers and inorganic
oxides [40,41]. Here we will critically compare the diverse composite membrane
materials, which are using for the H, separation/purification in the composite form. The
simplest way for the classification of the composite membrane is to categorise them
based on the filler material. It can be as follow; pure metals [16], alloys [42], oxides,
ceramics [43,44], zeolites [45], glasses and carbon products (CNT, graphene, graphene
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oxide, graphite) etc. carbon-based composite membranes have broad area and different
approach. So carbon-based membranes will be explained in the next section.

During the selection of composite membranes, some of the targeted key points
are like Ha selectivity, and the permeability should be high. Composite materials cost
should be low. In the commercial point of view, the durability of the sample should be
long time. The last production/fabrication process cost is not to be expansive. In broad
sense, a composite membrane effects only H> molecules for the selectivity. That means
only H> molecules or other gas molecules (impurities) interact with the composite
membrane.

Typically metallic composite membranes are dense membranes, in which a
specific metal is used as a filler material. The selectivity of such membranes is high, but
the permeability is low. Metal can be used in the different form of structures such as;
nanoparticles, nanorods, nano-tubes, nano-frames, ribbons etc. the most suitable and
reliable metal for H. is Palladium (Pd). Because Pd has high diffusivities or solubility for
the hydrogen, and have excellent thermal stability [46,47]. Platinum (Pt) is one more
metal which is used as a spare filler material for palladium [16,48]. Both Pt and Pd also
used with Ni, Ag, Au and Cu as alloy metals in composite membranes. The performance,
fundamental concept and mechanism for the metallic membranes have been explained in
the various researcher [47,49,50].

Due to some of the limitation with the metallic membranes, silica composite
membranes are an alternative approach for H» separation application. Compare to
metallic membranes, silica membranes are easy to fabricate, controllable filler porosity
and low cost of production. Silica has pores network matrix in which the approximate
diameter of the pore is 0.5 nm. Such small pores can control permeation of the small gas
molecules such as Hz, CO, He, CO, O, and N2. Such type of composite membranes are
not 100% selective for an individual component [51,52]. The separation of gas mixtures
is centred on a competitive process of different molecules move in the micropores
network [53]. Commonly two type of synthesis methods are used for silica-based
composite membranes; chemical vapor deposition (CVD) and sol-gel method [54]. In
comparison of both methods, sol-gel provides good permeability as well as selectivity.
While the problem with the sol-gel method is reproducibility of the samples and which
can be the achieved by CVD method by the controlled condition of deposition.

From last few years, zeolite membranes have achieved considerable attention in

the field of gas separation [55,56]. Zeolite membranes have controlled pore shape and
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size with the enhanced properties of mechanical, thermal and chemical stability. Such
type of membranes have long lifetime and can be used multiple times. The optimised
thickness of the zeolite membranes is the key parameters for the selectivity and
permeability data. Zeolites have a uniform and molecular-sized pores with crystalline
inorganic nature. Most of the zeolites are made with the TO- unit, where T represents a
tetrahedral framework atom (Si, Al, B, Ge, etc.) [57].

Due to the long life time, stability at high temperature and the ability of the
regeneration makes these membranes as a competitive candidate for H>

separation/purification application.

1.3.2 Carbon Based Membranes

In the comparision with other materials, the composite material of carbon with
polymer have been centre of demand due to their unique properties and technological
usage, especially for gas separation application [58-60]. Carbon-based polymer
composites such as carbon nanotubes (CNT’s), graphite, graphene, graphene oxide (GO)
have been reported widely.

Since the discovery by lijima [61,62] of carbon nanotubes (CNTs) has been made
supreme impacts on nanotechnology and nanoscience. Especially application part of the
composite in the reference of electrical, thermal and mechanical properties [63,64].
Mostly CNT’s are categorised in the single wall carbon nanotubes (SWCNT’s), double
wall carbon nanotubes (DWCNT’s) and multiwall carbon nanotubes (MWCNTS). The
arc discharge is one of the oldest and worthy technique to produce the CNT’s. As
according to physical and chemical properties of CNT’s, these have a potential
application in the gas separation. There is large variation in the ratio of length and
diameter of the CNT’s. Many types of CNT’s composites are used for gas separation
applications. Structure and orientation of CNT’s key parameters for the conductivity as
well as the permeability & selectivity of the gases. In the field of the hydrogen separation,
many researchers used the aligned orientation of CNT’s to improve the selectivity of
gases [65,66]. It is expected that alignment of CNT’s in polymer matrix provides more
number of the channels and dissolution opportunity in comparison to randomly
distributed MWCNTSs. Also, the separation application is based on the functionalization
of the CNT’s [67,68]. Functionalization of the CNT’s is useful for the attachment of gas
sensitive nanomaterials which helps to enhance the selectivity of a specific gas. Based
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on the diameter of the CNT in the composite membrane permeation of the gases can be
combined effect of solution diffusion and molecular sieving model. These features make
CNT’s highly useful in reinforcement nano filter, probes, energy storage, gas filters, bio
applications and various electronic and thermal devices.

Graphene also has a great opportunity for membrane-based gas separation
applications because of critical thickness, chemical stability, flexibility, and mechanical
strength. Molecular Dynamic (MD) simulation and Density Functional Theory (DFT)
calculation shows that the graphene-based membranes are one of good choice for the H»
separation application [69,70]. Hz have a significant difference in its kinetic diameter
(2.9 A for Hz) compared with other gases molecules (3.64 A for Np, 3.8 A for CH4 and
3.76 A for CO etc.) [71]. DFT calculation explained that the pore size in graphene is
nearly the molecular diameter of the H,. So there are much possibility that H> molecule
will separate from other gas molecules by a candidate having nearly equal pore size and
other gas molecules will block due to bigger kinetic diameter than H,. The approach with
graphene polymer composite membrane can enhance the H> selectivity over other gases
multiple times. However, the drawback is that due to smaller pore size the permeability
decreases.

Functionalized graphene (graphene oxide) [72] can be used with polymer matrix
to reduce the lower permeability problem. GO can also utilise as a unique material for
gas separation application. Functionalization of the graphene can enhance the H>
attachment probabilities. Separation mechanism for the GO composite membranes
follows the molecular sieving as explained in the previous part. Nanoparticles, nanowires
and other nanostructures can interact with the GO lays and helpful to expand the gaps
[73-75]. This explanation offers fast permeation of the gas molecules through the

channels. Such approach is useful for the high permeability with high selectivity of Ha.

1.3.3 Track-Etched Membranes

Now these days, track-etched membranes are new class of the gas
separation/purification applications. Track-etched polymeric membranes have received
considerable attention in gas separation applications due to tunable pore shape and size
due to chemical etching and choice of the ion [76-79]. Swift Heavy lon (SHI) irradiation

process is used to create the tracks, and subsequently, the tracks are converted into
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nanopores by selective chemical etching. Basically the ions beam having the heavy
energy in the range of 100 MeV were bombarded on the membranes.

Due to heavy energy these ion passed throughout the membrane, and local
damaged zones (latent tracks) were created along the ion path. In details, the passing ion
interacts with the loosely bound electrons of the polymer and transfer its energy to them.
Such electrons of the polymer gradually transfer this energy in the outward direction of
the ion path. Due to this phenomena, a cylindrical zone is created, which called as the
latent tracks.

~——

Polymeric Membrane Ion irradiation

!
'_\—-—'

Track-etched membrane Chemical etching

Figure 5: Swift Heavy lon (SHI) irradiation and track creation process

These tracks can be converted into the pores by the chemical etching. The
schematic representation of the followed process is shown in the figure 5.

| (e | ——

Conical Pore Biconical Pore Cylindrical Pore
: : . : . . Both Side chemical etching
One Side chemical etching || Both Side chemical etching for long time

Figure 6: A schematic representation for track-etched nanochannels with different
shapes with the type of chemical etching.
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Type of the ion and his energy affect the damaged area of the membrane matrix,
which is one the responsible factor for the pore size. But the chemical etching process is
responsible for the pore shape and size [80]. To control the control the pore size chemical
etching time need to be optimised and the shape of the pore depends on the one or both
side etching. One side chemical etching generates the conical shape of the pore. Both
side chemical etching leads for the double conical/bi-conical shape, and later it’s
converted into the cylindrical shape as shown in the figure 6.

The main advantage of such membranes is that we can control pore shape, size,
length and the distribution. So, based on the application, we can obtain the required pores.
The most natural example of such track etched nanochannels is living human skin.
Human skin can selectivity permeate water and ions in the form of sweat, not the blood
cell.

Separation and selectivity of the gases also depend on the interaction of the gas
within the pore wall and the surface of the membranes. These track-etched membranes
are able to modify them after or before the irradiation process. These modified membrane
have more benefit then the pristine form of these membranes.

1.4 Functionalization of Membranes

Functionalization of the membrane is that process, in which we have
modified a specific physical property of the membrane [81,82]. Modification of the
membrane is done according to our required application [83,84]. In the field of the gas
separation, gas permeation capabilities of the membranes depend on the type of
functionalization. Such as with the functionalization if the gas sensing material is
attached to the surface or the pore wall on the membrane. Then it favours to enhance the
gas selectivity. Similarly, if the functionalized of the membrane controls the porosity of
the membrane then it will be in the support of permeability improvement of the gases.

In the context of the membrane functionalization, different methods and
approaches have been developed to manipulate the membrane properties. Membrane
functionalization is possible via targeted chemical reaction [85,86], UV irradiation
[87,88], plasma process [89], alteration in the synthesis/fabrication process and many
more. Selection of the functionalization process depends on the sample material and

application.
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The most common process for the functionalization is the targeted chemical
method. In this method, a chemical reaction proposed after the sample synthesis to
generate or enhance a specific number of the functional group [90]. Such as carboxylic
group is generated with chemical reaction on the PET membranes for improvement of
attachment capabilities of gas sensitive nanomaterial with the surface of the membrane.
The UV-irradiation process is also low cost and effective method for the
functionalization of the membranes. In this method, UV-lamp is used in the process
having specific wavelength. The specified wavelength has sufficient energy that it can
break polymeric bonds (bond splitting). Due to the unsaturated state of these break bonds,
they always ready to accept or attach with gas sensitive materials. But the difficulty with
this method is only applicable on the some specific polymer. And also the process time
is long as compared to the targeted chemical reaction method.

Use of track-etched membranes instead of the dense membranes will provide the
opportunity for the much larger area of the membrane for functionalization. In the track-
etched membranes not only the surface but also we are getting the pore walls area of the
membrane. Higher functionalization adds the extra control on the permeability and
selectivity of the membranes. In present study, we are using the track-etched PET and

PC membranes for the higher functionalization.

1.5 OQutline of the Thesis

The directed problem with gas separation application is to achieve remarkable

change in selectivity when we were getting high permeability and vice versa.

Engineering of composite . Functionalization of
membranes/Track-etched Sgﬁgegstﬁ:f] ePSd Membranes/MWCNT’s
membranes P with different method

L

s Deposition of Pd
Gas psg:; ggl‘),lillty and Characterization with nanoparticles within
ty different techniques functionalized
measurements membranes

Figure 7: Schematic diagram of the work process for the hydrogen separation
application.
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Therefore, the aim and motivation of this study to enhance the hydrogen
permeability and selectivity of the hydrogen over other gases with the help of the
functionalized nano-channels of polymeric membranes. For controlled separation of
gases, high selectivity along with the high permeability is needed. To achieve high
selectivity with high permeability, optimization of various parameters of functionalized
membranes such as nature of nanomaterials, deposition time etc. The overall
methodology of the work is represented in the figure 7.

To improve the selectivity as well as permeability of hydrogen, the objectives of
proposed plan are given below:

e Preparation of different polymeric membranes

e lon irradiation of polymeric membranes to create the tracks.

e Chemical etching of ion irradiated membranes

e Functionalization of porous membranes

e Synthesis of nanomaterials

e Deposition of nanomaterials into the functionalized membranes

e Characterization of samples by SEM, AFM, FTIR, TEM, Raman spectroscopy
and XRD.

e Gas permeability and selectivity measurements

To follow the proposed plan, initially Polycarbonate (PC) and functionalized and
non-functionalized MWCNTSs composite membranes have been prepared by solution
cast method. Track-etched polymeric membranes of PC and PET were prepared by ion
irradiated and having different pore size.

For functionalized MWCNTs and PET membranes with carboxylic group, we
follow targeted chemical method. Beside chemical method, to functionalized track-
etched PC membranes, we have also used the UV irradiation method. To optimise the
functionalization time, different samples were UV-irradiated from O to 48 hours.

For the Hy, Pd is most common and the perfect gas sensitive materials to enhance
permeability as well as selectivity. So we have synthesised Pd nanoparticles by using the
chemical method. As compared to pristine samples, functionalized samples always
shows more attachment of Pd nanoparticles.

UV-Vis, FTIR and Raman spectroscopy were used for the confirmation of the

functionalization of the membranes. SEM technique is used for the morphological studies
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and observation. The characterization of the nanoparticles is done by TEM technique.
Deposition of Pd nanoparticles can be confirmed by the by the EDX and the SEM images.

