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Abstract

The primary focus of the thesis is to develop a thermally stable and moisture responsive
biopolymer-based membrane for CO; separation. Among various biopolymers, chitosan
possesses CO, transport site as its structure consists of amine group. Moreover, chitosan
has very good film forming ability and thermal stability without crosslinking. However,
the limited solubility of chitosan in neutral and basic medium drives towards an alteration.
Also, the unmodified chitin present in the chitosan solution may hinder the gas permeation
through membrane. Therefore, carboxymethyl chitosan (CMC), a water soluble derivative
of chitosan has come into picture. The optimum performance of CO> separation was
obtained for CMC membrane at 80 °C with supplied sweep/feed water flow ratio of 1.67
and feed pressure of 2/1.2 bar (feed/sweep) presenting a significant increase of CO;
permeance (~35 GPU) and CO2/N» selectivity (~39) as compared to that of chitosan
membrane. The membrane showed its thermal stability at the operating temperatures.
Hence, CMC membrane was further explored for CO> separation application by
incorporation of different amines and fillers. In order to increase the amine content in the
membrane matrix, piperazine (PZ), a small molecule amine was blended with CMC and
utilised for CO2/N; separation. Improved performance of CO» separation was obtained for
20 wt. % PZ containing membrane at the same operating conditions as CMC membrane
and exhibited more than two times increase in CO, permeance (89 GPU) and CO2/N>
selectivity (103) as compared to that of pure CMC membrane. The membrane performance
was found stable up to 3 days. Then poly (amidoamine) (PAMAM), a large molecule
amine was blended with CMC which remarkably enhanced the CO2/N: separation
performance than pure CMC membrane. The membrane containing 10 wt. % PAMAM
and 90 wt. % CMC showed the overall CO; permeance of ~ 101 GPU with the CO2/N>
selectivity ~137 on maintenance of sweep/feed water flow ratio 2.33 at 90 °C. However,
the amine blended polymeric membranes possess the drawback of performance stability
for a longer duration. Hence, the incorporation of filler was deliberated. Accordingly,
multiwall carbon nanotubes (CNTs) were incorporated to CMC matrix which presented
the optimum CO; permeance of ~ 43 GPU and CO2/Nx> selectivity ~ 45 at water flow ratio
3 and temperature 80 °C. Although, the CNTs (1 wt. %) loaded CMC membrane showed
slight improvement in CO; permeance and CO2/N; selectivity as compared to CMC, the
membrane stability retained even after 10 days. In a similar experiment, 1 wt. % of

hydrotalcite (HT) was incorporated to CMC matrix as filler and the CMC/HT membrane

TH-2255_146107016



displayed remarkable CO, permeance (70 GPU) but inferior CO2/N> selectivity (13) than
that of CMC at 90 °C and water flow ratio of 2.33. Well ahead, based on the above-
mentioned studies, a goal has set to work on the improvement of CO2/N; selectivity as
well as CO, permeance simultaneously. In view of that, CMC/PAMAM/HT membrane
was fabricated and obtained the significant augmentation of CO; permeance up to 123
GPU and CO2/Nz: selectivity of 67 at 90 °C pertaining a constant water flow ratio of 2.33
(sweep/feed). Hence, among all the tested membranes (CMC, CMC/PZ, CMC/PAMAM,
CMC/CNT and CMC/HT), CMC/PAMAM/HT membrane showed the best CO>
permeance which substantiated the efficiency of the membrane for CO: separation
application. In this way this work encourages us to envision the utilization of

carboxymethyl chitosan-based mixed matrix membranes for CO; separation from flue gas.

1
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CHAPTER 1

CO; Capture Overview, Literature Review and
Research Objectives

In this particular chapter, the adverse effects owing to the continuous escalation of CO;
in the atmosphere and the remedial methods for CO: mitigation have been discussed in
brief. The membrane based technology has been highlighted on the basis of its advantages
and elaborated its suitability towards CO: capture approach. In depth study has been done
on various CQO: transport mechanisms corresponding to different membrane
configurations. Finally, on the basis of the gaps and challenges, the research objectives

have been defined.
1.1 Introduction and CO; Emission Overview

Energy consumption is indispensable to the growth of economic development, but at the
same time massive use of non-renewable fossil fuels as the primary source of energy
contributes largely to the global warming due to the emission of CO»[1]. Various scientific
reports disclose that the concentration of CO; in the atmosphere is increasing at a rate
exceeding 1 ppmv per year [2]. Consequently, the earth’s surface temperature has
increased by 0.4—0.8 °C above the reference line of 14 °C [3]. As per the latest statistics,
the fossil fuel thermal power plants supply 85% of entire world demanded energy [4].
Generally, the flue gas emitted by the natural gas fired plant and coal fired power plants
contains 4-8 % COz and 12-15 % of COz by volume, respectively. As per the statement
made by the intergovernmental panel on climate change (IPCC), the atmospheric CO2
concentration has been projected to cross 750 ppmv by the year 2100 if no action is taken
to reduce its continuous emissions [5]. Therefore, the regulation of CO; emission is very

vital at this point of time although it is a complex task.

There are basically three routes to reduce the emission of industrial CO> into the
atmosphere [6]: (a) Reduction of energy intensity, (b) Reduction of carbon intensity, and
(c) Enhancement of CO; sequestration. The first option requires limited use of energy
which is a challenging job in today’s era. The second option suggests the limited use of

fossil fuels or switching to the use of non-fossil fuels such as hydrogen and renewable
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Chapter 1

energy. The third option involves the development of technologies to capture and sequester

COa.
1.2 CO; Capture Approaches

Depending on the type of plant, following CO» capture technologies have been adopted:

pre-combustion, post-combustion and oxy-fuel combustion [3].
1.2.1 Pre-combustion

Pre-combustion technique, aims the removal of all or some portion of the carbon from fuel
before burning it [7]. This is done by transforming the fuel into a synthetic gas comprising
mainly carbon monoxide and hydrogen. Then water vapour is added, which reacts with
the carbon monoxide converting it into COx. In this process, the molar concentration of
CO2 is very high (~ 2540 %) coming out at a total pressure of 25- 50 bar [8]. The CO»

and the hydrogen are then separated using an amine-type solvent or gas hydrate formation.
1.2.2 Oxy-combustion

Oxy combustion is combustion in pure oxygen rather than air. In a conventional
combustion scheme air is used, but this generates a large volume of smoke and fumes,
where the CO> is much diluted [9]. In a technique called chemical looping combustion, the
oxygen needed for combustion is transferred from the combustion air to the fuel by the use
of'an oxygen carrier; most commonly an oxidized metal. In this system, the metal oxide is
transported between two fluidized bed reactor- air and a fuel reactor. Thus a system is
created in which the fuel and combustion air never comes into contact with one another,
creating a CO exhaust gas stream not diluted with N2, which is made for relatively easy

CO2 capture [10].
1.2.3 Post-combustion

In this technique, CO; is removed from the flue gas after the combustion [11]. This
technique is important mainly due to its flexibility and retrofit option. In post combustion,
there are four separation technologies, namely, absorption, adsorption, cryogenic

distillation and membrane separation which are discussed below.
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1.3 CO; Capture Technologies

1.3.1 Absorption

In absorption process, the gaseous stream is brought into contact with a solvent in which
CO:2 is soluble. This process takes place in a counter-current absorption tower, where the
solvent (downward flow) is in counter-flow with the gaseous stream (upward flow). The
solvent is supposed to be highly selective for CO» absorption and CO; must have high
solubility in the solvent. Besides, the solvent should be volatile, chemically stable, low
cost, available, non-corrosive, less viscous, non-flammable and environment friendly. CO»
is separated from the gaseous stream by absorption in the solvent and later in stripping
section it get desorbed from the solvent [12]. The absorption mechanism can either be
physical or chemical. In physical absorption, CO; gas has higher solubility in the solvent
than the other gaseous species, by which it gets selectively absorbed in the solvent. No
chemical reaction takes place between CO> and the solvent here. On the other hand, the
chemical absorption technique is based on the principles of reaction equilibria and reaction
kinetics, and is employed for CO; separation from streams having low to moderate CO-

partial pressure.

Although the absorption process is a mature technology, which has been extensively used
in industries for decades, it has certain major disadvantages like equipment corrosion, high

energy consumption and solvent degradation [12-14].
1.3.2 Adsorption

The adsorption process is described by the adhesion of a specific component of the gas
mixture selectively on an adsorbent surface due to the surface forces, thereby separating
the component from the gas mixture. This step is followed by desorption of the adsorbed
component. The desirable characteristics of an adsorbent are: High selectivity for the
component to be separated, good capacity and long service life. Adsorption is categorised
into two types — physical adsorption and chemical adsorption. In physical adsorption, the
gas molecules are adsorbed and are attached to the adsorbent surface by weak forces — van
der Waals forces and electrostatic forces. Regeneration of the adsorbent surface with
desorption of the adsorbed gas is simple as these forces are weak. Along with van der
Waals forces, CO» can be adsorbed through interactions with a polar adsorbent surface due

to the quadrupolar nature of CO,. In case of chemical adsorption, the gas molecules

3
TH-2255_146107016



Chapter 1

undergo chemical reactions with reactive sites on the adsorbent surface. The chemical
bonds formed are much stronger than the interactions exhibited in physical adsorption.
Reactive sites for CO> adsorption can be obtained by incorporating amine groups in the
adsorbent. CO» will react with the amine groups to form ammonium carbamate groups,
which, in the presence of water will form ammonium bicarbonate species. The adsorption
process can be categorised based on regeneration techniques: temperature swing
adsorption (TSA), pressure swing adsorption (PSA) and electrical swing adsorption
(ESA). However, the adsorption process suffers from the limitations such as it can achieve

low CO; selectivity and can deal with very less concentration of CO2 (0.04% — 1.5%) [15].
1.3.3 Cryogenic Distillation

In this technique, CO; is separated from N> by introducing the gas mixture to a cryogenic
chamber which is at an extremely low temperature. The temperature and pressure of the
chamber are manipulated such that CO; is liquefied, while N> remains in the gaseous state,
thereby separating CO, from N [15]. Commercially, this method is employed to separate
CO> from gas mixtures containing CO; concentrations greater than 50-70% [12]. This
method requires the usage of mature technologies such as compression, refrigeration and
separation, making them feasible for application in chemical industries [16]. Additionally,
this technique does not require the usage of chemical agents which prevents secondary
pollution [16] and the liquid CO; produced offers case of transport through pipelines.
However, despite the advantages offered, cryogenic distillation and separation suffers
from the following limitations such as requirement of high energy to get cryogenic
temperatures and large cost [15]. Also, the water molecule present in the stream can freeze

and clog pipes resulting corrosion of the equipment, hence it requires pre-treatment.

1.3.4 Membrane Separation Technology

The principle of gas separation using membranes is the difference in the rates of
permeation of the individual feed stream components through the membrane. This
difference causes one component to have higher selectivity of transport through the
membrane over other components, thereby separating them [17]. The driving force for gas
permeation through the membrane is the partial pressure gradient across the membrane of
the component being transported [18]. The performance of a gas separation membrane is

described in terms of two quantities: the permeability and the selectivity [19, 20]. The
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permeability is defined as the transport flux of the gas component through the membrane
per unit driving force for a given membrane thickness. A common unit for permeability is
Barrer, where 1 Barrer = 10'° (cm® (STP).cm)/ (cm?.s.cm-Hg) [21]. The permeance of a
gas separation membrane is defined as the permeability per unit thickness. Its unit is GPU
(Gas Permeation Unit), where 1 GPU = 10 (cm® (STP))/ (cm?.s.cm-Hg). The membrane
selectivity of one component over the other is given by the ratio between the permeabilities
of the respective components. The ideal membrane selectivity is obtained from the ratio
of the pure gas permeabilities. Membrane technology offers us a variety of advantages
such as: low cost, high energy efficiency, operational simplicity, reliability, compactness,

and modularity.
1.3.4.1 Types of membranes and fabrication methods

Efforts to study membranes for CO; separation have generally focused on a few different
classes of materials such as polymeric [22], ceramic [23] and mixed matrix [24]. The
ceramic membranes are a type of artificial membranes made from inorganic materials such
as alumina, titania, zirconia oxides, silicon carbide etc. They also have excellent thermal
stability which makes them usable in high-temperature membrane operations. The
polymeric membranes can be either synthetic or natural. Natural polymers are widely
appreciated due to its abundance, low cost and biocompatibility. The recent development
of polymeric and inorganic materials has seemingly reached a limit in trade-off between
selectivity and permeability. The deficiencies of these materials have in turn switched the
focus of researches towards the realization of a new class of membrane material, namely
mixed matrix membrane (MMM). Mixed matrix membranes are considered as a class of
composite membranes that comprise of inorganic materials embedded in a polymer matrix.
Several inorganic materials such as zeolites, carbon molecular sieves (CMS), metal
peroxides (MOs), carbon nanotubes (CNTs) and metal organic frameworks (MOFs) have
been incorporated in different polymers. Generally, the inorganic dispersed phase has
permeability superior to the neat polymer. The fabrication of polymeric and mixed matrix
membranes can be done either by phase inversion or solvent evaporation method. In phase
inversion, a homogeneous polymer solution is cast onto a suitable support as a thin film
and then immersed into a coagulation bath containing a suitable non-solvent. The polymer
film solidifies to form a membrane with a symmetric or asymmetric structure through the

exchange between the solvent inside the cast film and the nonsolvent outside the cast film
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in the coagulation bath. In this process of solidification, the film goes through complicated
phase changes which include liquid—liquid phase separation, solid-liquid phase separation,
or both, depending on polymer properties and coagulation conditions. On the other hand,
in solvent evaporation method, the cast films are allowed to dry under an ambient condition
or at a higher temperature. The evaporation of the solvents from the fabricated membrane
leads the formation of the desired solid membrane. Hence, the solvent evaporation method

is preferred over phase inversion due to its simplicity.
1.3.4.2 Membrane based gas transport mechanism

The transfer of gas molecules involves several processes, depending on the nature of the
pore structure and the solid. There are three different mechanisms for separation of a gas
mixture through membrane: Knudsen diffusion, molecular sieving and solution diffusion.
Knudsen diffusion mechanism occurs in porous membranes where the pore size is less
than the mean free path of the gas molecules. The collisions of the gas molecules with the
pore walls is more frequent than the collisions with other gas molecules, allowing lighter
molecules to preferentially transport through the pores [25]. The molecular sieving
mechanism describes the ideal condition for the separation of vapour compounds of
different molecular sizes through a porous membrane. Smaller molecules have the highest
diffusion rate and this process happens with sufficient driving force. The main limitation
of this is that condensable gases may cause fouling and can alter the structure of the
membrane. Solution diffusion mechanism is based on both solubility and mobility factors.

In this model gas permeation can be seen as a three stage process;

» Adsorption and dissolution of gas at the polymer membrane interface
» Diffusion of gas in and through the bulk polymer

» Desorption of gas into the external phase

In post-combustion CO> capture, the solution-diffusion mechanism exhibits reduced
performance due to low CO» partial pressure in flue gas and alteration in membrane
structure because of plasticization by water vapour [26-28]. These membranes show low
selectivity governed by Robeson’s upper bound, suffering a trade-off between
permeability and selectivity [29-32]. To overcome these limitations, the researchers
welcomed facilitated transport membranes as they offer improved CO:2 performance
beyond the upper bound limit [33]. Facilitated transport membranes are described by the

selective and reversible reaction of CO2 [29] with the reactive carriers forming complexes,
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which facilitate the transport of CO> through the membrane. These carriers can be mobile
or fixed. Mobile carriers react with CO; on the upstream side, forming complexes which
freely move through the membrane, releasing CO2 on the downstream side. Although they
offer high separation performance, they have an inherent lack of stability due to carrier
loss and degradation [34-36]. The use of fixed carriers, which are covalently bonded to the
membrane polymer chains, thereby having limited mobility around the equilibrium
position, overcomes these problems [37, 38]. CO; reacts with the fixed carrier forming the
complex, from which it hops to the adjacent carrier along the direction of the driving force
till the downstream side, where it is released [39, 40]. A schematic representation of a

fixed amine based facilitated transport mechanism of CO; is shown in Figure 1.1.