All the gas permeability measurements were done with the help self-developed
gas permeability setup [91,92]. Details of the setup has been explained in the section
3.3.6. For the gas permeability application, we have used hydrogen (H.), nitrogen (N2)

and carbon dioxide (CO.) gases.
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Chapter-2

Literature Review

2.1 Introduction

From last few decades, the membranes based technology have noteworthy
advantage form wastewater treatment for water purification to the high efficiency of the
solar cell [93-96]. In considering the future energy requirement membrane equipment
and technology can be a good option because of its eco-friendly nature, low cost,
economical processing capabilities and modification acceptability. As per current fossil
fuel consumption rate direct us for clean, eco-friendly and sustainable fuel [97-100].
Hydrogen is one of the respectable fuel for coming time and hydrogen fuel cell will the
unit, which converts hydrogen in another form of energy. Compare to other conventional
vehicles hydrogen fuel cell vehicles are more profitable also there not any toxic gas
explosion [101-103]. In the essential stuffs for fuel cell is pure hydrogen for the better
efficiency and lifetime. Many methodologies has been followed by the researcher for the
improvement of selectivity of hydrogen over other gases and impurities. But
separation/purification by selective transport with the help of polymeric membranes is
one of the fastest growing branch. In the reference of original polymeric membrane,
composite membrane always beneficial in the goal of selectivity and permeability
alteration. Because in the composite membranes many parameters can be tune like

concentration, size, shape, distribution of filler material etc.

2.2 (Gas Separation

In the membrane-based separation process, gas molecules separate by the
difference in permeation rate of gas molecules. For the gas separation/permeation with
the membrane is measured by the two key parameters 1) diffusion coefficient (D) and 2)
solubility coefficient (S). Thomas Graham in the Application of membrane technology
[104] gives the detail of the gas permeation phenomena polymeric membrane. Graham
provides the systematic study about the permeation rate of all gases by obtainable
diaphragm option. Graham defines the solution-diffusion model for gas permeation. In
the 1943-45 first commercial use done to separate U?*°Fs from UZ®Fs with the help of

microporous metal membrane. In the duration 1940-50, some of the researcher like
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Amerongen [105], Barrer [106], Stern [107] directed the groundwork of the gas
permeation theories. But that time the membrane fabrication techniques are limited, so
only pristine polymeric membranes used for the gas permeability. In 1991 M. Robeson
et al. [108] presented the relative upper limit performance of the different polymer for
the gas combination of O2/N2, Ho/CHa, CO/H2, H2/N2, He/CH4, He/N2, He/H2, He/Og,

H2/O>.. Figure 8 shows the separation factor of H> over N2 including the upper limit
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Figure 8: Literature data for Ho/N2 separation factor versus Hz permeability [108].

But there are some limitations with pristine polymers such as mechanical
strength, interaction phenomena with gases, chemical stability etc. to overcome these
problems/limitation, most of polymers and inorganic composites are used for
improvement of desired properties. In these composite membranes, two phase are
present, one is the polymer matrix which acts as a bulk phase and another one the filler
material like zeolite, carbon nanotubes, different form of metal (nanoparticles, nanorod,
nonoflakes, etc.).

The study about the Mix Matrix membranes (MMMs) for the gas separation have
been explained nearly 1970 by D Paul et al. [109]. D. Paul et al. introduced delayed
diffusion time lag concept for CH4 and CO2 gas. For this work, authors use zeolite into

the polymer matrix and found that there are very large increases in the diffusion time lag.
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In one of the US patent [110] in 1992, silicalite powder and cellulose acetate MMMs are
used for the gas separation application. In this patent, 150 psi pressure difference was
used for various gas and the selectivity factor (aO2/N2) was found nearly 3.4-4.0 and
(aCO2/H2) 5.3-9.0. In 1989 T.A. Barbari et al. [111] used five bisphenol based polymer
(Polycarbonate, Polysulfone, Polyarylate, Polyetherimide and Polyhydroxyether) to
examine the effect of the attached group with bisphenol on the gas separation properties.
50:50 CO. and CH4 combination were used to check the gas permeability coefficient for
all the polymeric membranes. Based on the study for all polymers, it’s observed that
polyetherimide is suitable candidate for He/CHs or H./CH4 and polycarbonate or
polysulfone for CO2/CH4 combination. As figure 9 from the same article shows that the
there is always inversely-proposal to relation between permeability and separation factor

(selectivity).
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Figure 9: Trade-off relation between separation factor and permeability coefficient for
the helium/ methane system at 35°C [111].

In 1995 A. T. Mohammadi et al. [112] used, a coating layer of silicone over the
surface of polymide membrane and use for the separation factor of different gases. In this
study, they found that the permeation rate of Hz, He and CO: is not affected, but the
permeation rate of N2 and CHa is changed. This layer structure of silicon and Polymide

enhanced the selectivity of CO./CH4 from 64 to 166, as the silicon layer covers the large
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pores (due to the phase-inversion process) of the Polymide membrane. As a results,
permeation decreases and separation factor increases. In the same publication authors
have summarised data of permeation rate, permeability, overall resistance and

permeation rate ratio in tabular form as shown in the table 2.

Pressure (gauge) He H2 CO2 02

(kPa)

Q, permeation rate (mol st x 107)

700 6.70 1.65 0.67 0.14 <0.037 <0.037

1400 174 4.46 1.38 0.30 <0.037 <0.037

2100 30.8 7.59 2.05 0.43 <0.037 <0.037

P/1, permeability(mol m=2 st Pa1x101%) [cm s cm Hg? x 10°6]

700 9.94 2.45 0.99 0.21 < 0.055 <0.055
[2.97] | [0.73] | [0.30] |[0.063] |<[0.016] | < [0.016]

1400 12.9 3.31 1.03 0.22 <0.028 <0.028
[3.76] | [0.99] | [0.31] |[0.066] |<[0.008] | < [0.008]

2100 15.2 3.76 1.02 0.21 <0.018 <0.018
[4.54] | [1.12] |[0.31] |[0.063] | <[0.005] | < [0.005]

R, overall resistance (Pa s mol* x10%?)

700 1.05 4.2 10.5 51 > 200 > 200

1400 0.80 3.1 10.1 46 > 390 > 390

2100 0.68 2.8 10.2 48 > 590 > 590

o, permeation rate ratio

700 1 4.0 10 48 >190 >190

1400 1 3.9 13 57 > 490 > 490

2100 1 4.1 15 71 > 860 > 860

Table 2: Reframed table for permeation rate, permeability, overall resistance and
permeation rate ratio data for the all the mentioned gases from the publication of A. T.
Mohammadi et al. [112].

In the parallel, scientists also used composite membranes based gas separation.
Q. Hu et al. [113] used Poly(amide-imide) as a polymer matrix and TiO> as a filler. In

this composite, they checked different gases such as s Oz, N2, CO2, H2 and CHjs for the
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permeability and permselectivity. CO. and H> show intermolecular interaction with TiO>
domains and it’s interaction with specific gas responsible for higher separation factor of
CO2 and Ho.

Z. Jahan et al. [114] developed a series of the crystalline nanocellulose (CNC)/
polyvinyl alcohol (PVA) nanocomposite membranes for the observation of CO:
selectivity over CHa. In this study, they optimised the CNC concentration and the pH of
the casting solution. According to data 1wt% CNC concentration and pH 10 is an
optimized condition for the maximum selectivity. On the above-optimized condition the
highest selectivity of CO2 over CHgs is 43.

S. Kim et al. [115] used two-dimensional zeolitic imidazolate framework-L (ZIF-
L) with polyimide (PI). ZIF-L have a leaf-like structure and have excellent absorption
properties for CO2 because of the strong interaction between ZIF-L and CO2 molecule.
Observed data shows that at 20 wt% of ZIF-L with PI, maximum permeability of MMMs
is 260 Barrers and selectivity of Ho/CO; was 13.4.

B. Molki et al. [116] prepared composite membranes of different wt% of NiO
nanoparticles and polyurethane (PU) polymer for the selectivity of CO. gas. The
permeability of synthesised samples was checked by the CO2, CH4, O2 and N2 gases.
Authors found that with the increment in the wt% of NiO permeability and selectivity of
CO2 over Nz increased. The selectivity CO2/N: increased by 161.1%, in the cases Swt%
of NiO nanoparticles loading.

T Rodenas et al. [117] prepared metal- organic metal (MOFs)-polymeric
composite membrane for CO, separation from CO2/CH4 gas mixtures. They dispersed
copper 1,4-benzenedicarboxylate MOFs in polymeric matrix and found that the resultant
composite shows outstanding separation properties for CO». Such research work for the

MOF-polymer composites opens the new doors for gas separation applications.

2.3 Hydrogen Separation

Due to the fact of that, the H> molecule has smallest kinetic diameter the selection
of the H> over other gases is easy. Since H> molecule has the biggest diffusion coefficient,
permeability and selectivity are of the H2 can be tuned. In this section, we will go through
some of the articles in which researcher attempted different type of samples and method

to reach Higher H2 permeability and selectivity.
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Because Pd is one of the best Absorbent material for hydrogen, but it’s also
expensive compared to other metals. So researchers are also searching for the alternative
to replace Pd by alloys. D. Liu et al. [118] fabricated alloy of NbzsMosTizoNizo as an
alternative of Pd for hydrogen purification/separation application. They presented the
theoretical calculation by DFT for the optimisation of combination of the alloy.
Experimental data indicate that NbssMosTizoNiso membrane shows remarkable H:
separation and can be a replacement of palladium metal.

In the same direction of the Pd membrane, Y.S. Cheng et al.. [119] compared the
H> permeation from the commercial Towngas (49% Hz, 28.5% CHs, 19.5% COzand 3%
CO) by using alumina, zeolite, Pd and Pd-Ag alloy membranes. Their results show that
alumina and the zeolite are not suitable options for the H, separation from the Towngas.
Whereas, Pd and Pd-Ag membranes show great results for H, separation from Towngas
to achieve high purity of Hy, the purification efficiency further increased by the addition
for the silver, due to larger lattice spacing in the resulting alloy material. Some of the
previous review articles for the H» separation by Pd and Pd-alloys described significantly
[11,26,120,121].

Beside Pd and it’s alloy, Yan Chen et al. [122] used a Pt layer over the surface of
the LassWo.45Nbo.1sM00.4011.25.5 membrane for the reflection effect on H> permeation.
With a combination of 50% H2 — 50% He at1000°C achieved permeation flux of H is
0.483 mL/min. cm? from both sides. This permeation rate is twice the uncoated
Las 5Wo.4sNbo.15sM00.4011.25.5 membrane, indicates that Pt layer exhibits positive effect on
the H. selectivity. This enhancement is due to H> dissociation/combination on the Pt
layer. S. Fasolin et al. [123] fabricated a vanadium-based multi-layer structure
(Pd/Ve3Pd7/Pd) having the thickness of < 7 um onto porous alumina. Results show that
these membranes have high Hz selective flux up to 0.26 mol m2 s at 375 °C.

Since the discovery of CNT by lijima [61] in 1991, CNT’s have come to the
forefront of nano-structured materials and research interest has grown exponentially.
Extensive work has been done to characterise CNT’s include their exceptional
mechanical, thermal and electrical characteristics. CNT’s also known as to show
extremely high aspect ratios of its length and diameter. Many of the researchers observed
some of the respectable results in the field of the H, separation/purification. Vijay at el.
and his group doing a wide-ranging study on the CNT-polymer nanocomposite for the

hydrogen gas separation [124-127]. Their results show that the alignment and uniform
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distribution of the CNT’s is beneficial to enhance the H> permeability as well as the
selectivity.

Lin Li et al. [128] fabricated a hybrid membrane of C/CNT for the gas
permeability of Hz, CO2, Oz, N2, and CHa. In this work, authors used CNTs in the form
of single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTS) individually in the membranes. Their results show that MWCNTSs
incorporated Carbon membrane exhibits higher permeability but lower selectivity than
SWCNTSs embedded Carbon membrane. Further, acid treatment of the MWCNTS helps
to open the blocked ends and which can help to enhance the selectivity.

Recently, a two-stage carbon membranes based system was developed by
Xuezhong He et al. [129] for the separation of the Hz and CO. from the mixture of both
the gases. In the first stage of the system, operated at 20 bar and 120°C, H, selective
membrane is used and in the second stage, operated at 20 bar and 20°C, CO; selective
membrane was proposed. The proposed system provides a low cost <1$/Kg of H>
production with the high purity of CO2 (>95 vol.%) and Hz (>99.5 vol.%). The proposed

concept of the system is shown in figure 10.
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Figure 10: The concept of hybrid membrane/FT process for biodiesel production from
biomass [129].

There are many review articles published for the composite polymeric
membranes for the hydrogen separation. Some of them are Perovskite-based [130],
graphene-based [131], dense metal membrane based [132]. silica-based membranes

[133] and Non-Pd BCC alloy based membranes [134] etc.
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2.4 Gas Separation by Using Carbon-Based Composite Membranes

Composite material of carbon with polymer have been the centre of demand
because of their unique properties and technological usage, especially for the hydrogen
separation application [135,136].