PES wappart

Sweep side

Figurel.1 Schematic representation of facilitated transport in fixed carrier containing
membrane

The amine carrier serves the facilitated transport mechanism by reacting with CO» that can
be described by the following equations. CO» reacts with primary or secondary amines
(RR'NH, where R is a functional group and R’ is a hydrogen for primary amine whereas
R, R" are functional group in case of secondary amine) to form zwitterions (Reaction 1.1)
as an intermediate and then the zwitterion is deprotonated by bases such as, the amine
itself (Reaction 1.2) and formed a protonated amine or carbamate ion and overall reaction
is shown in Reaction 1.3, which suggest that 2 moles of amine is required to capture one

mole of CO; [41, 42].

CO, + RR'NH = RR'NH*CO0~ (Reaction 1.1)
RR'NH*COO™ + RR'NH = RR'NCOO~ + RR'NH} (Reaction 1.2)
7
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CO, + 2RR'NH = RR'NCOO~ + RR'NHjS (Reaction 1.3)
The zwitterion then is deprotonated by bases such as H>O to form the carbamate ion.
RR'NH*COO™ + H,0 = RR'NCOO~ + HI0 (Reaction 1.4)

If the carbamate ion of the amine carrier is not stable which is the case of satirically

hindered amine then it will react with H,O to form bicarbonate.
RR'NCOO™ + H,0 = RR'NH + HCO3 (Reaction 1.5)

Similarly, for tertiary amine bicarbonate is formed following the base catalyzed

mechanism [43].
R;N + CO, + H,0 = R3N*H + HCO3 (Reaction 1.6)

In the above reactions, water plays major role by promoting ion transfer. Water and CO-
react reversibly with amines in the active layers forming carbamate and bicarbonate that
diffuses rapidly across the membrane and finally dissociates in the permeate side, releasing
the CO2 [44]. Hence, membranes following facilitated transport mechanism have high CO;
flux along with CO,/gas selectivity. Also, water improves polymer chain mobility and
reduces the gas diffusion resistance [35, 37, 45]. The CO; separation efficiency of a
membrane is highly dependent on CO;-carrier reaction kinetic. The strong affinity between
the CO2 molecule and amine provides irreversible reaction resulting no liberation of CO»
at the permeate side [46]. On the other hand, a slow reaction rate forms a very unstable
CO»-carrier complex and no facilitated transport occurs as the membrane turns saturated
very easily [46]. Hence, the mild reaction rate is the prime requisite for facilitated
transport, especially at the decomposition step with moderate equilibrium constants [3].
Also, the fractional free volume (FFV) of the polymer helps the CO> molecules to achieve
reversible reaction more comfortably [47]. The high density and small size of the carrier
provides more number of active sites for fast facilitated transport [46, 48]. Additionally,
the water content in the matrix is very important as water induces swelling and creates
additional free volume for gas diffusion [49]. It was also revealed that the presence of salts
in water swollen membrane can decrease the solubility of non-condensable gases like N»,
and CH4. This is an appealing way to increase the selectivity of CO2 over N2 and the
process is referred to as “salting out effect” [50]. Humidified membranes with high salt

have both enhanced permeability and selectivity. The state of water (free water or bound
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water) which is present in the membrane affects the overall CO2 separation performance
[51]. The gas solubility is higher in bound water, whereas gas diffusivity is higher in free
water [52]. It was reported that the CO2/N; selectivity increases with increasing bound

water [53].

1.4 Literature Review

The focus of my research work is on CO; separation from gas mixtures using membrane
technology. Extensive works have been reported for membrane-based CO; separation
technology by using pristine [35, 37] or amine blended [54] polymeric membranes. The
blending of the amines with polymer enriches the carrier content in the membrane matrices
which enhance the facilitated transport of CO2. Among various works, the experiment
performed by Matsuyama’s group [55] using poly (ethylene amine)/poly (vinyl alcohol)
showed the CO2 permeance ~ 4 GPU with the CO»/N; selectivity ~160. Deng et al. [49]
synthesized a poly (vinylamine)-poly(vinyl alcohol) blend membrane and reported a CO>
permeance of ~ 215 GPU and CO»/N; separation factor of 174 at a feed pressure of 2 bars
and 25 °C. However, the synthesis process of poly(vinyl alcohol) (PVA) membranes is
complex and time consuming, as PVA dissolves in water at temperatures greater than 70
°C, and must be crosslinked [33] to ensure its thermal stability. The biopolymer chitosan
has recently captivated researchers due to its film-forming ability, temperature stability,
and a fixed carrier site to interact with CO3[27]. Ito et al. [56] studied on swollen chitosan
membrane for CO2/N> separation at room temperature and achieved CO> permeance of
35.71 GPU and CO2/N; selectivity of 70. Further, El-Azami [57] group worked on swollen
chitosan membrane varying the temperature from 20 to 150 °C and attained a permeance
of 7.4 GPU at 110 °C. In this context, Liu et al. [58] prepared a membrane using chitosan
and poly ether-block-amide (Pebax®) and found that the blending of Pebax into chitosan
generates more gas passage networks in polymer system, which directly enhances the CO2
permeability. In a previous study carried out in our research group, Prasad et al. [59]
reported CO2 permeance of 24.7 GPU for TEPA blended chitosan membrane at 90 °C,
whereas pure chitosan displayed 12.5 GPU and selectivity of 54 at the same temperature.
Yu et al. [60] prepared a membrane by blending chitosan and triethanolamine (TEA). With
the addition of 15 % TEA, the membrane exhibited improved mechanical stability and
contributed to a CO2/N> selectivity of 63. Similarly, Shen et al. [61] obtained the CO»
permeance of 0.36 GPU and a CO2/N3 selectivity of 33 at 0.293 psi feed pressure and room
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temperature for chitosan modified to CMC. Other than these amine -carriers,
monoethanolamine (MEA), diethanolamine (DEA), ethylenediamine (EDA), etc. were
also introduced into different membrane systems [16—18]. However, these membranes
were found to be unstable due to the high volatility of the amines [19]. In contrast,
piperazine (PZ) has lower volatility and it acts as amine promoter. Later, Wang et al.
studied the effect of EDA and PZ incorporated to polyvinyl amine matrix separately and
observed the superior performance of PZ over EDA [20]. They suggested that the presence
of two secondary amine groups reduce the crystallinity of these membranes and improves
permeation performance. Lately, dendrimers, the large molecule amines have proved its
proficiency as a carrier for CO» facilitation. Dendrimers possess exceptional properties
such as, multiple valency, water solubility, consistent nanosize and suitable approach for
synthesis [62-64]. Studies conducted on PAMAM dendrimer-based membranes have
shown high CO; selectivities [65]. Later, the hybrid membrane containing
PAMAM/poly(vinyl alcohol) showed CO2 permeance of 1.6 GPU and a CO2/N; selectivity
of'42 at 60 °C [66]. Duan et al. prepared a PAMAM dendrimer composite membrane with
chitosan forming gutter layer and reported a CO2 permeance of 61 GPU and CO2/N>
selectivity of 230 at 40 °C [67]. After the extensive study on amine blended membranes,
mixed matrix membranes (MMMs) have come into picture which are the promising
membranes having significant potential in gas separation applications [68]. Various filler
materials such as zeolite, silica nanoparticle, graphene oxide, etc. have been studied so far.
However, the study of carbon nanotubes (CNTs) have been of a special interest [69, 70].
CNTs fused in membranes basically provides one-dimensional nano-channels that act as
alternate paths for CO» transport through membranes [71]. However, various studies have
been performed using CNTs-incorporated composite films. Deng and Héagg studied the
PVAm and PVA membranes reinforced with CNTs for the CO, separation application
from CO,/CHs gas mixture [72]. Similarly, a membrane comprising of single-walled
CNTs loaded in a poly(imide siloxane) copolymer has been fabricated and evaluated the
gas transport properties [73]. CNTs embedded N-isopropyl acrylamide hydrogel [71] and
amino-functionalized CNT embedded crosslinking polyvinylalcohol-polysiloxane/amine
blend membrane have also been studied for high-pressure gas separation application [74].
Recently, cellulose acetate/ MWCNT MMMs have been used for CO» separation [75].
Another inorganic filler Hydrotalcite (HT) also outshined as CO» capture material similar
to CNTs. HT consists of brucite-like host sheets (positively charged) and hydrated
carbonate anions sailed freely in the interlayer corridor [76]. The hydrated carbonate
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anions sailing in the interlayer of HT works as the carrier for CO> facilitated transport [77].
In one work, Mg-Al hydrotalcite (HT) nanosheets has been added in to aqueous
polyetheramine in order to rise the permeability of CO; and achieved the permeance of 90
GPU and selectivity as 40 [78]. Later, Liao et al. [79] developed the polyvinyl amine — HT
membrane and reached the CO; permeance of 3187 GPU and the CO»/Nz> selectivity of 296 at
1.1 bar. Although, various studies have been performed on sole amine blended and filler
incorporated membranes, few literatures have been found regarding the cumulative role of both
amine and filler in CO» separation performance [80, 81]. Among all the membrane systems,
the chitosan based membranes have been chosen as the system of our interest and a Robeson
plot has been presented in Figure 1.2 including the data obtained from a few chitosan- based

membranes.
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Figure 1.2 Robeson upper bound (2008) plot for a few chitosan based membrane system.

On the basis of the above discussion, the CMC membrane based CO; separation approach
was scheduled. Here, the thermal stability, film forming ability and moisture responsive
nature of CMC were discussed elaborately in terms of CO; separation. In this study, small
and large molecule amines were exploited as carriers in CMC membranes for facilitated
transport of CO,. However, this study also embodies the use of fillers to improve various
properties of membrane along with gas permeation activity. The objectives of our research

work have been summarized as below.

11
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1.5 Thesis Objectives

The primary objectives of the thesis are

1. Selection and preparation of the bio based polymeric membrane efficient for CO;
separation by means of facilitated transport mechanism.

2. Further improvement of the CO; facilitated transport by blending with different amines
and fillers

The following research works have been undertaken on the basis of the above objectives:

a) Preparation of the CO; selective membrane using biopolymer that possesses high
thermal stability and sufficient moisture retention ability without crosslinking.
Here CMC has been chosen as the control polymer.

b) Development of CMC membrane for CO; separation by blending with small
molecule amine (PZ) and large molecule amine (PAMAM).

¢) Enhancement of various physical properties of membrane and CO; separation
performance by incorporating carbon nanotubes and hydrotalcite.

d) Study on the synergistic effect of both amine and filler in order to get high speed
CO> transport membrane.

e) Optimization of the operating temperature and moisture content during gas
permeation along with the detailed gas transport mechanism.

f) Characterization and material study corresponding to the synthesis and gas

permeation study.

1.6 Thesis Outline

On the basis of the above discussion, thesis work has been divided into eight chapters. A

brief overview of each chapter is presented below.

Chapter 1: This chapter focused on the importance of the CO> separation as it is one of
the major greenhouse gases responsible for the global warming problem. Also, discussed
the available technologies designed for CO; capture along with their pros and cons. The
membrane separation technology has been emphasized on the basis of its characteristic
advantages. Also, this chapter comprises the detailed literature review on CO2 — selective

thin-film polymeric membranes mainly focusing the chitosan based membrane activities.
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Finally, this chapter listed the research objectives and scheduled the plan of work to

accomplish the research goal.

Chapter 2: This chapter contains the synthesis and characterization of the control
polymer carboxymethyl chitosan (CMC) along with the detailed gas permeation study
investigating the temperature and water flow effect on the separation performance. The
schematic diagram of gas permeation set up and laboratory scale set up for moisture
retention study has been demonstrated which has been used to complete the objectives of
this thesis. Various characterizations like FTIR, XRD, NMR, XPS and FESEM have been
carried out to investigate the successful formation of CMC polymer and CMC membrane.
Alongside, the thermal and moisture retention behaviour has been determined with the
help of TGA-DSC and moisture retention test. The eeffects of temperature and water flow
rate on the CO; permeance and CO2/N; selectivity were studied on CMC membrane by

sending the gas mixture of CO2/No.

Chapter 3: This chapter discusses the role of piperazine (PZ), a small molecule amine as
a CO; carrier. FTIR, XPS, FESEM and TGA have been utilized to characterize the
prepared membranes. The moisture holding behaviour of the membranes at different
relative humidity has been assessed by water retention test. The combined role of fixed
carrier of CMC and mobile carrier PZ has been evaluated from the gas permeation test.
The CO; separation study was executed at different sweep side water flow ratio (0.33 to
3). Also, various characterizations have been performed to check if the tested membrane

has lost its originality during CO» separation.

Chapter 4: This chapter deliberated the mechanism of poly (amidoamine) (PAMAM), a
large molecule amine as CO: transporter. Additionally, this chapter engaged with the
versatile aspects of carboxymethyl chitosan and dendrimer in terms of CO> separation. A
comprehensive study has been accomplished to inspect the physico - chemical properties
of the prepared membrane. The mixed gas (CO2/N2) separation performances have been
measured varying the temperature (60 - 110 °C) and sweep/feed water flow ratio (0.33-3).
It is expected that CMC/PAMAM membrane will take part in CO; separation event by
ensuring its role as semi mobile carrier, polyionic salt and hydrogel membrane. The

combined advantages of both CMC and PAMAM will accomplish this novel approach.

Chapter 5: In this study, the improvement of gas separation activity has been investigated

after incorporation of carbon nanotubes (CNTs) to CMC matrix. Herein, the amine groups
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present in CMC serve as CO; carrier and CNTs provide alternate pathway to the gas
molecules. Also, it has been identified that the wrapping of CNT improves the dispersion
of CNT in CMC matrix. Various spectroscopic and microscopic analyses have been used
to confirm the successful wrapping of CNTs. Further, the prepared mixed matrix
membranes were characterized using FESEM, AFM, XPS and DMA. The moisture
holding ability of the membranes which is essential for the facilitated transport reaction

has been measured at different humid conditions.

Chapter 6: This chapter demonstrates the role of hydrotalcite (HT) in CO» separation
when incorporated in to CMC matrix. The synthesis of HT has been verified by XRD and
EDX analysis. Later, the homogeneous incorporation of HT in CMC matrix has been
characterized with the help of FTIR, TGA and EDX coupled FESEM instruments. Also,
the moisture holding behaviour of CMC/HT membrane at different relative humidity has
been evaluated. The CO, separation study was performed at different temperatures (60-

110 °C) and water flow ratio (0.33 to 3).

Chapter 7: This chapter comprehends the appreciable effect offered by the synergistic
combination of poly (amidoamine) dendrimer (PAMAM) and hydrotalcite (HT) towards
CO: separation performance. PAMAM and HT have been loaded to carboxymethyl
chitosan (CMC) to fabricate a thermally stable MMM which was assessed by TGA
isotherm. Further, using various spectroscopic and microscopic techniques the membrane
has been characterized. The moisture retention behaviour of the membrane at different
temperature has been investigated. Later, the CO» separation study was accomplished for
the MMM varying the temperature (60-110 °C) and analysed the data by comparing with
Robeson upper bound (2008) curve.

Chapter 8: This chapter draws appropriate overall conclusions based on the investigation
in the present study. This chapter also provides some useful recommendations for future

research in the relevant field.
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CHAPTER 2

Synthesis, Characterization and CO; Separation Study
on Carboxymethyl Chitosan Membrane
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CHAPTER 2

Synthesis, Characterization and CQO; Separation Study
on Carboxymethyl Chitosan Membrane

Chitosan, the amine containing biopolymer has recently excelled in the CO; separation
field. However, the limited solubility of chitosan and the presence of unconverted chitin
during membrane formation reduce CO; separation performance. This chapter discusses
the solution key to the above-mentioned limitations by developing carboxymethyl chitosan
(CMC) membrane. Additionally, the relevant characterizations and CO> separation
performances using CMC membrane have been explained. This work is scientifically

acknowledged in “Separation and Purification Technology .
2.1 Introduction

Chitosan has fascinated researchers due to its film-forming ability, temperature stability
without crosslinking, and a fixed carrier site to interact with CO [82, 83]. However, certain
downsides of chitosan limit the application of chitosan as a membrane matrix for CO;
separation. Chitosan dissolves only in moderately acidic solution (pH < 6.5) and it
precipitates on the addition of basic compound [84]. Also, some chitin retain in chitosan
solution depending upon the degree of deacetylation, which impedes the gas flow. Thus,
the carboxylation is adopted to overcome the problem of limited solubility of both chitin
and chitosan [85]. The presence of bulky methyl group weakens the intra H-bond of
chitosan and it helps carboxymethyl chitosan (CMC) to swell in water [86]. The presence
of this additional carboxymethyl group other than the primary amine group in the CMC
membrane also takes part in the gas permeation mechanisms (Figure Al.1a, Appendix 1)
[61]. These groups generate an environment for water retention which enhances the CO;
permeation through the membrane. The CMC membrane follows both facilitated and

solution - diffusion mechanism.

Although, CMC has been utilized in various applications, very limited work has been
performed in terms of gas permeation application. In the present work, the synthesis and
characterization of CMC membrane has been extensively studied. The CO; separation

study has been carried out on the membrane at different temperature and water flow ratio.
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2.2 Experimental Section

2.2.1 Materials

The coarse ground flakes of chitosan (310,000-375,000 Da) was procured from Sigma
Aldrich and monochloroacetic acid, sodium hydroxide (NaOH) pellets, isopropyl alcohol
(> 99 % purity), glycerol (= 99.5 % purity) and methanol (= 99 % purity) were obtained
from Merck. Polyethersulfone (PES) membrane (pore size 0.1um diameter) supplied by
sterlitech, USA was used as the porous support. Millipore water® was used throughout
the experiment. The feed gas containing CO2/N> (20/80) and sweep gas Argon (99.99 %
purity) were taken from Vadilal Chemicals Ltd. The Helium gas used in gas

chromatography analysis was purchased from Jainex Gases Company, India.
2.2.2 Synthesis of Carboxymethyl Chitosan (CMC)

The synthesis procedure of CMC has been adopted from elsewhere [87]. Briefly, chitosan
(10 g) was dispersed in isopropyl alcohol (300 ml) and NaOH (25 M) was added for
alkalization. Further, monochloroacetic acid was added and stirred for 24 hours. A white
precipitate was formed and washed by soxhlet method using methanol as the solvent. The

final mass was dried in a vacuum oven at 40 °C to obtain dry CMC.
2.2.3 Development of CMC Membrane

CMC was dissolved (5 wt. %) in water at room temperature to prepare the casting solution.
The undissolved particles and bubbles were removed from the solution using a centrifuge.
The homogeneous solution was poured on a PES support and cast using a micron film
applicator (GARDCO, Paul N. Gardner, USA). The cast membrane was kept inside a
laminar air flow for evaporation of solvents for 12 hours and finally dried at 110 °C for 6
hours. The prepared membrane was then cut into a circular size of 45 mm diameter to fit

in membrane module for CO» separation test as shown in Figure 2.1.

16
TH-2255_146107016



Synthesis, Characterization and Gas Permeation Study on Carboxymethyl chitosan Membrane

Membrane

\ O

1 Casting solution

Membrane casting

A\~

Permeation module

Figure 2.1 Fabrication of flat sheet membrane for CO» separation study.

2.2.4 Characterization Techniques

The efficient synthesis of CMC has been investigated by the proton nuclear magnetic
resonance (NMR) spectrophotometer. The sample was first dissolved in D,O and piped
into the NMR tube so that it can be analyzed in the Bruker AM 400 spectrophotometer
instrument. X-ray photoelectron spectroscopy (XPS) has been used to detect the elemental
composition present in CMC membranes. XPS measurements were performed using a
Thermo-Scientific ESCALAB Xi+ spectrometer equipped with a monochromatic Al Ka
X-ray source (1486.6 eV) and a spherical energy analyser. The spherical energy analyser
operates in the constant analyser energy (CAE) mode via the electromagnetic lens. The
CAE for survey spectra is 100 eV and that for high-resolution spectra is 50 eV. Fourier
transform Infra-red spectroscopy (FTIR) analysis was accomplished using attenuated total
reflectance (ATR) mode (SHIMADZU, IR Aftfinity 1, Japan) to investigate the functional
groups present in the membrane. The FTIR spectra were recorded by ranging the wave
number range from 4000 to 1000 cm™ with a 30 scan per sample. The top surface and
cross-sectional view of the blend membrane were examined using field emission scanning
electron microscope (FESEM), Zeiss, Germany, Model Sigma. The samples were coated
with gold before loading into the FESEM instrument to avoid the charging effect. The
images were then recorded at the voltage of 2-3 kV using in lens detector. The thermal
stability of blended membranes was characterized by TGA/DTA, TG209 F1 Libra
(Netzsch, Germany). The samples were analyzed from 30 °C to 450 °C at the heating rate

of 10 °C per min under N2 environment.
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Moisture retention test was performed on a setup designed on a flat 3- neck round bottom
flask as shown in Figure 2.2a. The glycerol-water mixtures of different compositions are
used to maintain the relative humidity. The membrane samples were clinched above the
solution and kept for 12 hours so that the membranes get saturated by holding moisture.
Later, it was dried at 110 °C until it achieves constant weight. The % moisture retention

(% WR) by the membranes has been calculated using the relation:
% WR - (Wwet ‘Wdry) X IOO/Wdry 2.1

Where Wyt = weight of the swelled membrane, W4y = weight of the dried membrane. The
degree of substitution of CMC was determined using the pH-metric titration setup as

shown in Figure 2.2b. The equation used for the calculation purpose is mentioned below.

161XV NgoHXCNaOH 29

Degree of substitution =
Mmcmc—58XVNaoHXCNaoH

Where mcmce, Viaon and Cnaon are mass of CMC (g), volume and molarity of aqueous
NaOH respectively. The respective molecular weights of glucosamine (chitosan skeleton
unit) and carboxymethyl group are 161 and 58. Ostwald method was used to measure the
viscosity of casting solutions by comparing the viscosity with water. The intrinsic viscosity

[n] of the unknown solution will be obtained from the following relation [88].

[n] = 4n3? Inn, 53
1 C1'01(3775p+ln77r) ’

Where nsp is the specific viscosity and 1 is the relative viscosity obtained from
N = t/o 2.4

and nsp =(1-1r) 2.5

Here, t, to and ¢ are the flow time of CMC solution, flow time of water and the
concentration (g/mL) of CMC, respectively. Viscosity average molecular weight of CMC

can be determined from Mark—Houwink—Sakurada (MHS) equation:
[n] = KM* 2.6

Here, K and « are constants given for CMC as 7.92x107° and 1, respectively [89].
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Figure 2.2 Laboratory scale set up for (a) moisture retention test (b) pH metric titration.
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2.2.5 Gas Permeation Study

The membranes were positioned in a counter-current circular flat sheet module made of
stainless steel to perform the gas permeation test. The membrane fitted module was housed
inside a programmable temperature controlled hot air oven to study the temperature effect.
The feed (20 % CO> and 80 % N>) and sweep (Ar) gases were directed to the module in
counter flow direction using two mass flow controllers (AALBORG) as presented in
Figure 2.3. The gas flow rate were maintained at 40 mL/min and 35 mL/min for feed and
sweep gas, respectively. The pressure inside the module was maintained with the help of
two different back-pressure regulators. The different humidity of the feed and sweep side
gas were maintained by providing controlled water flow rate via the HPLC pumps
(Shimadzu, LC 20AD, Japan). The humidified gases were dehumidified again when they
came out from the module as well as from oven through water knockout. The flow rates
of retentate and permeate gases released from the module were measured by bubble flow
meter. The compositions of permeate and retentate were studied by Varian 450 Gas
Chromatograph (GC) having thermal conductivity detector (TCD). The individual
readings of the permeation through membrane were recorded after 8 hours at a specific
pressure, temperature, and water flow rate. Throughout the experiment the absolute
pressure exerted was maintained constant at 2 bar and 1.21 bar on the feed gas side and
sweep gas side, respectively. Similarly, the water supplied rate to the feed side was set

fixed at 0.03 mL/min. The gas permeance can be defined as follows [90]
L — > 2.7

Where, permeability is denoted by P; [Barrer, 1 Barrer=10'""cm’® (STP)cm/

b

(cm?s cmHg)] and i corresponds to the molecule CO,. ‘/

(cm). Pi/l is the permeance [GPU, 1 GPU = 10 ¢ cm® (STP)/(cm?s cmHg)] of i, F; is the

is the active layer thickness

flux [10°® cm?(STP)/cm?s] of i and Ap;is the differential partial pressure. Similarly,

Vi
Yj

Xi/Xj

and permeate, respectively. Here, CO2 and N are represented by i and j, respectively. The

selectivity is given by o;;= where, x and y represent the mole fractions in the retentate

details calculation procedures of CO2 and N2 flux, permeability and permeance along with

CO2/N2 selectivity were discussed in appendix section (Appendix 2).
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Figure 2.3 Schematic representation of gas permeation set up.

2.3 Results and Discussion

2.3.1 Degree of Substitution and Molecular Weight of CMC

The degree of substitution in CMC was determined by the pH-metric titration performed

at room temperature. The pH value recorded is shown in Figure 2.4 with respect to the

different volumes of 0.1 M NaOH consumed. Putting the values of Vnaon, Cnaon and memc

as 0.0074 L, 0.1M and 0.2 g, respectively we obtained the degree of substitution as 75.84

%. MHS equation was then used to determine the viscosity average molecular weight of

the prepared CMC. Taking an aqueous solution of 0.5 weight percent concentrations a

flow time of 1456 s was obtained from Ostwald viscometer. Using the MHS equation the

viscosity average molecular weight for the prepared CMC was obtained as 3.54x10° KDa.

TH-2255_146107016
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Figure 2.4 pH-metric titration curve of CMC sample (a) volume of NaOH consumed vs

pH (b) Differential graph of titration curve
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2.3.2 Spectroscopic Analysis

The "H-NMR spectra as shown in Figure 2.5 validates the successful synthesis of CMC
which matches available literature as well. The signal at 1.97 ppm (d) indicates the CH3 of
acetamide groups [87]. The signals at 2.63 ppm can be ascribed to the H-atoms of C2 of
the glucosamine ring which is shown as peak c in the spectrum. The signals in the range
0f 3.26-3.90 ppm point to H-atoms of C3, C4, C5 and C6 of the glucosamine ring; and the
signal at 4.34 ppm is due to the CH2 of OCH2COONa groups. From the integrals of NMR
peaks we obtained the degree of substitution as 76.45 % which is nearly similar to the

value obtained from pH-metric titration.

D0

a 26 23 1.8 14

54 50 4.5 42 8 34 3
Chemical shift {ppm)

Figure 2.5 "H NMR spectrum of CMC powder in DO at room temperature.

XPS analysis was implemented to investigate the chemical composition of CMC film as
shown in Figure 2.6. The deconvolution of carbon peak (C1s) showed the major peak at
binding energy 284.6 ¢V which was due to the presence of C-C or C-H bond of
fundamental structure of CMC and the peaks at binding energies 286.5, 287.6 and 288.6
attributed to the presence of C-N, C-O-C of carboxymethyl group and O-C=0O of
carboxylate, respectively. The presence of C-O-C and O-C=0 bonds were also confirmed
by the deconvolution of oxygen peaks. The peak fitting of Ols indicated the two peaks at
binding energies 531.3 and 532.5 eV. Similarly the peak at 1071.3 eV indicated the

23
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presence of sodium. The deconvoluted nitrogen (N1s) peak of CMC ascribed the presence
of primary and secondary amine at the binding energies 400.3 and 399.1 eV. The major
peak at 400.3 eV indicated the synthesis of O-substituted CMC positively.
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(@) 0 OMC (b) _ = —
200000 < (5313 eV) Ols Cis
- 250000 4
=
~ i
= NELUTE / -
z =
H 2
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Figure 2.6 The high resolution XPS spectra of CMC (a) Ols (b) Cls (c) N1s (d) Nals.

FTIR analysis was performed to detect the functional groups present in the blend
membranes (Figure 2.7a). The wide and weak peaks detected at 3320 cm™! was due to the
stretching vibration of the N-H group of CMC. The peak noticed at 1412 and 1377
attributed to the C=0O of -COONa symmetric stretching and C-N stretching of CMC.

XRD gives the idea about crystalline behavior of a membrane which is an important
component related to gas permeation. The crystallinity increases the resistance of the
membrane and restricts the gas sorption rate of the membrane. There are three forms of
chitosan structure namely, noncrystalline, hydrated crystalline, and anhydrous

(Pannealed”) crystalline. Among all, the presence of hydrated crystalline structure has been
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identified in the prepared CMC membrane as the XRD spectra of CMC membrane showed
a characteristic peaks around 26 = 9.8°. Besides, the broad peak (Figure 2.7b) at around
20=20° indicated the existence of an amorphous structure. Whenever moisture is supplied
to the membrane, primitively it interacts with the amorphous region of the membranes and

forms H-bonding causing swelling with which membrane performance is associated.
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Figure 2.7 (a) FTIR and (b) XRD spectra of CMC membrane.
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2.3.3 Microscopic Analysis

The surface morphologies of the membranes were observed by (FESEM) images as shown
in Figure 2.8 (a-d). The polyethersulfone (PES) is a porous membrane (Figure 2.8a)
having 0.1-micron pore diameter which gives mechanical support to the active layer. The
formation of a dense CMC skin on the PES support is shown in Figure 2.8c. The
magnified cross sectional view suggested that there was no seepage of the polymer
solution through the support pores (Figure 2.8d). The pore filling by the casting material

causes increase of active layer thickness which directly affects the gas permeation.