By using functionalization of carbon nanotubes A. D. Kiadehi et al. [137] Prepared
mixed matrix membranes of F-CNFs and polysulfone (PSF) by immersion precipitation
technique. Observed data shows that permeability of all gases enhanced with wt% of F-
CNTs. But selectivity for CO2/CHs and O2/Nz is maximum when 0.5 wt% of F-CNTs is
loaded in the membrane.

Graphene and graphene oxide (GO) is the great product in the family of carbon-
based materials. GO shows eye-catching properties for the gas separation application. To
understand the gas separation mechanism from GO, Amr Ibrahim et al. [138] prepared
the GO membrane with PETE made from the different size of GO sheets (17 and 33 um).
Their results explain that GO membranes show good H. selectivity over CO> for pure
and binary gas feeds. Because GO exhibits higher permeability for the smaller gas
molecules. Gas permeation mechanism of GO membranes is complex, and it is based on

the solubility, diffusivity, porosity and tortuosity of the pores.
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Figure 11: Gas permeance change with temperature for the y-Fe;03/PHFMs [139].
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Graphene and GO membranes were also fabricated by T. V. Gestel et al. [140]
over the specially designed 8YSZ mesoporous membrane with the help of reductive
thermal treatment. The obtained results of selectivity with such membranes is 215, 80
and 170 the combination of the He/N2, H2/CO2 and Hz/N2, respectively.

Carbon hollow fiber and polyimide membranes composite membranes with or
without Fe-based magnetic nanoparticles (y-Fe203) were synthesised by E. P. Favvas et
al. [139] for the gas separation application. These Fe based nanoparticles act as internal
nanomagnets, which helps to alter the gas permeation properties of CO2, O2, N2 and CHa.
Figure 11 shows the % change of permeability at different temperature comparing to the
pristine sample of PHFMs.

Majid Nour et al. [141] synthesised composite membrane of the
Polydimethylsiloxane (PDMS) and MWCNT (1, 5, 10 wt%) to evaluate permeation
properties for H2 and CHas gases. They found that by adding 1 wt% of MWCNT, the
permeability of Hz is increased by 94.8%. Furthermore, the permeability of the CHa is
almost blocked for the 5wt%, doped sample of MWCNT. XPS and vibrational
spectroscopy analysis of the samples revealed that, reducation in the CHs permeability.
Incorporation of MWCNT decreases the number of Si-CH3 and Si-O bonds as well as
also increases the Si-C bond. Such membranes offer selective permeation of small gas
molecules (H2) over bigger gas molecules such as CHa. Similar type of work is also done
by the same group by using PDMS and carbon black composite membranes [142].

2.5 Gas Separation by Using Track-Etched Membranes

Track-etched membranes are one of the best categories of the membranes for the
gas separation application. The reason behind it that track-etched membranes are capable
of tuning the pore size as well as pore shape. Uniform and homogeneous distributed
porous membranes have great potential for the selective and higher permeation of
hydrogen. Swift heavy ion (SHI) irradiation is one the most known and advanced method
for the creation of uniform pores in the membrane. During SHI irradiation process latent
tracks are created, and subsequently, these tracks are converted into nanopores by
selective chemical etching. Nanopores in polymer membranes have attracted various
application as miniaturised devices, e.g. ion pumps, molecular sensors, gas separation
and others. For the track-etched membrane, gas separation depends on the porosity of the

membrane, chemical state of the pore, pore structure, temperature etc. Different chemical
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modifications make it possible to improve the permeability and selectivity precisely in
the gas separation process. Hz separation and selectivity of a nanopore critically depend
on the size and shape of its narrowest region, chemical modification and materials
deposited inside and outside the pore. This tunability of pore shape and size helps to
control the permeability and selectivity parameters.

Blended polymeric membranes of PSF and PC were synthesised by V.
Kulshrestha et al. [143] in the (3:1), (1:1) and (0:1) ratio with the desired thickness of
27um. It was observed that, as the concentration of PSF in blends increases, the
permeability of hydrogen and carbon dioxide decreases. Further, these membranes were
irradiated by Ni’* ion having the energy of 100 MeV. Permeability was calculated from
both sides; ion incidence side and ion emergence side. They noticed the higher
permeability in ion incidence side. This difference in permeability from both the sides is
due to the conical shape of the track generated by ions. Permselectivity of hydrogen over
carbon dioxide also increases with increasing PSF concentration from both the sides and
it observed maximum ~ 4.75 for 1:3 (PC : PSF) blend track-etched membrane.

Polymeric membranes of Polyimide having the thickness of 40 pm were
irradiated by W. Ensinger et al. [144] for CO and CO: gases permeability measurement.
The used fluence for the irradiation is 3 x 10° to 1 x 10° ions/cm? and after chemical
etching obtained radii of pores is in the range of 10-100nm. According to their study over
the 108 fluence, pore gets overlapped. Such membranes cannot be used for a controlled
permeation of gases. Gas chromatographic measurements results show that the CO has
higher permeation rate than the CO». This is possible because gas permeation, in this
case, depends on the mean free path of gas molecules and it was in the order of the pore
radius.

K. Awasthi et al. [143] used 100 MeV CI*7 ion for irradiation of PET membrane
having a thickness of 25 um, and fluence of irradiation is 107 ions/cm?. Because of the
smaller size of H, molecule, hydrogen shows higher permeability than other gases. On
the basis of permeability data hydrogen selectivity in H2/N2, H2/O2, Ho/CH4 & H2/CO2
combination is around 3.4, 3.7, 2.8 & 4.4. In the other work membranes of thickness, 18
um were irradiated by Ni’*ion of 100 MeV at fluence of 10°-10% ions/cm? by V.
Kulshrestha et al. [145] and it was observed by that permeability for H. is higher than
CO. for all membrane. It was also noticed that the selectivity of the membrane increases

as ion fluence increases. Y.K. Vijay et al. [146] reported that electron irradiation changes
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the crosslinking density in the polymer at the surface as well as bulk. The SHI generated
tracks can be etched further in a controlled manner to create the nanoscale filter.

Separation process depends on the absorption of gases in the sample material, and
nanomaterial plays an essential role in the absorption of gases that why nanoparticles are
very useful in selectivity improvement. Gas transport properties in polycarbonate (PC)
nanocomposite membrane has been reported by Y.K. Vijay et al. [147] and they found
that membrane containing nanoparticles displays low permeability with high
permselectivity. After irradiation by swift heavy ions (SHI), high gas permeability and
high permselectivity have been observed for these nanocomposite membranes.

NK Acharya et al. deposited thin film of Ti having a thickness within the range
of 100nm-150nm on the surface of PC and Polyethylene terephthalate (PET) membranes
[137]. The gas permeability and selectivity for hydrogen of these Ti-deposited

membranes were improved because Ti has close affinity for hydrogen.
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Figure 12: Schematic for composite membrane generation: (a) PET porous membrane
(b) Block copolymer with additive coated on PET (c) Block copolymer coated PET after
removal of additive [148].

An effective way was to control selectivity established by the Kamakshi et al.
[148] and his group by using the Block copolymer (BC) membranes over the track etched
PET membranes. Based on the molecular weight, BC membranes are used to control the
pore diameters in the range of few nm with the uniform ordering of the pores. In this

strategic research work, BC membrane is used to selective permeation of gas molecules
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by controlling the pore size. Track-etched PET membranes are used to operative
permeability of the gases. Schematic representation of the sampling process is shown in
figure 12. Results of the work show that coated BC membranes plays significant role for
the selectivity of Hz over CO2 in compare to pristine PET.

Graphene oxide shows promising results for gas separation, especially for Hz gas.
So, Amr F.M et al. [149] synthesised GO membrane over track etched hydrophilic
polyester substrates. Synthesised samples have the combined effect of track-etched
membrane as well as the graphene oxide on gas separation. Spray coating method was
used to prepare the GO coating over track etched membrane, and the concentration of
the GO solution is diluted. Because low concentration of GO minimize GO sheet edge-
to-edge interactions and reduce extrinsic wrinkle formation. Minimization of wrinkles
results in the reduction of over GO layer porosity, which restricts the transport of large

gas molecules. This cost-effective method enhanced the H> selectivity over other gases.

2.6 Gas Separation by Using Functionalized Membranes

Beside the MMMs peoples are trying to modify the surface properties of the
membrane with the help of chemical or other process. R lwasa et al. [150] used vacuum
ultraviolet (VUV) irradiation on the polyimide polymer membrane to enhance the
hydroxyl groups. Enhancement in the hydroxyl group was always beneficial for the
choosy permeation of the hydrogen. and helps to gets the selectivity improvement of
H2/CO2, H2/N2, and H2/CH4 from 0.74 to 17, 13 to 230, and 14 to 600, respectively.

K. Awasthi et al. [151] used functionalization of membranes process for more
attachment of Pd nanoparticle inside the pore of membrane. Palladium (Pd) is chosen
because palladium modified membrane shows higher hydrogen selectivity and
permeability. Pd nanoparticles are deposited onto pore walls and pore surfaces of PET
membranes. SEM, TEM, and energy dispersive x-ray spectroscopy ( SEM) results show
the presence of Pd nanoparticles in functionalized PET membranes indicating to the
improved binding capability of Pd nanoparticles that was used for hydrogen extraction
from a mixture of gases. Observed data shows much more improvement in hydrogen
selectivity and permeability. Hence nanomaterial modified membranes have high
hydrogen permeability, excellent hydrogen selectivity and good chemical compatibility

In the same direction of work, functionalized track etched PET membranes were

used by the Kamakshi et al. [92] for the for the H, and CO: gases. In this work authors
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functionalized membranes with the carboxylic groups and the amino groups. Further,
for the selective permeation of H., they deposited Pd nanoparticles (size of 5 nm) in
functionalized membranes. Reported results show that H> have higher permeability and
selectivity over CO; gas due to absorption phenomena of Pd nanoparticles.

Yong Wang et al. [73] computationally investigated the gas transport mechanism
of the functionalized GO membranes for the gas separation applications. According to
the study, functionalized GO membranes have the potential for higher selectivity of
CO2/N2, CO2/CH4 and N2/CH4 gas combination. More important, their study explains
that permeation performance of such membranes not only depends on the energy barrier
to getting into the graphene layer but also depends on the energy barrier at the outlet of
graphene pore. Both the energy barrier can be tuned by using the functionalization
process. Such theoretical study provides a guiding factor for the future experimental

study of such membranes for the gas separation application.
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Figure 13: A schematic illustration of tunable, remote-controllable molecular
selectivity by a photo-switchable MOF membrane.
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Suitable functionalization and use of different pore sizes membranes can allow
for an adjustment of the static selectivity. Based on that Z. Wang et al. [152] developed
an amazing strategy to tune the separation factor of H2 over CO2, by assembling linkers
having photo-responsive azobenzene side groups into monolithic, crystalline membranes
of metal-organic frameworks. The schematic illustration of the sample is shown in figure

13. The azobenzene moieties can easily switch from Trans to Cis configuration by
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controlled irradiation of the UV-Vis light and vice versa. Such type of membrane gives
the option to enable the constant tuning of the separation and results shows that the
separation factor of H, over CO2 can be stepwise adjusted between 3 and 8.

Gas separation or purification based on functionalization of membranes is
explained by Melinda L et al. [153] and explains the different functionalized strategies
for membranes to enhance targeted gas permeation. Generated or enhanced functional as
an outcome of the functionalization process, have a strong chemical interaction with a
specific gas molecules. This interaction phenomenon can be used to enhance permeation
pathway for gas molecules. Functionalization of the membrane has great potential to

overcome the tradeoff relation between permeability and selectivity.
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Chapter-3

Materials and Methods

3.1 Introduction

In this chapter, we will describe the used materials, methods and characterization
technique for the hydrogen separation experimental work. For gas separation application,
we have used different types of porous polymeric membranes and functionalized these
membranes to attach the gas sensitive nanoparticles. For the H» selective membranes, we
have synthesized and deposited Pd nanoparticles in the functionalized porous
membranes. All the samples were characterized by the different spectroscopy and
microscopy techniques. Membrane-based gas separation (permeability and selectivity)

data were recorded by gas permeability setup.

3.2 Materials
3.2.1 Polyethylene Terephthalate (PET) Track-Etched Membrane
Polyethylene terephthalate (PET) belonging to the polyester family have

excessive physical properties for textile, fiber, film, food storage industry and other
industrial applications. PET is a semi-crystalline polymer, aromatic, thermoplastic, and
having characteristics such as superior mechanical properties temperature, chemical
resistance, and high glass transition. Relatively, PET include high transparency,
recyclability, and low cost. During the synthesis of PET, chain orientation and
crystallinity are controlling parameters for the enhancement of the properties. The main
advantage of the PET polymer over other is recycling. The basic unit for PET polymer

is shown in the figure 14.
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Figure 14: Basic unit of PET polymer
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In our work, we have used porous PET membrane having the pore size of 0. 2
um and pore density 107 pores/cm?. The pores in this PET membranes were generated
through heavy ion irradiation process and followed by chemical etching. We have also
purchased porous PET membranes from the Sterlitech Corporation, USA for gas
separation application.