Dense surface

Figure 2.8 FESEM images of (a) PES top surface (b) PES cross- section (c) CMC top
surface (d) CMC cross section

2.3.4 Moisture Retention Test

Water plays an important role in CO2 separation which can be described in three aspects
(1) Swelling increases the flexibility of the membrane and allows more gas to pass through
by reducing the mass transfer resistance, (2) CO2 reacts with amine of CMC in presence

of moisture due to which high CO; flux is achieved and (3) CO; can pass through the water
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molecule present in the matrix. The water molecule hydrolyses the zwitterion and
carbamate ion during CO; - amine reaction and accelerates the formation of carbamate ion
and redevelopment of amine carrier. Varying the relative humidity (RH), the water
retention percentage is plotted for CMC membrane (Figure 2.9). The hydrophilic CMC
membrane showed 10 % water retention at 20 % RH which was sparingly increased up to
60 % RH. As it reached 80 % RH, the water holding capacity increased to 44 %.
Subsequently, a sharp upswing of % Wr was observed beyond 80 % RH and it displayed
345 % Wr at 100 % RH. The % Wr phenomenon can be explained on the basis of Flory-
Huggins theory which suggests that the swelling free energy of mixing is associated with
two basic entropy factors; the conformation of polymer chains and the contact between
polymer chains and the solvent. At low relative humidity, swelling occurs due to polymer
conformation. At this point, the chain relaxation starts and swelling starts by holding some
moisture in its matrix. Later the polymer-solvent interaction becomes significant at higher
relative humidity and the water retention capacity drastically increases after crossing a

critical relative humidity.
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Figure 2.9 Moisture retention behavior of CMC membrane at different RH (%)
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2.3.5 Thermal Stability

The thermal stability of CMC membrane was analysed through the TGA graph shown in
Figure 2.10. The CMC membrane showed three stages mass loss and initial stage weight
loss was recorded in the range of 30 to 100 °C indicating the loss of the moisture held by
the matrix. The second stage weight loss witnessed in the range of 248-284 °C was due to
the dehydration of saccharide ring and breakage of glycosidic bond present in the main
polymer chain. The slight downturn observed after 340 °C corresponds to the complete

degradation of polymer matrix.
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Figure 2.10 TGA graph of CMC membrane (preliminary drying at 100 °C)

2.3.6 Gas Permeation Study
2.3.6.1 Effect of temperature

The effect of temperature on CO, separation performance has been studied in the range of
60 to 120 °C for CMC membrane at sweep/feed water flow ratio of 1.67 and feed absolute
pressure of 2 bar. The CO; permeance continuously increased from 60 to 80 °C as shown

in Figure 2.11. This may be due to the fact that rise in temperature enhances the reaction
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rate between CO; and amines in the presence of moisture, resulting prompted overall CO,
facilitated transport. As the temperature reached 90 °C, a minor decrease in CO>
permeance was observed. However, further increase in temperature drastically reduced the
CO> separation performance due to decreased water retention ability of the membrane
which lessens the facilitated transport mechanism [41]. Also, the membrane becomes
stiffer with increase in temperature as water molecule evaporates from the active layer and
reduces the membrane flexibility. The reduced membrane flexibility hinders the gas
molecules to pass through the membrane which resulted in a drop in the overall permeance.
The CO; permeance at 120 °C was 2.9 GPU which is 91.7 % lower than the CO>
permeance at 80 °C. Although the CO; permeance was maximum at 80 °C, CMC
membrane showed the highest CO2/N> selectivity at 90 °C. The CO2/N> selectivity at 60
°C was 29 and improved by 70 % when the temperature reached to 90 °C. Both CO; and
N> permeance start decreasing after 80 °C, but the decrease in N> permeance is more than
the CO; permeance which resulted in an increase in CO2/N; selectivity at 90 °C. Therefore,
it can be noted that CMC membrane contributes to better separation performance when

the temperature ranges from 80 and 90 °C in terms of permeance and selectivity.
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Figure 2.11 Effect of temperature on (a) CO2 and N> permeance and (b) CO2 /N2
selectivity for CMC membrane at sweep/feed water flow ratio =1.67
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2.3.6.2. Effect of water flow ratio

The effect of sweep/feed water flow ratio on CO: separation performance for CMC
membrane is shown in Figure 2.12. The sweep water flow ratios were varied from 0.33 to

3 at temperature 80 °C and an absolute pressure of 2/1.21 bar (feed/sweep).

The CO2 permeance increased with an increase in water flow amount from 0.33 to 1.67.
The CO, permeance obtained at 0.33 sweep/feed water flow ratio was 12.3 GPU. A steep
increase in the performance was observed after the sweep/feed water flow ratio reached 1.
The increase in the water flow ratio from 0.33 to 1.67 offered 195 % increase in CO; flux
for CMC membrane. This indicates that the higher flow rate in sweep side than feed side
provides a positive contribution towards CO; separation. The adequate supply of water
from the sweep side helps in holding of moisture inside the membrane matrix. In addition,
the increased quantity of moisture improves flexibility of the membrane. The water
retained by the membranes induce flexibility by plasticization effect and the flexibility
reduces the mass transfer resistance of the membrane. This directly takes part in upgrading
of CO> permeance. Moreover, the higher sweep side water content dilutes the
concentration of permeated CO2 and increases the driving force for the CO> transport.
After 1.67 sweep/feed water flow ratio, no further rise in CO; permeance is observed. This
may be due to the carrier saturation and competitive sorption of N> gas into the active
layer. Since N2 molecules follow solution diffusion mechanism, the N> permeance
increases continuously with the increase in water flow rate. This resulted in the decrease

in CO2/N; selectivity after 1.67 water flow ratio.

The gas permeation performance of CMC membrane was compared with some other
similar works. The CMC membrane showed two times better performance than the pure
chitosan membrane. Previously the pure CMC membrane was studied at room
temperature. In this work, the membrane was examined at different temperatures and

exhibited a pretty good performance than the available literature.
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2.4 Conclusions

The successful synthesis of CMC was established by the NMR analysis. The development
of CMC membrane was verified with the help of XPS, FTIR and XRD spectra. The CMC
membrane was fabricated by solvent evaporation method and the defect free morphology
of the membrane was investigated with the help of microscopic analysis. The % Wr of
CMC membrane was found ~ 345 % at 100 % RH which indicated the abundant moisture
retention ability of the active layer. The thermal behaviour shown by CMC active layer
implies that it can be an effective CO> selective membrane. The optimum performance of
CO; separation was obtained for CMC membrane at 80 °C with supplied sweep/feed water
flow ratio of 1.67 and feed pressure of 2/1.2 bar (feed/sweep) presenting a significant
increase of CO; permeance (~35 GPU) and CO2/N; selectivity (~39) as compared to that

of chitosan membrane.
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Synthesis and Characterization of Small Molecule
Carrier Blended Carboxymethyl Chitosan Membrane
for CO; Separation

OCH,CO0Na

CO, permeance (GPU) COy/N, selectivity

Overall representation of CMC/PZ membrane fabrication and gas
permeation result.
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CHAPTER 3

Synthesis and Characterization of Small Molecule
Carrier Blended Carboxymethyl Chitosan Membrane
for CO; Separation

In this study, CMC has been blended with a mobile carrier, piperazine (PZ), to improve
the facilitated transport of CO: by increasing the carrier content. Here, PZ plays the role
of mobile carrier, amine promoter as well as physical cross-linker for CMC. PZ blended
membranes can hold surplus moisture inside the matrix which directly helps in getting
better CO> permeance and selectivity as compared to pristine CMC. This work is

scientifically acknowledged in “Separation and Purification Technology .
3.1 Introduction

The enrichment of carrier content in the membrane can be done by adopting various
mechanisms namely, copolymerization, crosslinking, blending, etc., amongst which, the
blending of the amines with polymers is an easy, simple and cost-effective way to increase
the amine content in the matrix. Mobile carriers like monoethanolamine (MEA) [45],
diethanolamine (DEA) [91], ethylenediamine (EDA) [92], etc. were introduced in the CO»
selective membranes. However, these membranes were found to be unstable due to the
high volatility of the amines. In contrast, piperazine (PZ) has lower volatility and it acts as
amine promoter. The presence of two secondary amine groups reduce the crystallinity of
these membranes and improves permeation performance [93]. The structure of PZ has

been included in Figure Al.1b, Appendix 1.

Nevertheless, limited work has been reported so far on CO> separation using CMC
membrane at temperature higher than the room temperature. In a novel approach, we have
made an effort to improve the facilitated transport of CO; by increasing the carrier content
by adding the small amine molecule such as PZ with CMC. The CO2 molecule first reacts
with amine (RR'NH) to form zwitterions as intermediates which are then deprotonated by
another amine or water by forming carbamate ion as discussed in Chapter 1. Thus in

CMC/PZ system CO; transports via formation of carbamate and bicarbonate complexes.
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3.2 Experimental Section

3.2.1 Materials

Carboxymethyl chitosan is prepared in our laboratory as described in Chapter 2.
Piperazine (PZ) was purchased from Merck and polyethersulfone (PES) membrane (pore
size 0.1p) supplied by Sterlitech, USA was used as porous support. Millipore water®
obtained from the analytical laboratory of the department of Chemical Engineering, IITG
was used throughout the experiment. The feed gas containing CO2/N> (20/80) and sweep
gas Argon (99.99 % purity) were taken from Vadilal Chemicals Ltd. The Helium gas used

in gas chromatography analysis was purchased from Jainex Gases Company, India.
3.2.2 Membrane Fabrication

The CMC powder was dissolved (5 wt. %) in water at room temperature to prepare the
control solution. The undissolved particles and bubbles were removed from the solution
with the help of a centrifuge. Desired membranes were prepared by blending PZ with CMC
varying the PZ wt. % like 80 % CMC + 20 % PZ (PZ20), 70 % CMC + 30 % PZ (PZ30)
and 60 % CMC + 40 % PZ (PZ40). The homogeneous solutions were fabricated onto the

PES support to get the required membranes as discussed in Chapter 2.
3.2.3 Characterization Techniques and Gas Permeation Set Up

The instruments used for FTIR, XPS, FESEM and TGA analysis are same as mentioned
in Chapter 2. Similarly, the moisture retention test set up and gas permeation set up have
been elaborated in the same chapter. Additionally, the atomic force microscopy (AFM)
analysis was done to record the high resolution images of the membrane top surface in

Innova AFM (Innova, Bruker). The tapping mode is used at a scan rate 0.8 Hz.
3.3 Results and Discussion

3.3.1 Spectroscopic Analysis

The formation of PZ blended CMC active layer was investigated with the help of XPS
spectra as shown in Figure 3.1 (a, b, ¢, d). The nitrogen peak deconvolution of PZ20
membrane showed three significant peaks at 400.3, 399.1 and 401.0 eV which specified

the presence of tertiary amine along with the primary and secondary amines, respectively
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(Figure 3.1b). The leading N1s deconvoluted peak was found at 399.1 eV corresponded
to the secondary amine of PZ [42]. The peak obtained for tertiary amine is may be due to
the formation of weak H-bond between PZ and amine of CMC. The deconvolution of C1s,
Ols and Nals peaks of PZ20 membrane shows the similar nature as CMC membrane

(Figure 3.1. a,c,d).

FTIR analysis was performed to detect the functional groups present in the blend
membranes. The PZ blended membranes possess few extra peaks along with the peaks
corresponding to the functional groups of CMC indicating the presence of PZ with CMC
as shown in Figure 3.2. The symmetrical stretching frequency of the CHz group in PZ
observed at 2853 and 2914 cm™!' [47]. The symmetric and asymmetric N-H stretching
vibrations of PZ are assigned to 3360 and 3288 cm™'. These two peaks are not distinct in
PZ20 whereas in PZ30 and PZ40 it is clearly visible. This result attributes that all the PZ
molecules of PZ20 formed H-bonds with the primary amine of CMC but in PZ30 and PZ40
excess molecules remain as free PZ [93]. The symmetric CNH deformation vibration and
the asymmetric C-N stretching band of PZ are assigned to 1475 cm™and 1253 cm’!,
respectively [47].
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Figure 3.1 The high resolution XPS spectra of PZ20 (a) Ols (b) Cls (c) N1s (d) Nals.
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Figure 3.2 FTIR spectra of CMC and CMC/PZ blend membranes.
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3.3.2. Moisture Retention Ability

Varying the relative humidity (RH), the water retention percentage is plotted for the
membranes (Figure 3.3). The hydrophilic CMC membrane showed 10 % water retention
at 20 % RH which was sparingly increased up to 60 % RH. As it reached 80 % RH, the
water holding capacity was increased to 44 %. Subsequently, a sharp upswing of water
retention % was observed beyond 80 % RH and it displayed 345 % water retention at 100
% RH. Similarly, the PZ blended membranes also followed the identical trend as CMC.
The membranes showed 384 % (PZ20), 423 % (PZ30) and 444 % (PZ40) water retention
at 100 % RH. Since, the PZ present in the matrix increases the polymer-solvent interaction,
the water holding capacity also increases as compared to the CMC membrane. The water
retention capacity of the membranes pursue the trend CMC < PZ20 < PZ30 < PZ40 which

indicates that swelling increases with an increment of PZ content.

Water retention (%)

oy v . R 1T fr 1T TT I
w20 30 40 50 60 70 80 90 100 110

Relative humidity (%)

Figure 3.3 Water retention behavior of CMC, PZ20, PZ30 and PZ40 membranes at
different RH % at room temperature.
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3.3.3 Microscopic Analysis

The surface morphologies of the membranes were observed by (FESEM) images as shown
in Figure 3.4 and Figure 3.5. The image obtained for the top surfaces of the prepared
membranes, provides the information of smooth dense layer formation for CMC and rough
surfaces for PZ blended CMC membranes. The membrane roughness is also clearly visible
in AFM images as shown in Figure 3.6. PZ being a smaller molecule it diffuses into the
polymer entanglements easily and forms H-bond with the amino group of CMC. The top
surface took for PZ20 denotes the appropriate distribution of PZ in the matrix. The excess
blending of PZ with CMC supplements an accumulated PZ layer on the membrane surface
as spotted in the FESEM images. The aggregated PZ particles instead of improving the

COz separation, it hampers the movement of the gas molecules.

Figure 3.4 FESEM images for the cross sectional view of the membranes before gas
permeation test (a) CMC (b) PZ20 (c) PZ30 and (d) PZ40.
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Figure 3.5 FESEM analysis of top surface of the membranes before gas permeation (a)
CMC (b) PZ20 (c) PZ30 and (d) PZ40.

=.0um
| i

Figure 3.6 AFM analysis of the membranes before gas permeation (a) CMC (b) PZ20 (c)
PZ30 and (d) PZ40
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3.3.4 Thermal Stability

The thermal stability of PZ20 membrane can be explained on the basis of the TGA
isotherm graph shown in Figure 3.7. The PZ blended membranes showed 3-4 % weight
loss up to 100 °C. This loss was spotted may be due to the enormous water retention
capacity by the PZ blended hydrogel membranes. A significant loss was observed at 105
°C in the PZ blended membranes which were predicted to be due to the melting of PZ.
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Figure 3.7 TGA graph of CMC and PZ20 active layer

3.3.5 Gas Permeation Study
3.3.5.1 Effect of PZ content

The PZ was added to the CMC membrane at different wt. % from 20-40 wt. % to increase
the carrier in the active layer. The gas permeation results indicated that blending of PZ
improves the CO; permeance and selectivity by increasing facilitated transport of CO> at
80 °C having a constant sweep/feed water flow ratio of 1.67 at an absolute pressure of
2/1.21 bar (feed/sweep). The addition of 20 wt. % PZ leads to an increment in CO2
permeance and CO2/N> selectivity by 103 % and 158.9 % compared to the pure CMC
membrane, respectively. However, further increasing PZ content in the dense layer did not
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enhance the CO> separation performance, on the contrary slight reduce in the CO:

permeance was perceived.

The CO; permeance of 58 GPU and 47 GPU were seen with the separation factors 72 and
55 for PZ30 and PZ40, respectively (Table 3.1). The results suggest that more than 20 wt.
% PZ reduce the CO; performance by agglomerating PZ and this agglomeration hinder the
COz molecules to interact with the amine present in the PZ. The reduction in the effective
carrier influences the overall CO; separation performance. The agglomeration of PZ
beyond 20 wt. % can also be validated by FESEM images (Figure 3.5). The CMC and
PZ20 displayed smooth surface while PZ30 and PZ40 surfaces were seen with some
cluster-like structure. Based on the gas permeation results, PZ20 membrane was chosen to
study the gas permeation behaviour with the change in water flow rate at a given

temperature and pressure.

Table 3.1 Effect of PZ concentration on CO; permeance and CO2/N3 selectivity at 80 °C

Membrane PZ wt. (%) CO: permeance CO2/Nz selectivity
(GPU)
CMC 0 34.6 £ 0.6 39 +£0.7
PZ20 20 721+ 0.9 102+ 14
PZ30 30 58+ 1.5 72 +1.3
PZ40 40 474 0.5 55 £0.6

3.3.5.2 Effect of sweep side water flow rate

The effect of sweep water flow rate on CO> separation performance for both CMC and
PZ20 membranes are shown in Figure 3.8. The sweep/feed water flow ratios were varied
from 0.33 to 3 keeping the feed side water flow rate constant at 0.03 mL/min with

temperature 80 °C and an absolute pressure of 2/1.21 bar (feed/sweep).

The CO; flux and permeance increase with an increase in water flow amount from 0.33 to
1.67. The COz flux and CO; permeance obtained at 0.33 sweep/feed water flow ratio were
201x10° cm?*(STP)/cm?sec and 12.26 GPU for CMC membrane while for PZ20
membrane it was found as 351x10°% cm® (STP)/cm®sec and 22.3 GPU, respectively. The
improvement occurred for PZ20 membrane was mainly due to the enhancement of

facilitated transport mechanism. The steep increase in the performance was observed for
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both the membranes after sweep/feed water flow ratio = 1. The increase in the sweep/feed
water flow ratio from 0.33 to 1.67 offered 195 % and 240 % increase in CO2 flux for
CMC and PZ20 membranes, respectively. This indicates that the higher flow rate in sweep
side than feed side provides a positive contribution towards CO> separation. The adequate
supply of water from the sweep side helps in holding of moisture content inside the
membrane matrix. In addition, the increased quantity of moisture improves flexibility of
the membrane. The water retained by the membranes induce flexibility by plasticization
effect and the flexibility reduces the mass transfer resistance of the membrane. This
directly takes part in upgrading of CO> permeance. Moreover, the higher sweep side water
content dilutes the concentration of permeated CO» and increases the driving force for the
CO2 transport. Other than these factors PZ20 membrane possess more roughness than the
CMC membrane as shown in the AFM images of Figure 3.6. The average roughness for
CMC membrane was found to be 10.78 which were increased to 19.59 in PZ20 membrane.
The increment of roughness enhances the effective surface area for CO2 molecules to be
absorbed and thereby dissolve into the polymer easily and further permeate through the
bulk of the membrane. After 1.67 sweep/feed water flow ratio, no further rise in CO; flux
and permeance is observed. The membrane was stable at the particular temperature of 80
°C and was not damaged during gas separation experiment. The TGA isotherm recorded
for PZ20 membrane evidenced the thermal stability at the experimental temperature
condition. The loss of 1.97 % was witnessed at 80 °C when the membrane was hold for 30
minutes at that temperature as presented in Figure 3.9. This negligible loss corresponded
to the elimination of moisture from the membrane matrix. Another loss of 0.8 % and 1.10
% was viewed when the membrane was heated for 30 minutes at 100 °C and 120 °C,
respectively. The minor loss at 100 °C was may be due to the removal of complete moisture
present in the membrane. Later, the weight loss occurred by the reason of melting of PZ
present in the active layer. Therefore, it can be assured that the membrane was stable up

to 100 °C.

44
TH-2255 146107016



Synthesis and Characterization of Small Molecule Carrier Blended Carboxymethyl Chitosan
Membrane for CO2 Separation

A
-
g

(a) 1400 500
7 { —=—cmc )
o 12004 —e—P220 —
) —
o 4 - 400 §
§ 1000 ~
= : S
= 430 X
o 800+ &
“_ w
g E 4 n-E—
o 4200 °
- °
é 400 A E
™ =
o o~
o z

0 . v T v T v T T 0
0.0 0.5 1.0 15 20 25 3.0
Sweep/feed water flow ratio
(b) = :
—&— CMC
—o— PZ20
é‘ 60 -6
S 2
8 4 3 g
< <
()
E 40 - 4 §
g E
o &
(3] =
20 4 -2
1 ‘__‘_’j:_———"':'—é-‘ I
0 v T - T - T v T - T = L a
0.0 0.5 1.0 1.5 20 25 3.0
Sweep/feed water flow ratio
(€)1
1 ——CMC
1204 —8—PZ20
2 1004
§ d
s B0-
é 4
d’ ™
o 1
40 4
20 - 3/\\
0 v T v v T v T

Ll v L) L) v
0.0 0.5 1.0 15 20 25 3.0
Sweep/feed water flow ratio

Figure 3.8 Effect of sweep water flow rate on (a) CO> and N flux (b) CO2 and N»
permeance and (c) CO2/N; selectivity of CMC and PZ20 at 80 °C
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Figure 3.9 TGA isotherm for PZ20 membrane at 80 °C, 100 °C and 120 °C.

3.3.6 Characterization of the Membrane After Gas Permeation

The FTIR spectra obtained for PZ20 membrane after gas permeation study shown in
Figure 3.10 also indicated the unaltered functional groups in the membrane. Although, a
peak was detected at 3410 cm™' which may be due to O-H stretch of water present in the
membrane after gas permeation test. Moreover, the average roughness value obtained from
AFM image of PZ20 after gas permeation study (15.05 nm) was nearly similar to that of
the membrane before gas permeation study (15.71 nm). In this way, the PZ blended
membrane gave four times higher permeance than the pure CMC membrane. The
selectivity was also quite improved compared to the pristine CMC membrane. The

membrane performance was found stable up to 3 days.
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Figure 3.10 Characterization of PZ20 membrane after gas permeation study (a) FTIR
spectra (b) AFM image (2D view)

3.3.7 Comparative Study

The gas permeation performance of our membrane can be compared with some other
similar works [59—61]. Santos et al. [94] worked on hybrid ionic liquid (IL) - chitosan
membrane and studied the permeation behavior in the temperature range 298-323 K.
Further, Casado-coterillo et al. [95] investigated that the incorporation of metal organic
framework (MOF) can enhance the selectivity of IL-chitosan membrane. Similarly, Prasad
et al. [59] reported CO; permeation data for chitosan composite membrane. On comparison
to that result, the CMC membrane showed two times better performance than the pure
chitosan membrane [59]. Previously the pure CMC membrane was studied at room
temperature. In this work, the membrane was examined at different temperatures and
exhibited a pretty good performance than the available literature. The PZ blended
membrane gave four times higher permeance than the pure CMC membrane. The

selectivity was also quite improved compared to the pristine CMC membrane.
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3.4 Conclusions

The thermally stable hydrophilic membranes of PZ20, PZ30 and PZ40 were successfully
prepared and implemented in the GC set up for CO; separation. The XPS analysis
confirmed the successful synthesis of PZ20 membranes. The microscopic analysis
established the formation of defect free active layer over the porous support. The water
retention test revealed the high moisture holding capacity of the PZ blended membranes
over the CMC membrane, which positively influenced the CO; separation. Excellent
performance of CO, separation was obtained for PZ20 membrane at 80 °C with supplied
sweep/feed water flow ratio of 1.67 and feed pressure of 2/1.2 bar (feed/sweep) exhibiting
a remarkable increase of CO; permeance (89 GPU) and CO2/N; selectivity (103) as

compared to that of pure CMC membrane.
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Carboxymethyl Chitosan/Poly (amidoamine) Molecular
Gate Membrane for CO»/N; Separation
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Carboxymethyl Chitosan/Poly (amidoamine) Molecular
Gate Membrane for CO,/N; Separation

In this study, poly (amidoamine) (PAMAM) has been blended with CMC to enhance the
amine carrier content and investigate the CO: separation performance. Elucidating the
limitations of small molecule amines, PAMAM, being a large molecule amine, has rested
as fixed carrier in the system. In the swollen state, CMC/PAMAM membrane functioned
as semi mobile carrier and hydrogel membrane. Additionally, PAMAM and CMC
individually follow molecular gate and salting out mechanism, respectively. The combined
advantages of both CMC and PAMAM helped to accomplish this novel approach towards
CO: separation. This work is published in ACS Applied Materials & Interfaces.

4.1 Introduction

Lately, the addition of dendrimers as the carrier for CO- facilitation proves to be a potential
method to enhance the CO> separation performance. Dendrimers possess exceptional
properties such as, multiple valency, water solubility, consistent nanosize and suitable
approach for synthesis [62-64]. Non-volatile polyamidoamine (PAMAM) dendrimers are
particularly of interest as they offer a large concentration of primary and tertiary amine
groups. The tertiary amine groups too can contribute to CO; facilitation in the presence of
water by reacting with CO; forming bicarbonate ions as described by the base-catalysis

reaction mechanism [96].
CO, +RsN+HO = HCO; +RsNH' (Reaction 4.1)

The carbamates formed by the reaction of CO> with dendrimer amine crosslink the
dendrimer and thereby inhibit the permeation of other feed gas species and in turn increase
COz selectivity by the molecular gate effect, while CO; transport is accomplished by the
bicarbonate ions [97]. The chemical structure of PAMAM has been shown in Figure
Al.1c, Appendix Al.

Although, various application based studies have been done on PAMAM and CMC
separately or together, but their behaviour on CO; separation application is yet to be

explored. Various analyses performed on the membrane established the correlation
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between the structure of the matrix and gas separation performance. It is expected that
CMC/PAMAM membrane will take part in CO» separation event by ensuring its role as
semi mobile carrier, polyionic salt and hydrogel membrane. The combined advantages of

both CMC and PAMAM will accomplish this novel approach.
4.2 Experimental Section

4.2.1 Materials

Carboxymethyl chitosan is prepared in our laboratory as mentioned in Chapter 2.
PAMAM generation 0.0 with ethylenediamine core (20% in methanol) and glycerol
anhydrous (= 99.5 % purity) were obtained from sigma Aldrich and Merck, respectively.
Polyethersulfone (PES) sheet (pore size 0.1p) provided by Sterlitech, USA. The materials
have been used without further purification. The cylinders containing CO2/N> (1:4) and Ar
(99.99 % pure) have been procured from Vadilal Chemicals Ltd. The cylinder containing
He was purchased from Jainex Gases Company, India. Millipore water® obtained from

analytical laboratory has been used throughout the experiment.
4.2.2 Membrane Fabrication

Aqueous CMC solution was prepared at 27 °C and the bubbles formed due to stirring have
been removed via centrifugation. Desired PAMAM blended membranes were prepared by
adding various wt. % of PAMAM to clear CMC solution following the same procedure as
discussed in Chapter 2. The membranes have named as: PAMAMI10 (90 wt. % CMC +
10 wt. % PAMAM), PAMAM20 (80 wt. % CMC + 20 wt. % PAMAM) and PAMAM30
(70 wt. % CMC + 30 wt. % PAMAM).

4.2.3 Characterization Techniques and Gas Permeation Set Up

The instruments used for FTIR, XPS, FESEM, AFM and TGA analysis are same as
mentioned in Chapter 2. Here, FTIR and XPS was used to investigate the presence of
functional groups and elemental composition of the prepared membrane. FESEM and
AFM images showed the morphology of the membranes. TGA was used to know the
thermal stability of the membrane at the operating conditions. Similarly, the moisture
retention test set up and gas permeation set up used in this chapter has been elaborated in

the Chapter 2.
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4.3 Results and Discussion

4.3.1 Spectroscopic Analysis

The FTIR spectrum shown in Figure 4.1a indicates the presence of functional groups in
membrane which verifies the successful blending of CMC and PAMAM. The peak at 1658
cm’! is associated with the C=0 bond of PAMAM [98, 99]. The peak from 3580 to 3100
corresponds to N-H and O-H stretching vibration of CMC and PAMAM, respectively. The
broadness of the peak can be associated with the large number of N-H groups present in
the membrane due to the addition of PAMAM. Another band at 1640 cm™ corresponds to
the N-H bending vibration of PAMAM and CMC. The minor peak at 2930 c¢m’
corresponds to C-H alkane stretching vibration of CMC and PAMAM [99]. Also, the
transmittance frequencies at 1150 (bridge O of CMC [100]), 1071, 1028, and 897 cm™! are
assigned to the saccharide structure of CMC. The peak observed between 1188 cm™ and
967 cm™! correspond to C-N bonds in PAMAM. The peak at 1421 cm™! corresponds to the
COO symmetric stretch in CMC which indicates the ionic salt nature of CMC [99-101].
The peak lying in the range 1900-1550 cm™ corresponds to the asymmetrical stretching
vibration of COO™ in CMC [101]. The band found in the region 1680-1630 cm™ and 3300
cm! correspond to the C=0 and N-H stretch of amide in PAMAM, respectively. Another
band between 1640-1550 cm™ attributes the bending vibration of N-H of secondary amide
in PAMAM [99]. The broad band at 2170 cm! is associated with the stretching vibration
of protonated amine groups [99]. The band at 1610 cm™' denotes the asymmetric stretching
vibration of protonated primary amine, and the band near 1500 cm™' represents the
symmetric stretch of this group [99]. Further, the XPS analysis (Figure 4.1b and Figure
4.2) supports the above mentioned FTIR analysis. The deconvoluted narrow scan of carbon
peak (C1s) shows peaks at binding energies 284.6 eV, 286.0, 287.7 and 288.5 are attributed
to the presence of C-C or C-H, C-N, C-O-C and O-C=0 bond in CMC, respectively. Here,
the major peak is observed for C-N bond which is mainly due to the loading of PAMAM.
Similarly, the narrow scans for Ols, N1s and Nals have been shown in Figure 4.2 (b-d).
The presence of primary, secondary and tertiary amine has been indicated by the

significant peaks observed at 400.3, 399.1 and 401.0 eV.
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Figure 4.1 (a) FTIR spectrum (b) XPS survey spectrum of PAMAM blended CMC

membrane.
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Figure 4.2 Deconvoluted XPS spectra of PAMAM10 membrane (a) Cls, (b) N1s (¢)
Ols (d) Nals.

4.3.2 Microscopic Analysis

The FESEM images obtain for PAMAMI10, PAMAM20 and PAMAM30 show the
variation in morphology of the membrane with different percentage of PAMAM loading
(Figure 4.3 a-f). Usually, it is necessary to obtain a defect free dense layer for CO-
separation application. Accordingly, the membrane comprising 10 % PAMAM formed
distinct dense layer over PES with a thickness of 2.64 um (Figure 4.3a). Also, the Figure
4.3b indicates the development of even dense surface. The higher percentage of PAMAM
loading may form intramolecular H-bonding among the amine groups resulting the
formation of compact chain [102]. The casting solution viscosities have been observed as
1360 cp, 1070 cp and 892 cp for PAMAMI10, PAMAM20 and PAMAM30, respectively.
The reduced viscosity of the casting solution causes penetration of solution into the pores

of the substrate layer. The pore infiltration increases the active layer thickness as shown
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in Figure 4.3¢ and Figure 4.3e. The higher thickness causes lowering of permeability.
Moreover, the greater fraction of PAMAM can cause self-aggregation on the membrane
surface and over deposition of particles can suppress the active sites for gas transport.
Consequently, CO» separation performance will be affected. The images obtained from
AFM instrument also corroborate the FESEM results (Figure 4.4a, b, and ¢). The average
roughness obtained from PAMAMI10, PAMAM20 and PAMAM30 are 2.81 nm, 3.25 nm

and 4.21 nm, respectively.

Wegs IBIIAE  ADs Bdew

Figure 4.3 FESEM image obtained for the cross section and top surface of (a, b)
PAMAMIO0 (¢, d) PAMAM?20 (e, f) PAMAM30, respectively.
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Figure 4.4 AFM analysis of the membranes before gas permeation (a) PAMAMI10 (b)
PAMAM20 (c) PAMAM30.