3.2.2  Polycarbonate (PC) Track-Etched Membrane

PC is in the one of the high-performance heterochain polymer that
comprise the family of engineering thermoplastics. Form last many years, PC is chosen
as good material in the industry not only due to its extraordinary characteristics but also
processing. PC also has environmentally friendly nature, recycled capabilities and many
other excellent properties such as high impact strength, high tensile, shear, and flexural

strength, high modulus of elasticity, good electrical insulation etc.

G i
FOEOEe
CH3 n
Polycarbonate

Figure 15: Basic unit of PC polymer

Due to its versatile properties, PC has a very broad range of applications e.g.
electrical connectors, coil bobbins & forms, relay components, medical tubing,
insulators, brush holders, machine guards, gamma sterilizable re-usable, dialysis

equipment parts and instrument covers, fittings and many more.
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Figure 16: Process of Solution cast method for membrane synthesis

Page | 31



PC is composed of Bisphenol A and carbonate group. Bisphenol A is the
backbone for the PC structure and its properties. The basic unit of the PC polymer is
shown in the figure 15.

In our work, we have used porous PC membranes of pore size of 0. 1 um and
pore density 10 pores/cm?. Polycarbonate was used in granular form for the synthesis of
composite membranes with the MWCNTS by using solution cast method. Basic process
for the solution cast method is as shown in figure 16. The density of the PC granules is
~1.20 gm/cm®. PC membranes were also purchased from the Sterlitech Corporation,
USA.

3.2.3 Functionalization of Membranes

Functionalization is the process through which we can enhance or control
a specified property of our polymeric membranes as well as for other materials. In our
work, we have functionalized PET membrane, PC membrane and MWCNTSs.

For the functionalization of the PET membranes, KMnO4 (Merck Millipore,
India) was dissolved in aqueous H2SOs (Sigma-Aldrich, India) solution having a
concentration of 0.75 N. In this solution, PET membranes were dipped for different time
3, 6, 12 and 24 hours at room temperature. These treated membranes were washed four
times with the concentration of 6 Mol/L HCI (Merck Millipore, India) and then washed
twice with ethanol (C.H:O, Merck Millipore, India). These membranes were dried in the
oven at 45°C for 24 hours.

For the functionalization of the PC membranes, a low cost and eco-friendly UV-
irradiation process is used. For UV irradiation process, we have used G8T5 UV lamp of
25-W power. The wavelength of the UV lamp is approximately 253 nm, and this
wavelength belongs from the C region of the UV spectra. UV region has sufficient energy
that can split the molecules bonds of the polymer and be able to create free radicals. As
per our experimental plan, porous PC membranes were systematically kept under the UV
lamp so that the effects of the UV irradiation should be equal from both sides. The
number of the created free radicals defines the quantitative functionalization of the PC

membrane.
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3.2.4 Functionalization of MWCNTSs

The functionalization of MWCNTSs were carried out as per chemical procedure
[154,155]. For that a mixture HSO4 (Fisher Scientific, India): HNOs (Merck Millipore,
India) (1:3) were used at 80°C for 1 hour. Approximately 1 gm of the MWCNTSs was
suspended in 250 ml of the above-mentioned mix solution for 1 hour at 80°C. This
process is complete by using the reflux with proper water supply. After completing the
process, nearly 500 ml of DI water was mixed slowly in this solution and keep it to cool
down. As it comes to room temperature, the solution was filtered and dried for overnight
at 70°C. The filtration with DI water done till the pH of the solution become 6-7. This
process leads to increase the number of carboxylic groups (-COOH) on MWCNTSs wall.

3.2.5 Synthesis of Palladium Nanoparticles

Pd nanoparticle solution was prepared from palladium (I1) chloride by chemical
method [156]. The overall process of the Pd nanoparticle synthesis is shown in the figure
17. Palladium (1) chloride was dissolved in concentrated HCI (Merck Millipore, India)
in a molar ratio of 1:2. To achieve the final metal precursor concentration of 10 mM, it
was diluted with deionized water. The obtained precursor was filtered through 0.2 um
pore size syringe filter (Sigma Aldrich, India). 88.5 ml deionized water was heated to
80°C — 90°C in a round bottom flask and then 2.5 ml of above-filtered solution was
added at the same temperature. After 1 min, 2 ml of 1% sodium citrate (Sigma Aldrich,
India) solution and 5.5 ml of freshly prepared 0.08% sodium borohydride (Sigma
Aldrich, India) solution was quickly added and cool down till room temperature.

Palladium chloride .
(PdCl, ) + Diluted by DI water Filtered by 0.2pm 88.5ml DI water
Hydrochloric Acid (10mM) syringe filter heated at 80°C
(HCI) (1:2)

2.5ml filtered
solution + 2ml of
1% tri-Sodium

Brown solution 5.5ml of 0.08%
Filtered by 0.2um sodium
syringe filter borohydride

citrate dihydrate

Figure 17: Synthesis process for the Pd nanoparticles.

At the room temperature, the solution again filtered through 0.2 um pore size syringe
filter. The obtained brown solution have Pd nanoparticles.
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3.3 Characterizations Techniques
3.3.1 Scanning Electron Microscopy (SEM)

Electron microscopy is a better microscopy due to its high magnification and
resolving power less than 1 nmin size. In the electron microscopy signals used by
interactions of the electron beam with materials atoms at various depths. The resolution

of a microscope depends on wavelength on the source used to examine the sample.
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Figure 18: A schematic diagram of SEM system

Electronic console and the electron column are the two main components of the
SEM instrument. A focused electron beam of electrons is used to producing signals from
the sample surface. A vacuum environment is used to overcome the electron scattering
problem by air molecules. A schematic diagram of the SEM is shown in the figure 18.

Basically SEM is operated in two type of modes; (1) secondary electron mode (2)
backscattered electron mode. In most of the cases, secondary electron mode is used for
the high-resolution image and the detailed information of the surface. The wavelength of

the electron beam is controlled by the operating voltage. In the SEM setup, the electron
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gun is used to produce a very fine and accurate beam in the range of the 1 — 40 KV.
Condenser lens (Anode and magnetic lens) are used to control the electron beam and
yield a fine pointed beam. The scanning coils are used to sweep the pointed electron
beam over the sample. Backscattered and secondary electron detector are separately used
to detect the generated electrons from the sample material as according to the operating
mode. CRT monitor is used to displaying the collected information by the detectors.

In our case, we have used Nova Nano FE-SEM 450 FEI to examine the surface

morphology as well as the porosity of the membrane with operating voltage of the 3kV.

3.3.2  Transmission Electron Microscopy (TEM)

TEM is one of the best technique for crystallography and inter-planner distance

information. A representative schematic diagram for the TEM setup is shown in the
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Figure 19: A schematic diagram of TEM system

figure 19.

Basically electron gun produces electron beam and the condenser lens control the
beam. Further, these magnetic and condenser lenses accelerate the beam and pinpoint
focused on the specimen grid having the sample on it. The accelerating voltage of the
beam is in the range of the 100-400kV. Due to such have kinetic energy, electron
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transmitted through the thin sample and fall on the CCD sensor of the system. CCD
sensor is responsible to form a high-resolution image and send to on computer in the real
time. The transmitted electron beam have all the information about the sample. Thus the
transmitted beam replicates the patterns of the sample, forming an enlarged image when
falling on the phosphor screen. Normally TEM is operated in the two-mode; (1) Bright
field image mode and (2) Dark field image mode. For the normal microstructural image
and analysis bright field image mode is used while the aperture blocks the direct beam
in dark field image mode and then pass one or more diffracted beam. With the help of
selected area diffraction pattern (SEAD) mode, lattice planes and interplanar distances
of the sample can also easily observed.

In our case, we use TEM technique to analysis the crystallinity nature and
particles size of Pd nanoparticles. SAED pattern is used for the observed lattice planes
and their corresponding inter-planner distance. The setup used for the characterization of

Pd nanoparticles is Tecnai G?S-TWIN Transmission Electron Microscope.

3.3.3  Fourier Transform Infra-Red Spectroscopy (FTIR)

FTIR is a perfect and complete technique to detect molecular structure as well as
identification of the functional group.
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Figure 20: A schematic diagram for the FTIR technique
In most of the FTIR, consists a beam splitter, pair of mirror and detector. Beam
splitter split the source generated beam into two parts (figure20). One of the part goes on
the sample, and other goes to a reference sample. Because each different material is a
unique combination of atoms, no two compounds produce the exact same infrared
spectrum. So every functional group or the molecular bond absorbs a particular frequency

in the infrared region. The sample absorbs additional frequency compare to the reference.
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The detector collects the passed-out wavelength from the sample and the reference and
compares its energy. Recorded energy with the frequency gives the complete information
about the functional groups and the additional bonds.

In most of the FTIR’s system, operating frequency is in the region of 400 to 4000
cm™. The advantage with the FTIR technique is that it can work with solid and liquid
samples. In our case, we used FTIR technique for the comparative study of generated or
attached functional group with the polymeric membrane surface. We have used Spectrum
2Perkin Elmer FTIR instrument in the spectral range of 400 cm™-4000 cm™.

3.3.4 Raman Spectroscopy

Raman spectroscopy in combination with FTIR is a complete technique for
molecular identification. Raman spectroscopy is used to observe the different modes of
the sample such that vibrational, rotational and all other low-frequency modes.
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Figure 21: A schematic diagram for the Raman technique

It is based on the inelastic scattering of monochromatic light, generated by the
laser source of the Raman setup. When the beam incident on the sample, nearly 0.0001%
of photons frequency shifted from original laser frequency due to inelastic scattering.
This shifting effect called as the Raman Effect and the shifted frequency have the
information about the modes of the sample. Lower energy shift called as Stokes-Raman
shift and vice versa phenomena called as anti-Stokes-Raman shift.

Usually, Raman spectroscopy gives quantitative and qualitative information for

the molecular bond as well as functional group. A representative schematic diagram of
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the Raman spectroscopy setup is shown in the figure 21. Raman technique can be used
for the liquids, gels, powder and thin film samples.

In our case, we used Raman spectroscopy for the polymeric membranes such as
PC and PET for their quantitative confirmation of functional groups. Raman
spectroscopy was performed with a AIRIX STR 500 Raman microscope using a 532 nm

excitation wavelength having the power of 10 mW, and 50X objective lens.

3.3.5 UV-Vis Spectroscopy
For the many molecules, photons from the UV-Vis region have enough energy to
source a transitions between the different electronic energy levels of the molecule. When
UV-radiation interacts with the material, many type processes can occur, which contains
absorbance, reflection, fluorescence/phosphorescence, scattering, and photochemical
reaction (absorbance and bond breaking). When a UV-Vis light passes through a sample,
the amount of the absorbed light creates a difference between the incident light and the
transmitted light. The transmitted light for sample compared with the reference sample.
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Figure 22: A schematic diagram for the UV-Vis technique

UV-Vis spectroscopy is based on the Beer-Lambert law. It states that “when a
beam of monochromatic light is passed through a solution or sample of an absorbing
substance, the rate of decrease of intensity of radiation with thickness of the absorbing
solution is proportional to the incident radiation as well as the concentration of the

solution.”
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The expression equation of Beer-Lambert law is shown below;

A =log (lo/l) = Ecl 9)
Where terms are defined such that A = absorbance, lo = intensity of incident light, | =
intensity of light leaving sample cell, ¢ = molar concentration of solute, E = molar
absorptivity and | = length of the sample cell.
It is clear that greater the number of molecules capable of absorbing light of a given
wavelength, the greater the extent of light absorption. A schematic diagram of the UV-
Vis setup is shown in figure 22.

UV-Vis spectroscopy have many applications such as detection of functional
groups, detection of extent of conjugation, identification of an unknown compound,
determination of configurations of geometrical isomers, determination of the purity of a
substance etc. In our study, we have used UV-Vis spectroscopy for the confirmation of
functional group by using Agilent Technologies carry 60 UV-Vis setup in the range of
300nm —900nm.

3.3.6 Gas Permeability

The permeability of the gases through polymeric membranes depends on the
Fick’s law. In general, for any kind permeation through the membrane, we need a
gradient or difference in concentration/pressure/temperature etc. across the membrane.
In the gas permeability setup as shown in the figure 23 [91,157], the gradient is pressure
gradient. The permeability process involves; (a) dissolution (sorption) at high-pressure
side (b) diffusion through membranes (c) desorption at the lower side. Permeation
behaviour of the gases depends on the interaction of the gas molecule with membrane
material, diffusion mechanism through the matrix, type of the membrane, filler matrix
etc.

Based on the Fick’s formula, the relation for the gas permeability [158,159] with

other parameters is as shown below:

P = Kxdxs (10)
ApxT

In the formula, K, d, and s remain constant for a gas permeability setup.