4.3.3 Moisture Retention Ability

Moisture plays significant role in CO» separation application by taking part in facilitated
transport reaction and offering flexibility to the membrane. The moisture retention
behaviour of CMC/PAMAM membrane was investigated at different relative humidity
percentage (RH %) at room temperature. These membranes basically followed the Flory
Hugging’s [103] theory and exhibited two segmented exponential growth as shown in
Figure 4.5. However, the PAMAM?20 showed higher water retention ability than
PAMAMI10 and PAMAM30. This attributed to the radially symmetrical and loose

55
TH-2255_146107016



Chapter 4

structure of PAMAM [104] accompanied by inherent hydrophilic sites of CMC. Far along,
when the PAMAM percentage was increased, a surprisingly different trend came into
picture. When the loading of PAMAM was increased, the pH of PAMAM10, PAMAM20
and PAMAM30 became 7.5, 9.2 and 10, respectively. With increase in pH the amino
groups of CMC got deprotonated and imbalanced the intra and inter chain interaction
between the carboxyl and amino groups resulting repulsion between polymer chains. That
drove CMC to adopt an extended open-chain conformation as shown in the inset image of
Figure 4.5 [84]. In the meantime, the excess amino groups of PAMAM formed
intramolecular H-bond among them and started accumulating on the membrane surface as
observed in Figure 4.3f. As a result, the expected H-bond forming sites between water
molecule and matrix were found preoccupied. Thus, the moisture retention ability of
PAMAM30 membrane was found very less as compared to PAMAMI10 and PAMAM?20.
Although, surplus water retention by the membrane offered excesses flexibility to the
membrane which might adversely affect the CO» separation performance. If the moisture
retention ability of the PAMAM blended membranes are compared with other competing
membranes used for CO»/N; separation, a variety of trends come into picture (Table 4.1).
However, pristine CMC membrane [105] acquire higher moisture retention ability than the
pure chitosan [106] and chitosan/polyallylamine [33] membrane. Therefore, it is expected
that the lower CO; permeance offered by these membrane may be resolved in CMC
membrane. Another membrane system composed of CMC/piperazine [ 105] showed higher
moisture retention ability than CMC membrane. Accordingly, the CMC/piperazine
membrane showed two times better CO, permeance than CMC membrane. On the other
hand, PAMAM blended membrane is showing lower moisture retention ability than CMC
membrane which is similar to another membrane system comprising of chitosan and silk
fibroin (~ 130 %) [106]. The chitosan/15 % silk fibroin membrane showed the CO;
permeance of ~ 97 GPU with the CO2/N> selectivity ~ 62. Similarly, it is presumed that
the PAMAMI10 membrane may show better CO> permeance than CMC/piperazine

membrane.

56
TH-2255_146107016



Carboxymethyl Chitosan/Poly (amidoamine) Molecular Gate Membrane for CO2/N2 Separation

Table 4.1 Moisture retention ability of different chitosan based membranes at 100 % RH

Membrane system Moisture uptake %

Chitosan [106] ~ 165
Chitosan/ PAA 15 % [33] ~ 100
Chitosan/Silk fibroin 15% ~ 135
[106]
CMC [105] ~ 345
CMC/PZ 20 % [105] ~ 380
CMC/PAMAM 10 % ~ 125

220

200 -
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100 -

1 —=—PAMAM10
—8— PAMAM20
—&— PAMAM30

Moisture retention (%)

:

10 20 40 . 60 80 . 161] 110
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Figure 4.5 Moisture retention behavior of PAMAM blended membranes under different
relative humidity (%) at room temperature (Inset image shows the chain opening
conformation happening in PAMAMI10, PAMAM20 and PAMAM30).
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4.3.4 Temperature Stability

The temperature stability of PAMAMI10 was investigated by TGA isothermal analysis and

heating assisted XPS analysis as shown in Figure 4.6a, b.
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Figure 4.6 (a) TGA graph for the active layer of PAMAMI10 (inset image indicates the
zoomed graph for TGA isotherm at temperatures 80 °C, 90 °C, 100 °C and 110 °C) (b)
XPS spectra at 80 °C and 90 °C.
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The distinct loss of 3.04 % at 80 °C was due to the moisture loss from the membrane.
Other minor weight losses were witnessed at 90 °C (0.85%), 100 °C (0.42%) and 110 °C
(0.28%) as presented in the inset image of Figure 4.6a. These negligible losses
corresponded to the complete elimination of the moisture present in the matrix. Notably,
these moisture loss events were directly involved in the gas separation activity as water is
the essential entity for facilitated transport and solution diffusion mechanism. Other than
the loss of water from the membrane, no significant change was observed in the operating
temperature range. Later, when the temperature was increased till 600 °C a major weight
loss had been perceived at on set temperature 248 °C ascribing the breakage of saccharide
ring in CMC. The TGA graph obtained for CMC membrane also showed the similar
degradation temperature at 248 °C [105]. The elemental composition obtained from XPS
spectra taken at 80 °C and 90 °C also supported the TGA isotherm (Figure 4.6b). No
substantial compositional change was observed for PAMAMI10 membrane at both the
temperatures (80 °C and 90 °C) as compared to the spectrum obtained at room temperature
(Figure 4.1b). Although, a minor change was observed in Table 4.2 which might be due

to the selection of different scan areas.

Table 4.2 Elemental analysis of PAMAM10 membrane at 30 °C, 80 °C and 90 °C using

XPS
Temperature Ols Cls N1s Nals
30 °C 30.08 58.42 8.13 3.38
80 °C 31.63 56.35 8.88 3.15
90 °C 31.75 56.83 8.44 2.99

4.3.5 Gas Permeation Study

The gas permeation test was operated for the CMC/PAMAM membrane to study (a) the
effect of PAMAM percentage (b) the effect of temperature (60-110 °C) and (c) the effect
of sweep/feed water flow ratio (0.33 to 3). In all these cases, the absolute pressures were

fixed at 2 bar on feed side and 1.21 bar on sweep side.
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4.3.5.1 Effect of PAMAM content

The PAMAM was added to the CMC membrane at different wt. % from 10-30 wt. % to
increase the carrier content in the active layer. The CO; separation performance presented
by the PAMAM blended membranes have been tabulated in Table 4.3. PAMAMI0
showed the highest CO, permeance and CO2/N: selectivity over other membranes
(PAMAM20 and PAMAM30). Therefore, another membrane comprising 5 wt. %
PAMAM (PAMAMS) was tested under the same operating condition to investigate the
optimum percentage of PAMAM to be loaded in CMC matrix. The PAMAMS membrane
exhibited lower CO; permeance and CO2/N; selectivity than PAMAM10, PAMAM20 and
PAMAM30 membrane. This might happen due to the presence of lower carrier percentage
in PAMAMS than the other membranes.

The CMC/PAMAM membrane basically follows four mechanisms (Figure 4.7): (a)
molecular gate mechanism of PAMAM [65] (b) salting out phenomenon of CMC [53] and
(c) facilitated transport by semi mobile carriers and (d) solution diffusion mechanism
offered by the moisture retention capability of the hydrophilic matrix. In molecular gate
mechanism, the carbamate formed in the reaction between CO; and amines crosslink the
dendrimer and thereby inhibit the permeation of N> and in turn increase CO> selectivity
and the CO; transport is accomplished by the bicarbonate ions. In salting out event, CMC
being a polyelectrolyte, may enhance the CO2/N: selectivity by preventing dissolution of
N2 molecule on the membrane matrix. Moreover, in alkaline medium, the carboxyl groups
of CMC turn into carbonates[107] which directly takes part in CO; transport mechanism.
In swollen state, the primary amine of CMC and large molecule of PAMAM act as semi
mobile carriers which speed up the CO; transport via hopping mechanism. Winding up the
above analyses, we would like to propose that CMC/PAMAM system may follow all four
CO» transport mechanisms cooperatively. Hence, it showed improved CO> separation
performance as compared to that of pristine CMC (Table 4.3). Although, the self-
aggregation of PAMAM beyond 10 wt. % (Figure 4.3) evidently affected the gas
separation results of PAMAM20 and PAMAM30 membrane. The increased active layer
thickness acquired due to the casting solution infiltration to porous support in PAMAM?20
and PAMAM30, negatively influences CO> permeance. Also, the cluster formation of

amines owing to excessive PAMAM loading to CMC suppresses the active amine sites

60
TH-2255_146107016



Carboxymethyl Chitosan/Poly (amidoamine) Molecular Gate Membrane for CO2/N2 Separation

and directly restricts the gas molecule movement resulting reduced gas permeance and

CO: selectivity. Therefore, PAMAMI0 has been picked for further gas permeation

evaluation.

co,

co,

Figure 4.7 Overall CO» transport mechanism in CMC/PAMAM membrane.

Table 4.3 Effect of PAMAM concentration on CO2 permeance and CO2/N; selectivity at
90 °C, sweep/feed water flow ratio = 1.67 and feed side absolute pressure = 2 bar

Membrane name ~ PAMAM wt (%) COz permeance CO2/N; selectivity
(GPU)
CMC [105] 0 34.6 +0.6 39+0.7
PAMAMS 5 43+ 0.6 82+1
PAMAMI10 10 98+1.4 149+ 1.7
PAMAM20 20 61.4+1.7 102+ 1
PAMAM30 30 55+0.6 79+ 1
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4.3.5.2 Effect of temperature and water flow ratio

The variation in gas permeation parameters were investigated in the temperature range of
60 — 110 °C (Figure 4.8). An increase in the CO, permeance from ~68 GPU to ~97 GPU
was observed (Figure 4.8a) on increasing the temperature from 60 °C to 90 °C. This
attributed to the enhanced rate of reaction between CO; and the amine carriers with
increase in temperature (Arrhenius equation). At 60 °C, CO; permeation was taking place
through both solution-diffusion and facilitated transport mechanism. Meanwhile, N2 also
traversed through the flexible matrix showing a N> permeance of 1.33 GPU. Gradually,
the N> permeance reduced to 0.99 GPU, 0.67 GPU, 0.66 GPU, 0.52 GPU and 0.33 GPU
at 70 °C, 80 °C, 90 °C, 100 °C and 110 °C, respectively. Similarly, CO, permeance began
to decrease at the temperatures beyond 90 °C. This declining trend obtained for both CO>
and N> permeance corresponded to the gradual loss of free water content from the
membrane matrix with rising temperature [108]. Eventually, a steep up pattern for CO2/N»

selectivity occurred in the range 60 - 90 °C.

The effect of the sweep/feed water flow ratio on the CO; permeance, N, permeance and
CO2/N2 selectivity have been illustrated in Figure 4.9. The CO; permeance started
increasing as the sweep/feed water flow ratio was augmented from 0.33 to 2.33. Upon a
further increase of the ratio up till 3, a drop in CO» permeance was noticed. The initial
upturn of the CO2 permeance was attributed to the facilitated transport reaction under
sufficient moisture environment. Later, the transport of CO2 was troubled by the co-
sorption of N> and water molecules. The increased trend obtained for N, permeance clearly
indicated the race between both CO; and N> for transportation. As a result of this, the CO»
selectivity over N> got reduced. The performance stability of PAMAM10 membrane was
investigated by maintaining the temperature at 90 °C and sweep/feed water flow ratio =
2.33. The membrane didn’t show drastic variation in CO2 permeance and CO2/N>
selectivity. The data recorded up to 168 hours have been shown in Figure 4.10 which

clearly indicates the long term performance constancy of the membrane.
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Figure 4.8 Effect of temperature on (a) CO; and N> permeance (b) CO2/N> selectivity of
PAMAMI10 at sweep/feed water flow ratio =1.67.
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Figure 4.10 CO2/N: separation performance stability of PAMAMI10 membrane at the
operating conditions, temperature = 90 °C and sweep/feed water flow ratio =2.33

4.3.6 Characterization of the Membrane After Gas Permeation

The FTIR absorbance spectra collected for PAMAMI0 also indicated the unaltered
functional groups of the membrane after gas permeation test (Figure 4.11a). A distinct
absorbance peak was perceived at 3374 cm™! in the membrane before gas permeation which
featured the NH stretch of the primary amine group of PAMAM. Later, the peak was found
merged with OH stretch band in the membrane after gas permeation. Since the gas
permeation test was performed under humid condition, most of the water molecules might
get reserved in the matrix during the experiment. Therefore, a cumulative effect of OH
and NH stretch was visible in the spectrum obtained after gas permeation test. The AFM
images of PAMAMI10 surface after gas permeation test signposted the unchanged top layer
of the membrane (Figure 4.11b, ¢, d). The average roughness achieved for the membrane
after gas permeation study was 2.99 nm which was almost similar to that of the membrane

before gas permeation study (2.81 nm).
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Figure 4.11 Characterization of PAMAM10 membrane after gas permeation study (a)
FTIR spectra and (b, ¢, d) AFM image

4.3.7 Comparative Study

So far, a number of amine blended composite membranes have been utilized for CO2/N>
separation where researchers used single amine or amine blends [49, 109, 110]. Out of
those, Francisco et al. reported CO2/N; separation result obtained for different
alkanolamines loaded polyvinyl alcohol (PVA) membranes [45]. The diethanolamine
blended PVA membrane showed a CO2/N; selectivity more than 100 along with CO>
permeance ~ 8 GPU. Later, Cai et al. achieved CO2 permeance 24 GPU and CO2/N:
selectivity as 80 for the PVA/polyallylamine membrane [39]. Other than PVA, chitosan
was also utilized as the base polymer for amine loading [80, 111, 112]. The membrane

comprising of chitosan/tetracthylenepentamine [59] exhibited the optimum CO;
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permeance of 24.7 GPU with the CO2/N; selectivity 80. On the other hand the chitosan/
poly(allylamine) [33] membrane showed more than ~1.5 times better CO2/N> separation
performance than the chitosan/tetracthylenepentamine membrane. The large number of
amines in poly (allylamine) improved the CO> permeance to 39 GPU with CO2/N;
selectivity ~260. Similarly, PAMAM provided abundant facilitated transport sites for CO»
in CMC/PAMAM resulting almost three times higher CO> permeance than pristine CMC.
Moreover, the thermal stability and moisture responsive nature of CMC based membranes

encourage researchers to pick out CMC/PAMAM as CO; separation membrane.