The symbols are used as follow; K refers for cell constant, d for the thickness of
the composite membrane, s for displacement of Hg slug in U-tube or displacement of the
bubble in bubble flow meter of gas permeability setup, Ap for pressure gradient across

the membrane and t used for the time taken to increased level of Hg slug or bubble. The
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permeability was measured for three gases Hz, N2 and CO.. Also, the pressure range
which we are using is the between 5psi - 15 psi. The setup used for the permeability

measurement is self-developed in our lab.

Pressure
Gauge ~~—— Valve of
purging
e
|
Gas Inlet |l O ring
5 £|k~HgSMg
-~ f Stop cock—
Membrane
|
Base of hydraulic pump L}\
H, Co, \
\
Flow meter
Gas (fylinder

Figure 23: A schematic diagram for the gas permeability setup.

One more important parameter called as selectivity is also calculated by the
permeability data of the gases. Selectivity is defined as the ratio of permeability of two
gases as equation shown below;

S=P,/Py (11)

Selectivity is the parameter which decides how membrane is efficient to permeate

or not to permeate a particular gas in the reference of the other gas.

3.4 Conclusion

In this chapter, we have summarised the materials and the methods used during
the experimental work. The details of the adopted methods, process and the techniques
for the synthesis of the membranes and the modification of membrane for the
functionalization have also been disused. The same way brief introduction and working

principle of the characterization technique also presented in one of the section.
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Chapter-4

Functionalized and Aligned MWCNTs in Polycarbonate

4.1 Introduction

Track-etched membranes are a good option due to construable properties.
However, limitation of use of ion accelerator for the track creation direct us for other
options. To overcome this issue, CNTs based polymeric membranes may be used an
alternative option. The exceptional and unique properties of CNT’s provides us
advantage for the production of improved composites, and their application within a
matrix depends primarily on the relationship between the matrix and CNT’s interaction.
Besides all the advantages, there are some limitations of CNTs based composite
membrane like mechanical strength, the reaction of the polymer with a broad range of
chemicals, low solubility, and agglomeration of CNTSs, etc.

The functionalization is an effective method for different functionalities and
subsequently desired nanomaterials can be incorporated into the polymer matrix. In
functionalized membranes, propeties (shape, size, and charge) of nanoparticles can be
tailored as per required applications. Introduction of functional groups, such as carboxyl
and amino group improve CNT’s solubility in various solvents. Additionally, it also are
useful for the further chemical link with other compounds such as biomolecules,
inorganic compounds, polymers, and metal particles [143,151,160,161]. Attachment of
various functional groups with CNT’s is possible via oxidation by using concentrated
acid. Functionalization of CNT’s and deposition of nanomaterials is a beneficial method
for enhancement in selectivity with permeability in the gas separation process.

Palladium (Pd) and its alloys are proved as the most important materials for high-
quality hydrogen extraction from a mixture of gases. Therefore as per our primary
application, Pd nanoparticles were used for the H, separation application [43,162-164].

The objective of present chapter is to examine the effect of functionalized
MWCNTSs and Pd nanoparticles deposition in PC matrix for H. separation. Further, we
compare the selectivity of H> over other gases. These membranes have potential
application in hydrogen separation / purification. This technique is easy and can be used

for large area membranes with low cost. The results show that Pd nanoparticles with
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functionalized MWCNTSs dispersed in PC matrix may be used for hydrogen separation
effectively. The schematic illustration of the process followed for this work is shown in

figure 24.

Non-functionalized MWCNTs Functionalized MWCNTs @ Pd nanoparticles

Figure 24: Schematic diagram of the process (a) Random distribution of MWCNTS in
PC membrane (b) Magnetically alignment of non-functionalized MWCNTs in PC
membrane (c) Pd deposition in the aligned non-functionalized MWCNTs-PC composite
membrane (d) Magnetically alignment

4.2 Experimental Details
4.2.1 Sample Preparation

The PC membranes are prepared by solution cast method. The grains of PC were
dissolved in chloroform for 3 hours to prepare the pristine PC membrane. To prepare the
composite membranes of PC and MWCNTSs, PC was dissolved in chloroform, and 1 wt%
of MWCNTSs sonicated with the polymer solution for 1 hour at room temperature. The
obtained solution was spread in a mercury bath suspended in a petri dish of 4 cm
diameter.

For alignment of MWCNTSs in PC, the magnetic field of 1.9 kGauss was used in
the perpendicular position of the membrane at room temperature for 24 hours. After the
complete evaporation of the chloroform, the composite membrane was peeled off from
the petri dish. The functionalization of MWCNTSs was carried out as per the details
mentioned in section 3.2.4. We have used, a mixture H2SO4: HNO;3 (1:3) at 80 °C for 1
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hour to functionalize the MWCNTSs [154,155]. Functionalization of MWCNTS leads to
creating the -COOH group for better attachment of gas sensitive nanoparticles.

Pd nanoparticles were used to enhance the Ha selectivity as well as permeability.
For the synthesis of Pd nanoparticles, the chemical method is followed by using
palladium (1) chloride as the base material for the synthesis process [156]. The synthesis
process for the Pd nanoparticles was carried out as per the details mentioned in section
3.2.5. For deposition of Pd nanoparticles, membranes were kept in Pd nanoparticle
solution for 6 hours in free standing position. So that deposition of Pd nanoparticles
should uniform from both side. The nomenclature of prepared samples and their details

are shown in table 3.

Polymer

Orientation Pd deposition  Symbol

time

1 | Polycarbonate 0 hrs PC

2 | Polycarbonate Pristine Random 0 hrs NFRPC
3 | Polycarbonate Pristine Aligned 0 hrs NFAPC
4 | Polycarbonate | Functionalized Random 0 hrs FRPC

5 | Polycarbonate | Functionalized Aligned 0 hrs FAPC

6 | Polycarbonate Pristine Aligned 6 hrs NFAPdPC
7 | Polycarbonate | Functionalized Aligned 6 hrs FAPdAPC

Table 3: Sample representation according to Type of MWCNTS, orientation and Pd
deposition time

4.2.2 Characterization Details

For the characterization of the samples, Fourier transform infrared (FTIR)
spectroscopy was conducted for the confirmation of the functionalization of MWCNTSs.
Raman spectroscopy was performed with a 532 nm excitation wavelength, a 50X
objective lens, and power of 10 mW. The transmission measurements were done in a
spectral range of 400 cm™ to 4000 cm™. Field Emission Scanning Electron Microscopy
(FESEM) was used to examine the morphological and dispersion of MWCNTS in
prepared membranes with the accelerating voltage of 3 kV. Transmission Electron
Microscopy (TEM) images were taken for Pd nanoparticles size and the crystallography
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features. I-V characteristic was performed on KEITHLEY Model 2600B within the

voltage range of -6 volts to 6 volts by using pulse width time of 500 ms.

4.3 Result and Discussion

43.1

Transmission Electron Microscopy (TEM)

It has been observed that membranes with Pd nanoparticles have excellent

hydrogen selectivity from a mixture of gases [151,165]. However, preparation of aligned

MWCNTSs and Pd containing composite PC membrane is sensibly exciting and may be

a better candidate for separation technology.
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Figure 25: TEM image of (a) Pd nanoparticles distribution (b) histogram for average

particle size.
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Figure 26: Energy-dispersive X-ray spectra (EDS) of Pd nanoparticles.
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To achieve our objectives, we have synthesized Pd nanoparticles by a chemical
method with average core diameter is 6£1 nm as confirmed by the TEM images (figure
25). It is clear from figure 25(a) that all Pd nanoparticle lies within the range of 2-20 nm
and have polycrystalline nature which is confirmed by Selected Area Electron
Diffraction (SAED) pattern. The corresponding planes of Pd to the rings were found as
(200), (311) and (400). After Gaussian fitting of the particle size distribution, maximum
number of particles were found to be in the range of 4 nm — 8 nm and average particle
size were found to be 6+1 nm as shown in histogram (figure 25(b)). Energy-dispersive

X-ray spectra (EDS) also confirm the presence of Pd particles as shown in the figure 26.

4.3.2 Raman Spectroscopy

Functionalization process leads to increase the number of carboxylic groups (-
COOH) on MWCNTSs inner wall as well as the outer surface.
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Figure 27: Raman spectra of (a) Non-functionalized and functionalized MWCNTSs (b)
all composite membranes (symbols; N: non, F: functionalized, R: random, A: aligned,
Pd: Palladium, PC: Polycarbonate).
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From the Raman spectra analysis, it was found that there are more number of a
carboxylic group (-COOH) at the wall of functionalized MWCNTSs as compared to non-
functionalized MWCNTSs. In both type of MWCNTS, the fundamental bands of
MWCNTSs have been found at 1341 cm™ and 1577 cm™ as shown in figure 27(a). These
bands are called D-band & G-band respectively. The relative intensity ratio of D-band
(Io) and G-band (lg) was estimated to confirm the functionalization [166,167].

In/ 1 was known as a ratio of sp® — hybridized carbon atoms (disordered carbon)
relative to sp? bonded carbon atoms (graphite carbon). In the functionalized state of
MWCNTSs, there are more numbers of sp® hybridized carbon as compared to non-
functionalized MWCNTSs. It can be clearly seen from Raman spectra that Ip/ I ratio for
non-functionalized MWCNTs and functionalize MWCNTs is 0.75 and 0.97,
respectively. Since Ip / I ratio of functionalized MWCNTSs are relatively high and hence
it indicates that some moieties are covalently introduced onto the surface of MWCNTSs
during the functionalization process. These changes due to the functionalization process
help to enhance the Pd attachment as well as the hydrogen acceptance during the

permeation process.

Peak (cm™) Corresponding bond

813,964 C-H Wagging
1081 C-O-C stretching
1114 C-H wagging
1184 C-O-C stretching
1238 C-O-C stretching
1319 CH, symmetric bending, C-O-C stretching
1346 D-band of MWCNT (disorder in carbon system)
1452 CH, deformation
1586 C-C bond vibration (G band)
1730 C=0 stretch

Table 4: Raman peaks and corresponding bond for all the composite samples.

Both functionalized and non-functionalized MWCNTSs were dispersed in PC to
prepare the composite membranes. Raman spectra have been recorded for all the

synthesized PC-MWCNTSs composite membranes. It can be seen from figure 27(b), that
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there is a little bit shift in Raman spectra for composite membranes in comparison to pure
MWCNTSs fundamental peaks. The shift of G-band peak of MWCNTSs revealed that it
has good dispersion as well as the interaction between MWCNTSs and PC matrix. All
observed major peaks in the Raman spectra of the composite membranes are listed in

table 4 with their corresponding bond.

4.3.3 Fourier-Transform Infrared Spectroscopy (FTIR)

In a polymer, each molecular group has their characteristic frequency of
vibration, and it depends on the nature of the chemical bond present in that group. To
determine the vibrational mode of a chemical bond, infrared (IR) spectroscopy is
admirable technique. IR spectra of material give us information about the type, position
of bonds and the presence of the functional group. Valence or stretching vibration
corresponds to vibrations along the axis of bonding while rotation or binding vibrations

are related to angular modifications.
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Figure 28: FTIR spectra of (a) Polycarbonate membrane (b) Non-functionalized
MWCNTSs.
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Figure 28 shows the FTIR spectra of PC and MWCNTSs and have all elementary
bonds. It is clear from FTIR spectra of PC (figure 28 (2)) that it has all associated peaks
and peak observed at 1066 cm™, 1242 cm™ and 1272 cm™ are due to Csp?-O bond
stretching. In these peaks, the intensity at 1066 cm™ is lower because of resonance of -
C=0 molecule. One more observed peak at 1386 cm™ appears due to Csp-H bending
vibration. For Csp?-H, there is a peak in the range 1442-1457 cm™ and this range also
includes C=C stretching. Another C=C stretching appears at 1636 cm™ and 1484 cm™
due to an aromatic ring carbon. For C=0, peak at 1728 cm™ was observed. It can be noted
from figure 28 (a) that for Csp3-H band peaks appears at 2844 cm™, 2950 cm™ while
Csp?-H band peak appears at 2996 cm™. In the fingerprint range 400-1000 cm™, other
peaks are found to be related with C-C bond stretching.

The intensive band at wavenumbers 3432 cm™ is due to stretching vibrations of
isolated surface —OH moieties and / or —OH in carboxyl groups and absorbed water. The
bands in the 1750-1550 cm™ range can be assigned to C=0O groups in different
environments such as carboxylic acid, ketone/quinone. And C=C in aromatic rings,
whereas the bands in the range of 1300 cm™ — 950 cm™ prove the presence of C-O bonds
in various chemical surroundings. A band of wavenumber at 1630 cm™ most probably
due to aromatic and unsaturated structural of C=C bonds. 2852 cm™ & 2916 cm™ peaks
are due to the presence of CHz group (C-H stretching) and the presence of CHs group
(C-H stretching), respectively.

4.3.4  Scanning Electron Microscope (SEM)
The distribution of MWCNTSs in the PC matrix and morphology of samples have

been confirmed with SEM images. It can be observed from figure 29(a) that there was
no homogeneity in MWCNTSs distribution due to the random orientation of the
MWCNTSs but in figure 29(b) have perfect distribution as expected due to the magnetic
alignment of MWCNTSs in PC matrix [168]. Further, the observed pore size of composite
membrane matches with a diameter of MWCNTS, which is in the range of 20nm — 30nm.
Opening of MWCNTSs over the surface confirms that alignment of MWCNTS serves as
a channel in the range of 20-30 nm. figure 29(c) have the bright points and rings which
confirms the presence of Pd nanoparticles in aligned-functionalized MWCNT-PC
membrane. It was observed that Pd nanoparticles deposited not only inside of MWCNTSs

but also on surface of the composite membrane. In case of functionalized MWCNTS,
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there is significant loading of Pd nanoparticles while non-functionalized MWCNTSs have

only few Pd nanoparticles.

wu 0209

S
&
o)
o
)
3

Figure 29: SEM image of (a) MWCNTSs distribution in random orientation (b) in
aligned orientation (c) aligned MWCNTs with Pd nanoparticles (d) non-functionalized
MWCNTSs.

Based on the observation from SEM images of independent MWCNTSs (figure 29(d)),
the average diameter was in the range 20 nm - 30 nm and length of MWCNTSs was in the

range of 7 um -12 pm.

4.3.5 Current-Voltage Measurement (I-V)

For confirmations of MWCNTSs alignment and Pd deposition, current-voltage
measurement (I-V curve) was recorded as shown in figure 30. To perform the current-
voltage measurement, we have sandwiched [169] the membrane sample within the
copper disc.

Figure 30 (a) represents the I-V characteristics for all the non-functionalized
MWCNTs samples and figure 30 (b) for all the functionalized MWCNTSs samples. It has
been found that in randomly distributed MWCNTSs have lower current in comparison to

aligned MWCNTSs. It is due to less agglomeration of MWCNTSs and increase of path
Page | 49



numbers between opposite site by formation of MWCNTSs network during the existence

of magnetic field.
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Figure 30: 1-V curve of (a) non-functionalized MWCNTs composite samples (b)
functionalized MWCNTSs composite samples.

The same behaviour is observed for both functionalized and non-functionalized
cases. In the case of aligned MWCNTS, conductivity is decreased after deposition of Pd
nanoparticles. This is probably due to the Pd nanoparticles absorbed hydrogen during gas
separation process. During separation, hydrogen gas molecules occupy the octahedral
voids of Face Center Cubic (FCC) lattice of Pd and convert it in semiconductor [170].

So this absorption of hydrogen reduces the conductivity of the composite membrane.

4.3.6 Permeability and Selectivity Measurements

The gas permeation measurements for hydrogen (Hz), nitrogen (N2) and carbon
dioxide (CO.) were carried out for all samples. The permeability of H, was always higher
than the CO3, N2 for all type of composite membrane due to higher diffusion of hydrogen
as well as smaller molecular diameter relatively to larger ones of CO> and N.. The
estimated molecular diameter of H,, CO, and N, are 2.89 A, 3.3 A and 3.64 A
respectively [87,91]. The permeability of gases also depends on the activation energy for
diffusion, the activation energy for solubility and polarity of gases along with the
molecular diameter. The mechanism for the permeation of gases through CNT-PC
composite membrane is due to combine effect of solution diffusion and molecular sieving
model. In the case of CO2 and N2, permeability of CO> is a slightly lower than N2 because

of the activation energy of diffusion is higher for CO2 due to liner shape of the molecule
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and high polarity [171,172]. Whereas in the case of N2 required activation energy of

diffusion be less due to the spherical shape of the molecule and low polarity of this gas.

The results of gas permeability are shown in table 5.

Gas PC+CNT PC+CNT PC+CNT PC+CNT
(Non- (Functionalized) (non- (Functionalized)
functionalized) functionalized) + + Pd deposited

Pd deposited

Random | Aligned | Random Aligned | Aligned | Aligned

Ho 1763 9997 2213 12211 4712 4758

N2 859 3075 1342 2958 2125 1135

CO2| 688 1640 823 1907 1208 598

Table 5: Permeability data for composite membrane.

It is evident from figure 31 (a and b) that there was a significant change in
permeation of all three gases in aligned MWCNTSs-PC membranes. It is thought that the
aligned MWCNTS provides a channel.

The permeability process involves (a) dissolution (sorption) at high-pressure side

(b) diffusion through membranes (c) desorption at lower side. It is expected that aligned
MWCNTSs in PC provided more dissolution in comparison to randomly distributed
MWCNTSs.
Pd nanoparticles have high surface-volume ratio and show more absorption properties
for Ha. With Hz gas molecules, Pd nanoparticles produce two different phases, both of
which contain palladium metal atoms in FCC lattice. At low concentration of H; up to
PdHo 2, Pd lattice expands from 3.889 A to 3.895 A. For higher concentration, the second
phase appears with a lattice constant of 4.025 A. The absorption of Hz is reversible and
Ho> rapidly diffuse through the Pd metal lattice and metallic conductivity also reduces as
hydrogen is absorbed. Due to that in the case of Pd deposited composite membrane
permeability decreases as indicated by figure 31 (c).

Table 6 shows selectivity of H2 over N2 and COx. It can be conclude from the data
that the selectivity increases in the aligned case for both types of MWCNTSs (non-
functionalized as well as functionalized).
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Figure 31: Graph of gas permeability for (a) non-functionalized MWCNTSs (b)
functionalized MWCNTSs in both orientation (c) Pd deposited aligned sample.
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Figure 32: Selectivity data for (a) non-functionalized MWCNTSs (b) functionalized
MWCNTSs in both orientation (c) Pd deposited aligned sample.

Page | 53



Selecti PC+CNT PC+CNT PC+CNT PC+CNT
vity (Non- (Functionalized) (non- (Functionalized)
functionalized ) functionalized ) + Pd deposited
+ Pd deposited
Random | Aligned | Random | Aligned Aligned Aligned
H2/N2 2.05 3.25 1.65 4.13 2.22 4.19
H./CO2 | 2.56 6.10 2.69 6.40 3.90 7.96

Table 6: Selectivity data for composite membrane.

Figure 32 shows the selectivity of Ho over other gases in possible combinations.
It can be revealed that selectivity is maximum in case of functionalized MWCNTSs
because of more attachment of Pd nanoparticles with carboxylic group in case of
functionalized MWCNTSs.

nanoparticles causes the more absorption of H2 compared to other two gases. Maximum

In functionalized MWCNTSs, more attachment of Pd

selectivity for Ho/N2 and H2/CO- was found 4.19 and 7.96, respectively for the sample
Pd deposited functionalized aligned composite membrane. Improvement in selectivity
suggests that functionalized CNTs and membranes can be used for hydrogen gas

separation.

4.4  Conclusions

The permeability of composite polymer membranes can be modified by using
different form of MWCNTSs. It was concluded from this study that orientation of
MWCNTSs affects the permeability as well as selectivity of gases. For aligned orientation,
permeability and selectivity was found more than the random orientated MWCNTS in
PC matrix. It can be concluded that functionalization of MWCNTS has played imporrtant
role to control the permeability and selectivity of the gases. Functionalized aligned
MWCNTs with Pd nanoparticles in PC matrix has maximum selectivity of H, in
comparison to other gases. It is noticeable that functionalization of MWCNTs and
selective deposition of Pd nanoparticles is a useful methods for improvement of H;
selectivity with higher permeability. We believe that such type of composite membranes
can be used to develop hydrogen-selective nano-filter for purification/separation

technology.
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Chapter-5

Chemical Functionalized PET Membranes

5.1 Introduction

To meet economic demands for a substitute and efficient fuel, it is essential to
purify and separate high-quality Ho. Therefore, it is necessary to remove undesired
components from mixtures of solvents, gases (e.g. CO2, N2 etc.) and impurities. Uniform
and homogeneous distributed track etched porous membranes have great potential for
the selective and higher permeation of hydrogen. Chemical modification of the surface
as well as pore wall of the membrane plays an important role in the process of the gas
separation. Functionalization of porous membrane and deposition of nanoparticles within
pores is an efficient technique for hydrogen separation.

Membranes will be functionalized by a specific group such as carboxyl and amino
group then it can improve selectivity of Ho. It is also supportive for the chemical link
with nanomaterials, polymer and inorganic compounds. Since different functionalities
can be obtained after functionalization and desired nanomaterials can be attached into
the pore walls. Among the available option for the H> selectivity, Pd exhibit amazing

absorbing properties for H2 gas and directed to use for the H2 separation application.

(a) (b)

| Non-functionalized
| pore

Figure 33: Schematic diagram of the process (a) Gas permeation through the non-
functionalized membrane (b) Gas permeation through the functionalized membrane (c)
Gas permeation through the Pd nanoparticles deposited functionalized membrane

NN functionalized pore

-
Functionalized pore E:. .“: i Pd deposited Gases molecules

The objective of in present chapter is to observe the effect of functionalization
time on permeability and selectivity of Hz over other gases in functionalized PET
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membranes. Further, Pd nanoparticles deposited into the pores of these functionalized
membranes. The easy preparation process and low cost of these membranes are the
favourable parameters for the commercial use of such membranes for Hz separation
applications. The process followed for the chemical functionalization is shown in figure
33. In the schematic diagram, huge molecules in sky blue color are representing the CO>
and N gases as they have approximately same diameter. H, molecules are represented
by small molecules with green color. Layered structure of brown color is used for porous
Polyethylene terephthalate (PET) membrane having average pore diameter

approximately 0.2 um.

5.2 Experimental Details
5.2.1 Sample Preparation

Track-etched PET membranes are used as a porous membrane with average pore
diameter of 0.2 um. Pd nanoparticles were also used for track etched membranes to have

H. selective membranes.

S.No. Polymer  Functionalization Pd nanoparticles
time deposition time
1 PET 0 hour 0 hour PET
2 PET 3 hours 0 hour C3
3 PET 6 hours 0 hour C6
4 PET 12 hours 0 hour C12
5 PET 24 hours 0 hour C24
6 PET 3 hours 6 hours C3-Pd6
7 PET 6 hours 6 hours C6-Pd6
8 PET 12 hours 6 hours C12-Pd6
9 PET 24 hours 6 hours C24-Pd6

Table 7: Sample representation based on the carboxylation and Pd nanoparticles
deposition time (c; carboxylated, C-Pd; carboxylated membranes with Pd
nanoparticles, numbers represents hours).

Synthesis [173] and details of Pd nanoparticles solution are given in section 3.2.5.
Functionalization of the PET membranes used for the better H, selectivity and
permeability properties in comparison to pristine PET membranes. For chemical
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functionalization, 4 g of KMnO4 was dissolved in 80 ml of aqueous H2SO4 solution of
concentration 0.75N. Track-etched PET membranes were dipped in the above mentioned
solution for 3, 6, 12 and 24 hours at room temperature. These membranes were then dried
in the oven at 45° C for 24 hours. Further, these modified membranes were dipped in Pd
nanoparticles solution for 6 hours. Finally, these membranes were washed with DI water
to remove loosely bounded Pd nanoparticles from the surface of the membrane. The
nomenclature of these membranes are listed in the table 7 on the basis of the

carboxylation time and Pd nanoparticles deposition time.

5.2.2 Characterization Details

For the analysis of -COOH group in all the samples, Fourier transform infrared
(FTIR) spectra were recorded in the range of 400 cm™ - 4000 cm™. Surface morphology
including cross-sectional image and distribution of pores were examined by FESEM at
accelerating voltage of 3 kV. Pd nanoparticles size was examined by TEM. For the
separation measurements, gas permeability setup was used with the Hz, N2 and CO:

gases.

5.3 Results and Discussion
5.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of PET membranes contains several bonds belonging to
essential components of PET polymer, which are highly infrared active and shows the
characteristic peaks.

Figure 34 (a and b) shows the FTIR spectra of functionalized and non-
functionalized PET membranes. All the elementary bonds of the spectra and their
corresponding bond presented in table 8. Functionalization of PET membranes can be
confirmed by the intensity and broadening of FTIR peaks in the belonging region of
2500-3300 cm™ because of the stretching -OH bond of -COOH group. Due to the
existence of Hz bonding in all the samples, the fundamental peak for stretching vibration
of O-H was found at 2968 cm™ (figure 34), and it has been found that the intensity and
broadening increases with time of functionalization. With functionalization time, the
intensity of stretching vibration of carboxyl bond C=0 at 1716 cm™ also increases due to

the enhancement of molecules of carboxylic group.
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Figure 34: FTIR spectra of (a) functionalized membranes (b) correspond to
carboxylation peak

So, increased intensity for both the peaks (1716 cm™ and 2968 cm™) confirms more
functionalization of membranes. F24 and F24-Pd6 had maximum carboxylic group
compared to other samples which are due to more oxidation of hydroxyl group by the

KMnO4 on the pore and surface of PET polymer as shown in figure 36.
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Figure 35: FTIR spectra of (a) functionalized Pd deposited membranes (b) correspond
to carboxylation peak.