4.4 Conclusions

PAMAM can be conjectured as the very effective CO; selective molecular gate after
blending with CMC owing to its various tunable properties. The spectroscopic and
microscopic analyses have established the formation of flawless thin layered
CMC/PAMAM composite membrane. The increased percentages of PAMAM contribute
aggregated molecules on the membrane surface which hinder gas permeation.
Temperature stability and the moisture retention ability of the CMC/PAMAM have driven
the membrane towards high temperature CO separation application. The detailed study
on mixed gas permeation have recognized the engagement of the membrane in facilitated
transport, solution - diffusion and salting out phenomena. In conclusion, the membrane
exposed an overall CO> permeance of ~98 GPU with the CO2/N; selectivity ~149 on
maintenance of sweep/feed water flow ratio 1.67 at 90 °C. Thus, CMC/PAMAM
membrane set forth itself to be an impending candidate for large scale CO> separation

application.
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CHAPTER S

Carboxymethyl Chitosan /Carbon Nanotubes Mixed
Matrix Membranes for CO; Separation
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CHAPTER 5

Carboxymethyl Chitosan /Carbon Nanotubes Mixed
Matrix Membranes for CO; Separation

This work elaborates the stability issue confronted by conventional polymeric membranes
in high temperature flue gas separation application. The multiwalled carbon nanotubes
(CNTs) have been loaded to CMC matrix to improve its various physical properties which
are relatively associated with CO2/N> separation events. Herein, the amine groups present
in CMC serve as CO: carrier and CNTs provide alternate pathway to the gas molecules.
CNT regulated the moisture retention ability of CMC membrane which helps in upgradation
of CO; selectivity. This work is scientifically acknowledged in “Reactive and Functional

Polymers”.
5.1 Introduction

The pristine CNTs are hydrophobic in nature and hence they could reduce the extremely
wetting tendency of hydrophilic membranes. The structure of CNTs has been shown in
Figure Al.2a, Appendix 1. Additionally, incorporation of CNTs upgrades the mechanical
properties of the polymeric membranes [113, 114]. CNTs fused in membranes basically
provides one-dimensional nano-channels that act as alternate paths for CO; transport
through membranes [71]. However, the pristine CNTs cannot disperse in polymeric matrix
due to hydrophobic nature of the CNT surface. Therefore, functionalization of CNTs is
required either by chemical or physical treatment. Chemical treatment process might lead to
degradation of the walls of CNTs [115]. The dispersion of CNTs can be improved without
chemical treatment through substantial wrapping by polymers such as carboxymethyl
chitosan (CMC), which has emulsifying capacity and unique solubility [116]. The CNTs
wrapping method not only preserves the inherent sp2 structure of CNTs, but also sustains
the electronic structure of CNTs in a nondestructive manner [117]. The CMC wrapped
CNTs (CMC-w-CNT) also show homogeneous dispersion in the membrane matrix due to
the intermolecular interaction between matrix and the wrapping material [118]. Briefly, the
mechanism of CO; transport through CMC/CNT membrane mainly follows (a) solution-

diffusion and (b) facilitated transport mechanism.
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This work emphasizes the simultaneous improvement of CO; permeance and CO2/N;
selectivity due to the alternate paths provided by CNTs. Moreover, the effect of temperature,
moisture and filler percentage on the CO; separation performance of the prepared MMMs

have been extensively investigated in the present study.
5.2 Experimental Section

5.2.1 Materials

Multiwalled carbon nanotubes (CNTs) containing > 95 % carbon (O.D. X L, 6-9 nm X 5 um)
and chitosan (310,000-375,000 Da) were procured from Sigma Aldrich. Methanol (= 99 %
purity), monochloroacetitic acid, sodium hydroxide (NaOH) pellets and isopropyl alcohol (
2 99 % purity) obtained from Merck were used to prepare CMC. The CMC was prepared
using an already existing method as discussed in Chapter 2 [87]. The polyethersulfone
(PES) membrane (typical pore diameter = 0.1 um, thickness = 0.015 cm) was supplied by
Sterlitech, USA. The feed gas comprising CO2/N> (20/80) were bought from Vadilal
Chemicals Ltd. The Argon (99.99 % purity) gas used in sweep side and helium gas used in
gas chromatography analysis were purchased from Jainex Gases Company, India. Millipore

water® (>18 MQ cm™!) was used all through the experiments.
5.2.2 Membrane Fabrication

The CNTs were wrapped by CMC using wet grinding assisted sonication method [119]. An
aqueous solution of 5 wt. % CMC was prepared by stirring the mixture at room temperature
and centrifuged to eliminate the bubbles created during stirring. Calculated percentages of
CMC wrapped CNTs (CMC-w-CNT) suspension (0.5 % (CNTO0.5), 1 % (CNT1) and 1.5 %
(CNT1.5)) were mixed to the CMC. The viscous solution was cast over the PES support
using the casting blade and stored inside a laminar airflow for drying at room temperature.
The dried membrane was further kept at 110 °C for 6 h and then was fixed in a flat sheet
membrane module for gas separation test. The detail experimental set up for gas permeation

study has been reported in Chapter 2.
5.2.3 Characterization Techniques and Gas Permeation Set Up

Field emission transmission electron microscope (FETEM, 2100F, JEOL) was used to

visualize the magnified the magnified image of CMC wrapped CNTs. The CNTs wrapping
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was validated using laser micro Raman system (Horiba Jobin Vyon, Model LabRam HR).
The thermo mechanical behavior of the membranes were studied using dynamic mechanical
analysis (DMA) (Netzsch DMA 242EArtemisl). The membranes were studied at the
temperature range of 30-120 °C at 2.5 °C/min heating rate. The DMA was operated under
N> environment in tensile mode (frequency = 1 Hz, dynamic force = 1 N). However, the
instruments used for XPS, FESEM, AFM and TGA analysis are same as mentioned in
Chapter 2. Similarly, the moisture retention test set up and gas permeation set up have been

elaborated in the same chapter.

5.3 Results and Discussion

5.3.1 Dispersion Test for CNTs

The pristine CNTs are hydrophobic in nature which cause aggregation instead of dispersion
[120]. The unsuccessful dispersion of CNTs leads to formation of ineffective CO; transport
sites inside the membrane. The dispersion test was performed for raw CNTs and CMC-w-
CNT obtained via wet grinding assisted sonication. The suspensions attained after stirring
the raw and modified filler in polymer solution are shown in Figure 5.1a. The black shade
of the suspension obtained from raw CNTs is lighter than that of the wrapped CNTs. Both
the suspensions were kept for one day and no sediment was observed in CMC-w-CNTs
suspension (Figure 5.1b). This is the signposted of wrapping the CMC with CNTs that

significantly improved the dispersion.
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Figure 5.1 Photographs of raw CNTs and CMC-w-CNTs dispersed in CMC solution, (a)
day zero and (b) day one.

5.3.2 Spectroscopic and Microscopic Analysis for CNTs

Raman spectroscopy provides strong evidence for the adherence of the polymer to the CNT
surface. The CMC wrapping influences the vibrational frequencies that occur due to
tangential movement of the carbon atoms. This indicates the presence of a strong attractive
force between the graphite sheet and CMC. The G-band observed in the range of 1500—1600
cm! attributed to the tangential C-C stretching vibrations in both longitudinal and transverse
direction on CNTs axis (Figure 5.2). The D-band perceived at 1300-1400 cm™ corresponds
to the disordered nanotube construction [121, 122]. It has been observed that the G-band has
shifted to a greater wavenumber to 1590 from 1575 cm™ after wrapping with CMC, whereas
the D-band spectral shift is trivial. The un-altered position seen in D-band implies that CMC
has not chemically attached to CNTs. The increase of the wave number of G-band is due to
the field disturbance created by CMC coating in the graphite skeleton. This indicates the
strong interaction between CMC and CNTs [119]. Moreover, D-band intensity to G-band
intensity ratio (ID/IG) was obtained as 1.08 and 1.26 for raw CNTs and wrapped CNTs,
respectively, which suggested the decrease of crystalline perfection in CNTs after CMC
wrapping [123]. These results indicate the successful wrapping of CNTs with CMC.

The wrapping of the CNTs were further demonstrated from FETEM analysis. The FETEM
images of the CMC-w-CNTs (inset Figure 5.2), depicted the non-destructive walls of
CNTs. The polymer wrapping did not alter the integral architecture of CNTs due to the
formation of bridge between CMC and CNTs. Some distinct layers were observed on the

outer walls of the CNTs which may be due to CMC adherence. The elemental analysis of
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those layers indicated that the aggregation was due to the CMC wrapping only, as presented

in Figure 5.2b.
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Figure 5.2 (a) Raman spectra of raw CNTs and CMC-w-CNTs. The inset represents the
FETEM image of raw CNTs and CMC-w-CNTs (b) Energy dispersive X- ray analysis of
CMC wrapped CNTs
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5.3.3 Spectroscopic Analysis of Membranes

The functional groups present in the MMMs have been identified using FTIR analysis
(Figure 5.3a). The wide peak detected at wave number range 3200-3500 cm! is due to the
combined effect of N-H and -OH groups of CMC which was observed more broadened in
CNTs incorporated membranes [56, 124]. The peaks noticed at 1412 and 1377 cm™ are
attributed to the C=0 of —COONa symmetric stretching and C-N stretching of CMC. The
CNTs incorporated membranes possess few extra peaks, indicating the presence of CNTs in
CMC, as shown in Figure 5.3a. The weak peak at 1880 cm™ assigned to the ring substitution
pattern of CNTs.

The XPS has been utilized to comprehend the successful loading of CMC-w-CNTs in the
CMC membranes. The deconvoluted peak obtained for CMC and CNT1 membranes
indicated the characteristic bonds present in the membranes. The XPS survey spectra
indicated the presence of C, N, O and Na in the prepared membranes (Figure 5.3b). The
deconvoluted peak for Cls of CMC membrane signposted the presence of C-C, C-N, C-O
and C=0O bonds at binding energies of 284.6 eV, 286.3 eV, 287.6 eV and 288.6 eV,
respectively (Figure S.4a, b) [125]. The existence of C-O-C and O-C=0O bonds are also
established by the deconvolution of O1s peak showed at binding energies of 531.3 and 532.5
eV (Figure 5.5). Likewise, the peak at 1071.3 eV indicated the presence of sodium (Figure
5.5). The deconvoluted nitrogen (N1s) peak at 400.3 eV of CMC recognized the primary
amine present in the CMC unit structure. The additional peak obtained at 399.1 eV ascribed
the secondary amine formed due to intra polymer hydrogen bonding. Similarly, the
deconvolution of C1s of CNT1 recognized the occurrence of C-C, C-N, C-O and C=0 bonds
at the binding energies of 284.6 eV, 286.06 eV, 287.77 eV and 288.5 eV, respectively
(Figure 5.5). The C-C peak in CNT1 was found as the major peak whereas in CMC the C-
C and C-N peaks were perceived as the leading peaks. The CNTs structure mostly comprises
of C-C bonds which contributed to the major peak at 284.6 eV for CNT1 membrane. The
atomic percentage of C has been obtained as 62.2 % in CNT1 whereas the C atomic
percentage in CMC membranes is 61.19 %. This increase of atomic percentage of C

occurred may be due to the loading of CNTs in CMC.
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Figure 5.3 (a) FTIR spectra (b) XPS survey spectra for CMC and CNT1 membranes
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Figure 5.4 Deconvoluted XPS spectra for Cls in (a) CMC (b) CNT1 membranes.
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Figure 5.5 Deconvoluted XPS spectra for CMC and CNT1 membranes (a) CMC/Ols, (b)
CMC/N1s, (¢) CMC/Nals, (d) CNTI1/Nls, (e) CNT1/0O1s, (f) CNT1/Nals

5.3.4 Morphological Analysis of Membranes

The top surface and cross-sectional morphologies of the membranes for different CNT

loadings were investigated using FESEM at 45-50 kx magnification. From the images

shown in Figure 5.6, it was clear that the pure CMC membrane top surface was smooth and
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homogeneous without defects. Tube-like structures were observed with the loading of
CNTs. The surface of the CNTs loaded membranes were uniform, depicting the good
interface compatibility of CNTs with the membrane polymer. The loading of 1.5 % CNTs
lead to agglomeration of nanotubes on the matrix of the membrane. The accumulated CNTs
might restrict the movement of gas molecules through the membrane instead of providing

an alternate way for gas flow.

The cross-section of the membranes displayed perfectly differentiated dense and porous
layers (Figure 5.7). The finger-like structured part is due to the pores present in the PES
support and the thin dense layer consisted of the CNTs blended CMC. The PES support
provides mechanical strength to the thin active layer (~ 2.7 micron). Since the casting
solution viscosity was maintained above 1200 cp, the active layer has not penetrated into
the pores of the PES support. Moreover, when pressure is applied during the permeation
test, the pure CMC active layer penetrates into the pores and increases the active layer
thickness [126]. Hence the permeability of the membrane drops. The CNTs incorporated
membranes are free from this problem as CNTs induces the mechanical stability of the
membranes. Some randomly distributed tube-like structures were evident in the dense layer
of CNTs embedded membranes. The typical 3D image obtained from the AFM analysis of
CMC, CNTO0.5, CNT1, CNT1.5 membranes clearly showed distinct peak and valley regions
(Figure 5.8). The topographical images were taken in the area of 10x10 micron of all the
membranes. The membrane containing 0.5 wt. % CNTs showed an average roughness of
15.7 nm which is due to the random scattering of CNTs in the matrix. A few small spikes
were observed along with the bulky peaks of CMC, indicating the presence of CNTs in the
membranes (CNTO0.5, CNT1 and CNT1.5). Average roughness of the CNT1.5 membrane is
30.16 nm, evidenced the agglomeration of fillers on the membrane surface instead of

homogeneous dispersion in the matrix.

78
TH-2255_146107016



Carboxymethyl chitosan /carbon nanotubes mixed matrix membranes for CO2 separation
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Figure 5.6 FESEM analysis of the top surface of the membranes (a) CMC, (b) CNTO.5, (¢)
CNTI1, (d) CNT1.5.

Figure 5.7 FESEM analysis of the cross section of the membranes (a) pure CMC membrane,
(b) CNT1 membrane (5kx).

79
TH-2255_146107016



Hom|

Znm|

Znm)

X{pm)
0
i
ol
-
0l
0l:
2 {
A
20p=:
10f-:
orf L 1
0 ] '
Xlan]
1
o
oo
-
-
-
3
W=\
i i 1
0 2 :

Chapter 5

Figure 5.8 AFM images (2D image, height profile and 3D image) of the membranes (a)

CMC, (b) CNTO.5, (¢) CNT1, (d) CNTL.5.

5.3.5 Water Retention Ability

Water retention capacity of membrane has dominant role in CO2 separation [127]. In

hydrophilic polymers the state of water are found as (a) bound water in non-freezable form

having tight interaction between water and polymer, (b) bound water in freezable form

having loose interaction between water and polymer and, (c) free water is free from water-

polymer interaction [ 128]. The water molecules take part in facilitated transport mechanism.
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Further, water molecules induce the membrane flexible that reduce the mass transfer
resistance for the gas molecule. The free water molecules present on the membrane matrix
increases the CO; solubility [58]. Most importantly, the diffusion coefficient of ions in water
is usually four times superior to gas molecules in solid [49]. Therefore, the bicarbonate ion

(HCO3") formed due to CO» - NH> reaction in presence of water diffuses swiftly (Eq. 5.1).
CO, + 2RNH, + H,0 = RHNCOOH + RNH3 + HCO 3 (Reaction 5.1)

The excess membrane swelling directly affects the selectivity of the membrane [51].
Therefore, the limited swelling of the membrane shows perfect CO» separation performance.
Varying the relative humidity (RH), the swelling percentage for CMC, CNTO0.5, CNT1 and
CNTL1.5 at room temperature has been recorded, as presented in Figure 5.9. Initially, at
lower RH the water held up by the membranes are very less. Later, at 80 % relative humidity,
the water uptake capacity increased up to 44 %, 24 %, 17 % and 16 % for CMC, CNTO0.5,
CNTI1, CNT1.5, respectively. Afterwards, the membranes achieved remarkably higher water
holding capacity at 100 % RH. The swelling process occurs in two stages which can be
explained by Flory Huggin’s theory. According to this theory, the free energy of mixing
(Gmixing) 1s ascribed to the conformation of polymers (AGconformation) and polymer-solvent

interaction (AGcontact) [106]. These two entropy factors can be expressed as:
AG onformation = RT [In®@w + @p] 5.1

and AGcontact = RTX (pg 52

Where, R = gas constant, @ = volume fraction of polymer (p) and water (w), T = absolute
temperature, and y = polymer- solvent interaction parameter. AGeconformation 1S predominant
in the low RH region and the chain relaxation of the polymer takes place as soon as polymer
comes in contact with water. In this stage, the water uptake by the membrane is limited
depending on the amount of water in the gas phase. Once the RH reaches the critical point,
AGecontact becomes the main controlling factor of the swelling phenomenon and the overall
swelling has been affected by both AGconformation and AGeontact. Thus, the water uptake by the

membranes increases drastically even with the slight increase of RH.

Moreover, the water intake behaviour of membranes have been noted at different time
period. The water absorption capacity of the CMC membrane is very high. Initially it

absorbs water continuously up to 10 h and gradually it reached the saturation point. The
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achievement of the equilibrium point occurs if Gmixing €quals to the free energy for polymer

network deformation (AG.) which can be expressed as:
Pp
AP,

Where, V, = molar volume of solvent and M, = molecular mass of the network chain. This
expression for AGe specifies the influence of the polymer property and environment on the

water uptake behaviour of the membranes [49].