% T
%T

—PET —PET
—F24 —F24
e F24-Pd6 e F24-Pd6

1550 1600 1650 1700 1750 1800 18502800 2850 2900 2950 3000 3050 3100
Wavenumber (cm'1) Wavenumber (cm'1)

Figure 36: FTIR spectra for comparison of functionalization peak of PET, F24 and
F24-Pd6
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Peak Bonds

506,632,682 Out-of-plane banding of -C=0
724 Streching vibration of —C-H (aromatic)
792, 846 In-plane bending vibration (C-H)

872 Streching vibration of =C-H (aromatic)
970 Out-of-plane banding of -COOH

1018, 1096, 1240 Streching vibration of ester bond C-O
1174 Out-of-plane bending vibration (C-H)
1340 Streching vibration of —C-H (alkane)

1408, 1504, 1578 Streching vibration of C=C (aromatic)
1716 Streching vibration of carboxyl bond C=0
2968 Streching vibration of O-H

Table 8: FTIR peaks and corresponding bond.

5.3.2 Scanning Electron Microscopy (SEM)

For the morphological study, all the samples were characterized by FESEM. SEM
images show that the pore distribution is uniform and diameter is approximately 0.2 um.
The presence and quantitative analysis of Pd nanoparticles were confirmed by using the
bright points in the SEM images. It was observed that as the time of functionalization
increases, the brightness of these pore boundary points enhanced. However, if we
compare with and without Pd deposited samples, without Pd deposited samples show
low brightness while Pd depsoited samples show more brighness (figure 37 to figure 40).

Figure 37: Scanning electron micrograph of 3 hours functionalized PET membrane (a)
before Pd deposition (b) after Pd deposition for 6 hours.
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Figure 38: Scanning electron micrograph of 6 hours functionalized PET membrane (a)
before Pd deposition (b) after Pd deposition for 6 hours.

Figure 39: Scanning electron micrograph of 12 hours functionalized PET membrane
(a) before Pd deposition (b) after Pd deposition for 6 hours.

Figure 40: Scanning electron micrograph of 24 hours functionalized PET membrane
(a) before Pd deposition (b) after Pd deposition for 6 hours.

Bright surface morphology gives a direct indication of more number of attached

Pd nanoparticles. The bright boundary of pores also provides a sign of deposition of Pd
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nanoparticles inside the pore wall. The size of Pd nanoparticles lies in the range of
6+1nm which was confirm by TEM in our previous chapter. Probability of cover the

complete pore is very less because the diameter of pore was nearly 200 nm.

5.3.3 Permeability and Selectivity

The gas permeation measurements of all samples for Hz, N> and CO2 were carried
out with the help of gas separation setup. The corresponding results of permeability and
selectivity of H are shown in table 9 and table 10, respectively. As Hz have a smaller
molecular diameter (2.89A) compare to CO; (3.3 A) and N (3.64 A), that why hydrogen
have highest diffusion rate and shows higher permeability for all samples as shown by
figure 41 and figure 43.

Beside molecular diameter other parameters like activation energy for diffusion,
the activation energy for solubility and polarity of gases also affects the permeability of
the porous membrane. For the comparison of CO2 and N2 permeability, CO> has a little
bit lower permeability than Na. It occurs because of the linear shape of CO2 gas molecule
and it requires higher action energy to diffuse in comparison to the spherical shape of Na.
Also, CO2 molecule has more polarity than the N> molecule.

Sam PET F3 F6 F12 F24 F3- F6- F12-  F24-

ple Pd6 Pd6 Pd6 Pd6
CO2 | 2827 |2429 |2411 |2405 |2275 |2330 |2187 |2139 | 2129

N2 3747 | 3490 | 3733 |3690 |3607 |3621 |3515 |3490 | 3465
H2 9478 | 9692 |10832 | 10742 | 10653 | 11017 | 12047 | 12394 | 12890

Table 9: Permeability data for all functionalized and Pd deposited PET samples.

Sample F3

H2/CO2 | 3.35 [3.99|4.49 | 447 |4.68|4.73 5.51 5.79 6.05
H2/N: 253 | 2.78 1290|291 |295|3.04 3.43 3.55 3.72

Table 10: Selectivity data for all functionalized and Pd deposited PET samples

As the functionalization time of the PET membranes increases, the permeability
of CO2 and N2 shows slightly decrease and which improve the selectivity of H> as

compared to other gases (figure 42). The selective H. gas permeability for a
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functionalized PET was probably due to carbonyl functional groups; carboxylic acids
contribute in Hz bonding as in both situation H. acceptors and H, donors [174]. The

maximum selectivity of H2/CO2 and Hz/N2 was found 4.68 and 2.95, respectively.
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Figure 41: Graph of gas permeability for all functionalized samples.
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Figure 42: Selectivity data for functionalized samples

After the deposition of Pd nanoparticles for 6 hours in these samples, it is found
improvement in the H selectivity. This is because of Pd shows maximum absorption
property for hydrogen. In contact with Ho, Pd lattice obtained two different phases o and
B (sometimes called o'). In both state Pd lattice structure will be FCC, and H> atoms
randomly occupy the octahedral void of the lattice [170,175,176]. At the low
concentration of Ha till PdHo.02, Pd lattice occurs a phase and lattice expands slightly
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from 3.889 A to 3.895 A. Above this concentration of Ha, B phase appears with a lattice
constant of 4.025 A. The absorption of Hz is also reversible that means Hz can rapidly

diffuse through the Pd metal lattice.
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Figure 43: Graph of gas permeability for all functionalized Pd deposited samples
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Figure 44: Selectivity data for all functionalized Pd deposited samples

Functionalization of the membrane provides more vacant space to attach
nanoparticles within the pore as well as on surface. Due to this, both permeability and
selectivity for H. in all Pd deposited sample found to be increased. From figure 44, the

maximum selectivity in Pd deposited sample of H2/CO; and H2/N2 was found 6.05 and
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3.72, respectively. So for the hydrogen-selective and purification application Pd

deposition pores membrane has played a significant role.

5.4 Conclusions

Functionalization with carboxylic groups of polymeric membranes can be an
efficient way to modify the permeability and selectivity. It was concluded that
functionalization of PET membrane affects the permeability of gases and increase the
selectivity of Hx with functionalization time in comparison with other gases. To fulfill
our aim, selective deposition of Pd nanoparticles in pores PET membranes shows
significant improvement in selectivity of hydrogen with considerable permeability.
Maximum selectivity found 6.05 and 3.72 for H2/CO, and H2/N2, respectively in
maximum functionalized PET membrane with 6-hour deposition of Pd nanoparticles.
Because of the improved permeability and selectivity, such type of membranes having
functionalization and nanoparticles deposition can be used commercially in the

application of H. separation and purification.
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Chapter-6

UV Functionalized PC Membranes

6.1 Introduction

To overcome problem with fossil fuels, it is necessary to explore new sustainable
clean energy sources such as Hz energy. New materials and methods are being developed
for the hydrogen purification/separation. However, the membrane-based separation
process is the advanced, reliable and low-cost with better results. Functionalization of
the membrane is a technique to alter the polymeric membranes surface and molecular
structure by providing the direct or indirect energy source. Use of gas sensitive
nanoparticles with such functionalized membrane is a noble strategy in the sense of
higher permeability and selectivity for a particular gas.

There are various functionalization methods available for polymeric surface, such
as chemical, plasma, UV irradiation, ion irradiation etc. Out of these functionalization
approaches, UV irradiation is one of the best approach due to its simplicity and controlled
surface modification. Because of the outstanding interaction of the Pd with H2 molecule,
we select Pd nanoparticles for the Hz separation over other nanoparticles like Platinum
[177], Nickel [178], Titanium and metal Alloys [179,180] etc.

Figure 45: Schematic diagram of process Gas permeation through (a) Pristine PC
membrane (b) UV irradiated PC membrane and (c) Pd Nanoparticles deposited in UV
irradiated PC membrane.

In present chapter, functionalization of track-etched PC membranes have been
carried out via UV-irradiation with time difference, and its effect on gas permeability
and selectivity of H, over CO, and N> gases have been reported. Further, to enhance H»
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selectivity, Pd nanoparticles have deposited into the pores as well as on the surface of the
PC membrane. We have also use Polyvinylpyrrolidone (PVP), which act as a binder for
the Pd nanoparticles to improve the H: selectivity over other gases. These membranes
show improved permeability and selectivity and can be used for Hz separation. This
method gives an opportunity to use these membranes with easy fabrication process and
low cost for commercial use. The process followed for this study is briefly represented

by the schematic diagram as shown in figure 45.

6.2 Experimental Details
6.2.1 Sample Preparation

Track-etched PC membranes having pore diameter of 0.1 um are used for present
work. For the Pd nanoparticles synthesis, chemical method is followed as described in
the section 3.2.5. For the time-based UV irradiation process, UV lamp having the power

of 25 Watt and approximately wavelength of 253 nm was used. It belongs to the C-region

in the UV spectra. The samples were UV-irradiated for different intervals of time.

Membrane @ UV Pd Sample name  Symbol
(poresize)  irradiation nanoparticles
time deposition time
1 PC (0.1 um) |0 0 PC_0.1 SO
2 PC (0.1 um) | 36 hours 0 PC_0.1 UV_36|S1
3 PC (0.1 um) | 36 hours 24 hours PC 0.1 UV 36 |S2
_Pd_24
4 PC (0.1 um) | 36 hours 24 hours PC 0.1 UV 36 |S3
(with PVP) _Pd_PVP_24
5 PC (0.1 um) | 48 hours 0 PC_0.1_UV_48 | S4
6 PC (0.1 um) | 48 hours 24 hours PC 0.1 UV 48| S5
_Pd 24
7 PC (0.1 um) | 48 hours 24 hours PC_0.1 UV _ 48| S6
(with PVP) _Pd_PVP_24

Table 11: Sample representation based on the UV irradiation time and Pd
nanoparticles deposition time.
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6.2.2 Characterization Details

For the Pd nanoparticles deposition process, UV-irradiated membranes kept for
fixed time and volume in the Pd nanoparticles solution. During the time of deposition,
it was also checked that the deposition of particles equally from both sides of membrane.
For the use of PVP as a binder for Pd nanoparticles, we used a concentration of 0.001
gm/ml solution of PP in Pd nanoparticles solution. The samples are listed as in the table
11 are based on the UV irradiation time, Pd nanoparticles deposition time and use of
PVP.

For the gas permeability measurements, we have used the gas permeability setup
for the Hz, N2 and CO> gases and details of set up have been explained in section 3.3.6.
Surface morphology of functionalized and Pd nanoparticles deposited membranes were
studied by the FESEM. To analyze, the characteristic bonds of pristine PC and structural
changes after the functionalization, FTIR was used in the range of 400 cm™ - 4000 cm™.
Raman scattering spectra were recorded for all the samples on Raman spectroscopy
having an excitation source laser of 785 nm and power intensity of 50 mW. The UV-Vis
spectra confirmed carbonate bond cleavage phenomena by using the UV-Vis setup in the

range of 300nm - 900 nm.

6.3 Results and Discussion

Electronic energy of the polymer molecule changes when the polymer irradiated

in the UV region.
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Figure 46: A schematic representation of the photo-degradation process
Page | 68



These electronic changes outcome in the form of physical and chemical changes.
UV region has sufficient energy that it can split the molecules bonds of the polymer and
be able to create free radicals [181]. In our case, when PC is irradiated by UV radiation,
photo-degradation (bond splitting) phenomena arises. Photo-degradation can be
understood by photo-fries rearrangement mechanism and it is well reported in the
literature [182,183].

In UV region, the wavelength shorter than 350 nm have enough energy that can
cleave or break the C-O bond from carbonate group in the PC molecular structure. The
completion of the process is the formation of the phenyl free radicals. The free radicals
can initiate further reactions such as crosslinking process, chain scission process. The
schematic representation of the bond degradation process is shown in the figure 46.
Carbonate group selectively absorbed the energy in the UV region and the process of the
cross-linking continued by the small molecules. Irradiation of PC causes the aromatic
carbonate unit to reorganize itself into dihydroxybenzophenone and phenylsalicylate
derivatives. These free radicals are helpful in the improvement of H selectivity over
other gases. The UV irradiated PC membranes were analyzed by different

characterization techniques.

6.3.1 UV-Visible Spectroscopy

The UV-Vis absorption spectroscopy measurements were done in the range of
200 nm - 900 nm for all the fabricated samples (SO — S6). Samples S1, S2 and S3 have
the irradiation time of 36 hours and the sample S4, S5 and S6 have the irradiation time
of 48 hours.

Equal time of UV-irradiation of the sample leads the same amount of the photo-
fries mechanism. Because of this sample S1, S2 and S3 have similar UV-Vis spectra and
the sample S4, S5 and S6 and the similar UV-Vis spectra. So, we are comparing the fitted
data of UV-Vis spectra for the un-irradiated sample SO and irradiated samples S1 & S4
as shown in figure 47.

In the observed data of the UV-Vis spectra, two shoulder bands nearly 365 nm
and 320 nm can be clearly seen in figure 47. The presence of both bands can be interpret
by the photo-fries mechanism of the PC. These two bands most probably due to the m —
n* (~320 nm) and n — t* (~365 nm) transmission of carbonyl group, respectively. The

intensity of both the band's increases with the UV-irradiation time. This intensity
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increment of the bands is a clear sign of higher bond-cleavage of carbonate group with
UV-irradiation time. This is the reason for same time irradiated samples shows the same
intensity of spectra. As the irradiation time increases the bond intensity enhanced due to

high number of bond splitting phenomena.
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Figure 47: UV-Vis spectra for the sample SO, S1 and S4 in the range of 300-700 nm,
those are resembled to the pristine PC, UV irradiated PC for 36 hours and UV
irradiated PC for 48 hours respectively

6.3.2 Raman Spectroscopy

Figure 48 shows the Raman spectra of all the samples (SO - S6) in the observed
range of range of 500 cm™ - 2000 cm™* and all fundamental peaks of PC are present.

But there was small shift in the Raman frequencies of pristine PC membrane (S0O)
and UV-irradiated PC membrane samples (S1-S6). These shifts are due to change in the
structure of surfaces for UV-irradiated membrane as compared to pristine PC.

Because there is no UV-irradiation on the pristine PC membranes, so the sample
SO remains in the actually structure of the PC. All the observed peak frequencies and
corresponding bonds are presented in table 12. This shift or changes in frequency also
show that the UV irradiation has small effect on Raman frequencies in the range of 2000-
4000 cm'™?,
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Wavenumber (cm™) Type of Vibration

574,634 Phenyl ring vibration
703,731 C-H out-of-plane bending
826 Phenyl ring vibration
886 0O-C(0)-0 stretching
918, 1109, 1146, 1177, 1234 C-O-C stretching
1005 C-H bending in-plane
1387,1441, 1462 CH3 deformation
1601 Phenyl ring vibration
1773 C=0 stretching

Table 12: Raman peaks and corresponding bonds.

If we enlarge the region 2750-3150 cm™ as shown in figure 49, we observe the
peaks at 2937 cm™ and 3071 cm™ shows intensity growth after the UV irradiation
samples (S1-S6) as a result of the photo-fries process on the PC surface.
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Figure 48: Raman spectra of all the samples (S0-S6) in the range of 500-200 cm™.
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Figure 49: Raman spectra of all the samples (S0-S6) in the range of 2750-3150 cm™.

6.3.3 Fourier Transform Infrared Spectroscopy (FTIR)
Figure 50 shows the FTIR spectrum of all samples (S0-S6) in the range of 400

cm™- 4000 cm™.
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Figure 50: FTIR spectra of the all the samples (S0-S6) in the range of 400 cm™ - 3100
cm™,
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All the peaks corresponding to elementary bonds of PC polymer [184,185]. For
the analysis samples (S1-S6) are compared with the base sample of PC, SO. There was
no remarkable shift in the spectra (400 cm™ - 4000 cm™), but peaks related to carbonated
group shows intensity variation. Peak at 2965 cm™ is corresponding to C-Hs stretching
vibration, 1768 cm™ corresponding to free carbonyl stretching motion and 1168 cm™
represents C-O stretching from carbonyl group of PC.

When the UV irradiation time of samples is increased, a slight increment has been
observed for both the peaks at 1768 cm™ and 1168 cm™. These peaks are corresponding
to the carbonyl group, and the increment is due to enhancement in stretching of the C-O
bond. Also, the absorption peak around 2965 cm™ associated with C-H stretching arises
due to UV irradiation. It means that when the samples have been exposed to UV light,
then bond formation takes place due to the photo-fries mechanism. UV irradiation
generate the changes in the PC surface as well as the molecular structure, which is
responsible for the variation in carbonate (1780 cm™) to phenylene (1520 cm™) intensity

ratio.

6.3.4 Scanning Electron Microscopy (SEM)
The morphological study of the samples was done with the help of SEM and

obtained SEM images are shown in the figure 51.

Figure 51: Scanning electron microscope (SEM) of the sample (a) Pristine PC (S0) (b)
UV irradiated for 48 hours (S4) (c) UV irradiated for 48 hours with deposition of Pd
Nanoparticles for 24 hours (S5) (d) UV irradiated for 48 hours with deposition of Pd

nanoparticles
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The morphological study of the samples was done with the help of SEM and
obtained SEM images are shown in the figure 51. From the SEM images, it is clear that
the average pore size of all the sample is approximately 0.1 um. These membranes were
dipped in Pd nanoparticle solution, and there is very less possibility to cover the pore by
the Pd nanoparticles because the Pd nanoparticle size in the range of 6x1 nm and pore
size is 0.1 um. In the SEM images, bright points (yellowish) indicates the number of Pd
nanoparticles on the surface as well as in pores. In the figure 51(C), it can be seen that
the Pd nanoparticles are in the pores as well as on the surface too. However, the clustering
of Pd nanoparticles on the surface of membranes as well as in pores can be controlled by
using the PP as binder.

Figure 52: Energy Dispersive Spectroscopy (EDS) spectra of the Sample S2 for the
confirmation of palladium (Pd) NP's.

From the figure 51(d), it can be observed that when PVP is used with Pd
nanoparticles, there is minimum clustering on the surface and as a result, the surface, as
well as the pores boundary have enhanced brightness in sample S6 with uniform
distribution of nanoparticles. Energy-dispersive X-ray spectroscopy (EDS) spectra of
sample S2 also confirms the existence of Pd (figure 52). So using PVP binder with Pd
nanoparticles is an effective way to have maximum attachment of nanoparticles on

polymer surface as well as in pores.

6.3.5 Permeability and Selectivity
For the gas separation application, we used Hz, N2 and CO> gases to examine the
gas permeability and selectivity for all the samples. The obtained data of the gas
permeability are shown in figure 53 and figure 54. It is evident from the gas permeability
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measurements, Ho shows the maximum permeability because of the smallest molecular
size in comparison to the other two gases (N2 & CO).
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Figure 53: Graph of the gas permeability data for the samples (SO - S3). SO is for the
without UV irradiation pristine PC and S1-S3 samples having the UV irradiation time

of 36 hours.
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Figure 54: Graph of the gas permeability data for the samples (S0, S4 — S6). SO is for
the without UV irradiation pristine PC and S4-S6 samples having the UV irradiation
time of 48 hours.
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Figure 55: Graph of selectivity data of H2 over CO2 and N> for all the samples (SO-S6).

Along with the molecular size other factors like gas molecule interaction with the
surface, action energy and diffusion rate in the polymeric medium, all are favorable for
the higher permeation of H, gas. The spherical shape of H> molecules as well helps in
the higher permeability rate then N2 and COz. In the contrast of CO2 and N2, CO2 has
smaller molecular (3.30 A) size then N2 (3.64 A). But because of the linear shape gas
molecule of COz requires more activation energy for diffusion through pores membrane
than N2 gas molecules, which front-runners for CO> to lower permeation compared to
No.

The UV-irradiation process of the membrane increases the number of free
radicals/group on the surface as well as on inner pore walls. These free groups are
continuously ready to accept the H> molecules as according to the functionalize
mechanism. In the presence of pressure gradient of Ho, group donates or transport H, to
the next group or molecule of polymer in the low concentration zone of H>. Such action
of these free group increases the permeability of H>. But for N2 and CO. these group
works as obstacle. So, there was not effective increment or decrement found in the CO-
and N2 permeability in all the samples. Comparison of only UV irradiated sample S1 and
S4 the selectivity H2/N2 and H2/CO- is higher (figure 55) in the S4 because of the more
time UV-irradiation (48 hours). In the next stage of the sample series, we deposited Pd
nanoparticles in the UV-irradiated samples (S2, S5) without PVP and (S3, S6) with PVP.

Pd nanoparticles have supreme absorption property of H. due to its lattice structure. With
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a low concentration of Hy, Pd shows a phase and B phases obtained with high
concentration. Due to face centred cubic (FCC) structure of Pd and the octahedral void
of the FCC lattice is perfect place to grip the Hz because of its smaller molecular size.
The absorption phenomena also reversible, means diffusion of Hz through lattice will be
higher if there was temperature/pressure gradient is available. So in our case, we use
pressure gradient, so that why all the Pd deposited samples shows the higher permeability
and selectivity of hydrogen.

The UV irradiation of the samples improves the attachment of Pd Nanoparticles
with membrane compare to pristine sample. More attachment of Pd Nanoparticles with
PC membrane is responsible for higher permeability and selectivity H.. On the same
pattern for more attachment of Pd nanoparticles with polymer, we used PVP with Pd
nanoparticles solution, which works as a binder for nanoparticles. Use of binder increase
the numbers of Pd nanoparticles attached with PC membranes. The maximum UV
irradiation time and highest number of Pd nanoparticles in sample S6 we found the
highest permeability of Hz. Also the maximum selectivity found in sample S6 for H2/N2
and H2/COz, 3.43 and 3.92 respectively.

6.4 Conclusions

The permeability and selectivity of the gases through the polymeric membrane
can be controlled by UV irradiation process and selective deposition of nanoparticles. It
was concluded from obtained results that with increase in UV irradiation time the
attachment of Pd nanoparticles greater. Better attachment of the nanoparticles directed
the higher selectivity of Hz. Use of a binder with the polymeric membrane is an important
factor for the Pd nanoparticles attachment. Maximum selectivity was found 3.43 and 3.92
for H2/N2 and H2/COo, respectively in sample S6. We have faith in the fact that such kind
of the membrane has potential use in the field of the gas separation and purification. And
UV irradiation process over polymeric membranes to modify the surface and molecular

structure.
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Chapter-7

Conclusions and Future Scope of the Work

7.1 Conclusions

The present thesis represents the gas separation of engineered nanochannels and
functionalized porous polymeric membranes by different methods for the fabrication of
H> gas selective membrane. The following conclusions are made on the basis of the

studies carried out:

v" Membrane-based gas separation always face the trade-off relation
problem between the permeability and the selectivity. That means as the
permeability of gases increases the selectivity of the gases decreases and
vice versa. To overcome this issue, our objectives are focused to enhance
H> permeability as well as selectivity by using functionalized porous

polymeric membranes.

v Porous polymeric composite membranes of chemically functionalised
MWCNTSs and PC successfully fabricated by using solution cast method.
Different orientation of MWCNTSs were obtained by the help of high
magnetic field. 1t was found that aligned orientation of the MWCNTSs
have higher permeability and selectivity as compared to random
orientated MWCNTSs.

v Functionalization is a well-known tool to alter the nonomaterials
/polymeric membranes surface and molecular structure of the polymer.
We can modify a specific property of the membrane as according to our
required application. So we used different type of functionalization
process for the membranes to alter the permeability and selectivity of the

porous polymeric membranes.

v Functionalization of MWCNTSs plays a significant role to control the
permeability and selectivity in comparison to pristine MWCNTS.
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v Functionalization of PET membrane affects the permeability of gases and
increase the selectivity of Hz with functionalization time in comparison to

other gases.

v Pd have maximum absorption properties for the Hz, so Pd nanoparticles

have used as a gas (H2) sensitive material.

v To accomplish the trade-off relation between permeability and selectivity,
PET membranes having Pd nanoparticles in their pores as well as on
surface shows enhanced selectivity of Hz with considerable permeability.
Maximum selectivity was found 6.05 and 3.72 for H2/CO2 and H2/N:
respectively in maximum functionalized PET membrane with 6-hour

deposition of Pd nanoparticles.

v UV-irradiation process is a low cost and effective process for the
functionalization of porous PC membranes. It was found that with
increasing the UV-irradiation time, permeability and selectivity has
increased considerably and also it binds more number of Pd nanoparticles
as compared to pristine PC membrane.

v Use of PVP as a binder for Pd nanoparticles with the membrane found
effective for controlling the gas permeability and selectivity. 48 hours UV
irradiated functionalized and 24 hours Pd deposited PC membranes shows
the maximum selectivity for the Hz with the significant permeability.

So, based on the above finding, we have faith in the fact that such kind of functionalized
polymeric membrane and use of gas sensitive materials with them have potential use in
the field of the gas separation and purification. Such membranes can be used to develop

hydrogen-selective nanofilters.
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7.2 Future Scope of the Work

Although, plenty of work has been carried out on the functionalized porous polymeric

membrane for H gas separation. Based on the findings in the present work, future scope

of the work can be proposed as follows:

v

Besides CNT’s, composite membranes of the other carbon nanomaterials
such as graphene, reduced graphene oxide etc. can be functionalized and
may be used for the H> selective gas separation applications.

Other functionalization methods can be explored for the better
functionalization of the membranes and attachment of gas sensitive

nanomaterials.

Due to the limitation of the SHI process for track-etched membranes,
another highly porous membranes may be useful for the gas separation

application.

Graft polymerisation method can be carried out in future, through which
we can control the gas sensitive properties of the membrane during the

sample synthesis process.

Other gas sensitive materials such as core-shell, bimetalic and ion
implanted materials may be useful for the gas separation application.

So, the use of membrane-based H> separation applications will be beneficial for the future

energy solution of world energy crises and the pollution problems.
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