The incorporation of hydrophobic entities to CMC reduces the water intake rate of the
membrane [129]. This action reduces the solution-diffusion of bigger gas molecules and as

a result COz selectivity increases substantially.
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Figure 5.9 (a) Moisture retention behavior and (b) rate of moisture intake in CMC, CNTO0.5,
CNT1 and CNT1.5 membranes.

5.3.6 Dynamic Mechanical Analysis (DMA)

DMA is a very useful technique for describing the thermal changes of the polymer
membranes [130]. The upturning pattern of the storage modulus versus temperature curve
as shown in Figure 5.10 indicates the increasing stiffness of the membranes with rising of
temperature. The increased stiffness may restrict the gas flow through the membrane at
higher temperature. The increment of CNTs percentage also showed higher storage modulus
than the CMC membrane which increased the anti-plasticization of the membranes. This is
because the free volume present in the CMC molecules have been occupied by CNTs and
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thus the chain molecular movement of CMC has restricted [131]. However, the hydrogel
membranes contain some amount of absorbed moisture in the matrix and the elevation of
temperature prompts desorption [132]. Thus the membrane eventually acquires
embrittlement with rise in temperature. Furthermore, CMC membrane has more swelling
tendency whenever gas molecules come inside the membrane. Thus, the gas diffusion
coefficient increases and the gas diffusion selectivity decreases [133]. On the contrary, the
improvement of antiplasticization phenomenon in the CNTs incorporated membranes helps
in enhancement of CO»/N> selectivity of the membrane. Nevertheless, excessive
incorporation of CNTs can completely hinder the gas transportation and decline the CO»

flux as well.
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Figure 5.10 DMA curves for the active layers of CMC, CNTO0.5, CNT1, and CNT1.5.

&3
TH-2255_146107016



Chapter 5

5.3.7 Gas Permeation Study

The gas permeation study was executed for CMC, CNTO0.5, CNT1 and CNT1.5 membranes
to see the effect of CNTs loading on the separation performance. Additionally, the effect of
temperature was studied on the membrane containing 1 wt. % CNTs by changing the
temperature from 60-120 °C. Later, the sweep/feed water flow ratio was varied from 0.33

to 3.
5.3.7.1 Effect of operating temperature

The temperature influence on CO; separation performance of CNT1 membrane has been
studied at different temperatures (60-120 °C) keeping the absolute pressure constant at 2 and
1.21 bar in the feed and permeate side, respectively. The moisture environment was
maintained at 1.67 sweep/feed water flow ratio. Figure 5.11a evidenced the reduction of
CO2 permeance in CNT1 membrane (from 45 GPU to 21 GPU) with rising of the
temperature from 60 to 120 °C. The permeance drops were found as 13 % at 70 °C and 10
% at 80 °C, respectively. Later, as the temperature reached to 90 °C a minor permeance drop
was observed as 2 % only. This may happen due to increased facilitated transport reaction
at higher temperature. Also, CO> solubility increases with increase in temperature [134].
Well along, a 17 % reduction of CO> permeance was witnessed at 100 °C when the
temperature was increased from 90 °C. After that, it started decreasing drastically at 110 °C.
This change may be due to the stiffness gained by the membranes and reduced moisture
content within the matrix [135]. The free and bound moisture release event has been
identified in the DSC graph, as shown in Figure 5.11b. On the other hand, the CO2/N:
selectivity of the CNT membrane was found increasing from ~34 to ~47 when the
temperature was varied from 60 to 90 °C. Although, the CO> permeance of the membrane
at 90 °C (34 GPU) and 100 °C (28 GPU) has significant difference, the CO2/N; selectivities
were almost alike at both the temperatures. The CO2/N; selectivity was dropped down to 38
at 110 °C.
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Figure 5.11 (a) Effect of temperature on CO2 and N> permeance and CO2/N; selectivity in
CNT1 membrane at feed absolute pressure = 2 bar, sweep absolute pressure = 1.21 bar,
sweep/feed water flow ratio = 1.67 (b) DSC graph of CMC and CNT1 membranes.
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5.3.7.2 Effect of CNTs content

Gas permeation study has been performed on the prepared membranes using binary gas
mixture of CO2/N». All membranes were tested at 80 °C with the sweep to feed water supply
ratio of 1.67. The absolute pressure was maintained at 2 bar on the feed side. Figure 5.12
displays the gas transport behavior of the membranes with different CNTs content. The
graph obtained from water intake capacity test clearly indicates that the water intake ability
decreased for the CNTs blended membranes which directly affect the flexibility of the
membrane. The thickness of the pristine CMC active layer increases when we apply pressure
on the membrane as the layer starts penetrating to the pores of the support layer [136]. The
loading of CNT resolves this problem by providing mechanical strength to the membrane.
The thin active layer helps in getting higher flux and permeability as compared to a thick
membrane. Besides, the porous structure of the CNTs increases the CO> transporting
channels in the matrix. However, the higher CNTs content may cause agglomeration of the
particles on the membrane surface, which affects the membrane separation performance as
clustered fillers may block the CO» passage paths. Besides, more CNTs loading reduces the
water intake ability of the membrane, as seen in Figure 5.9, which lowers the solution-

diffusion and facilitated transport of CO,.
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Figure 5.12 CO> Permeance and CO/N; selectivity of membranes having different
composition of CNTs at temperature = 80 °C, sweep/feed absolute pressure = 2/1.21 bar,
sweep/feed side water flow ratio = 1.67.
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5.3.7.4 Effect of sweep/feed water flow rate ratio

The influence of sweep side water flow rate on the gas separation performance has been
studied. The operating conditions for this test have been set as: sweep/feed water ratio = 0.3,
1, 1.67, 2.44 and 3; feed / sweep side absolute pressure = 2 bar / 1.21 bar, respectively and
temperature = 80 °C. The CO; permeance for the CNT1 membrane increased from 15 GPU
to 43 GPU when the sweep/feed water flow rate ratio was changed from 0.33 to 3.
Correspondingly, the CO2/N; selectivity followed the similar trend as shown in Figure 5.13.
Initially, at low sweep/feed water flow ratio, the CO2/N; selectivity was less due to the less
flexibility of the membrane and minimum facilitated transport reaction inside the membrane.
As soon as the water flow ratio was increased to 1.67, the permeance and the CO2/N»
selectivity reached to 35 and 44, respectively. The following reasons can be attributed to the
observed trend of CO; permeance and CO2/N> selectivity behaviour when the sweep/feed
water flow ratio is greater than one: (a) the water vapour permeation has been obstructed
from sweep side which enhances the water retention in the membrane system. This in turn
helps in the formation of more CO»- carrier complex for CO; facilitated transport. (b) Higher
water retention increases the flexibility of the membrane and supports the transport of gas
molecules via solution diffusion. Besides, water leads to plasticization of the membrane that
increases the gas diffusivity through it [137]. Further, the water flow ratio was increased to
2.33 and obtained a CO,/N; selectivity of 43 and CO; permeance as 36 GPU. However, the
ratio was increased up to 3 for further investigation and a slight change is witnessed in
CO2/N; selectivity (45) and CO2 permeance (43 GPU). The saturated trend of CO2/N;
selectivity is due to the competitive sorption between CO, and N> molecules [138]. The
increased moisture supply resulted in excessive swelling of the membrane matrix which
induces the flexibility of the membrane and hence encourages N> passage. Additionally, the
performance stability of CNT1 membrane has found more than 160 hours whereas the bare

CMC membrane exhibited fluctuation after 96 hours.
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Figure 5.13 Effect of sweep water flow ratio on CO2 and N> permeance and CO2/N»
selectivity of CNT1 at 80 °C, feed absolute pressure = 2 bar, sweep absolute pressure = 1.21
bar.

The CO; separation result obtained for CMC-w-CNT incorporated CMC membrane has
been compared in Table 5.1 with a few literatures reported on CNTs based membranes. The
CNTs had been loaded with various matrix materials and utilized for CO; separation
application. However, the membrane discussed in our work showed explicit improvement
in CO; selectivity as well as permeability compared to other membranes. The significant
improvement has been observed presumably due to the synergistic effect of CNTs and
CMC. Hence, this combination can flourish asthe promising material to be used

in enhanced CO; separation.
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Table 5.1 COz Permeance and CO2/Nz selectivity of CNTs loaded membranes

Polymer matrix Operation condition CO2/N2 Permeance  Ref.
arelfce(rﬁiT: Pressure Temp. Thickness Selectivity (GPU)
P £ bar (°C) (micron)
Pebax1657/2 % 10 Room  15-20° 78.6 18.8 [139]
CNTs temp.
Cellulose 3 - 250 5.5 146.9 [75]
acetate/0.1 wt. %
pure CNTs
brominated 0.67 Room  50-90° 31 2.1 [140]
poly(2,6- diphenyl- temp.
1,4-phenylene
oxide)/ 5% CNTs
Polyimide/CNTs 1 Room 3-4° 4.1 247.6 [141]
(25:1) temp.
Pebax-PEG/ 2% 10 Room  80-100° 108 8.2 [142]
CNTs temp.
CMC/1 wt. % 2 80 2.7 45 43 GPU This
CNTs work

* Average values are considered for calculation of premeance (GPU)

5.4 Conclusions

The CNTs are dispersed in CMC successfully and a series of CMC membranes with
different CNTs content were prepared using solution casting method. The Raman and
FETEM techniques verified the formation of CMC wrapped CNTs on application of wet
grinding assisted sonication. The development of defect-free thin layer of CMC/CNTs over
the porous support has been spotted in the FESEM images. The AFM images signposted the
surface roughness of the membranes increases with increased percentage of CNTs. The XPS
and FTIR analyses confirmed the development of CNTs incorporated membranes. The water
uptake ability of the matrix layers was also investigated under different humid environment
and the moisture holding capacity was decreased with the increasing of CNTs loading in the
CMC membrane. Optimal CO2 permeance (~ 43 GPU) and CO2/N; selectivity (~ 45) were
achieved with the incorporation of 1 wt. % CNTs at water flow ratio 3 and temperature 80
°C. The CNTs loaded membrane in our work showed explicit improvement in

COz selectivity and permeability compared to other membranes reported in the literature.
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High Speed CO; Transport Channel Assisted
Carboxymethyl Chitosan Mixed Matrix Membrane for
CO; Separation
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CHAPTER 6

High Speed CO; Transport Channel Assisted
Carboxymethyl Chitosan Mixed Matrix Membrane for
CO; Separation

The present work elaborates the contribution of hydrotalcite (HT) and CMC in CO;
separation application. This chapter is an attempt to rectify the compatibility issue
observed in CNT loaded membranes as discussed in the previous chapter. In CMC/HT
system, a better empathy between polymer matrix and filler has been noticed and the
alternate pathways provided by HT directly improve the COz permeance. This work is
scientifically acknowledged in Journal of Applied Polymer Science.

6.1 Introduction

Hydrotalcites (HT) are the layered double hydroxides which consist of brucite-like host
sheets (positively charged) and hydrated carbonate anions sailed freely in the interlayer
corridor (Figure A1.2b, Appendix 1) [76]. The hydrated carbonate anions sailing in the
interlayer of HT works as the carrier for CO> facilitation which could be described by the

following reaction [77].
CO, + CO3™ + H,0 = 2HCO3 (Reaction 6.1)

Moreover, the HT channel can increase the polymer chain spacing which enhances the gas
permeance. The present study demonstrates the incorporation of hydrotalcite (HT) in to
CMC matrix provides better CO2 permeance. The CMC/HT membrane generally follows
the solution - diffusion and facilitated transport mechanism. In solution - diffusion
mechanism CO» possesses higher solubility than N> due to its higher critical temperature
which results in better solubility selectivity of CO,. CO; also has a smaller kinetic diameter
than N> resulting in a favorable diffusivity selectivity [143]. On the other hand, in
facilitated transport mechanism, CO; transfer occurs by the reversible reaction between
the CO; and reactive carriers, i.e. amine of CMC and carbonate of HT. CMC modified
filler was used in CO; separation application by Shamsabadi’s group [87]; but CMC as a

matrix material for fillers in gas separation application is not yet explored.
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6.2 Experimental Section

6.2.1 Materials

Carboxymethyl chitosan (CMC) and hydrotalcite (HT) were synthesized in our laboratory
following the already existing procedures.[79, 87] The materials used for HT synthesis i.e.
NaxCOs3, Al (NO3)3.9H20, NaOH and Mg (NO3)2.6H,O were purchased from Merck.
Sterlitech, USA provided polyethersulfone (PES) porous membrane support having a pore
diameter of 0.1p. Millipore water® was used during the course of the experiment. Certified
CO2/N2 (20/80) and Ar gas were brought from Vadilal Chemicals Ltd. and Jainex Gases

Company, India, respectively.
6.2.2 Membrane Fabrication

Initially, 1 wt. % of HT (dry solid basis) has been properly dispersed in water. Later, CMC
has been added to the solution and stirred at room temperature until the formation of a

homogeneous mixture and the membrane was prepared as described in Chapter 2.
6.2.3 Characterization Techniques and Gas Permeation Setup

The instruments used for FTIR, XPS, FESEM, AFM and TGA analysis are same as
mentioned in Chapter 2. Similarly, the moisture retention test set up and gas permeation

set up have been elaborated in the same chapter.
6.3 Results and Discussion

6.3.1 Elemental and Morphological Analysis

The desired formation of HT has been scrutinized with the help of FESEM coupled EDX
and XRD analysis as shown in Figure 6.1a, b. The EDX analysis showed the elemental
compositions of the synthesized filler (Figure 6.1a) which clearly indicated the presence
of O, Mg, Al and C in the powdered sample of HT. The XRD peaks obtained at 20 =
11.35°, 23.23°, 34.54°, 39.30°, 46.82°, 60.65° and 62.22° verified the formation of HT
(Figure 6.1b). Also, the 20 positions of the diffraction peaks were in agreement with
available literature.[79] The corresponding Miller indices were (003), (006), (009), (015),
(018), (110) and (113) at the respective 26 positions as shown in Figure 6.1b.
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Later, FTIR analysis was performed on the active layers to investigate the presence of
desired functional groups in the system as shown in Figure 6.2a. The band observed at
3498-3467 cm™! corresponded to OH, caused by the interlayer water molecules, hydroxyl
groups in the brucite-like layers and bound water molecule present in CMC/HT system.

The medium peak around 1646 cm™!

in the infrared spectrum was credited to the H>O in
the interlayer. Another peak around 1377 cm! related to the band of carbonate [144]. The
spectra obtained in the low energy region 557 cm™ attributed to the presence of Mg—O and
Al-O bands [145]. The additional peaks obtained in CMC/HT indicated the successful
loading of HT in the selective layer matrix. The XRD spectra obtained for CMC/HT
(Figure 6.2b) indicates that the regular structure of CMC and HT was interrupted due to
the interpenetration of each other, and their crystallinity is reduced accordingly. The CMC
film showed crystalline peaks at 20 = 8° and 20.2° which was verified with reported
literature [146]. On the other hand, CMC/HT active layer retained the peak at 260 =20.28°
and the peak at 20 = 8° disappeared which indicated that CMC was intercalated into a

monolayer arrangement.

The FESEM image recorded for CMC and CMC/HT membranes have evidenced the
development of dense layer on PES support (Figure 6.3a, Fig. 6.4a). EDX mapping
records taken on the surfaces of both the membranes showed the presence of C, O, N and
Na which are the essential elements of CMC. In CMC/HT membrane additional Al and
Mg was perceived indicating the successful loading of HT into the CMC matrix. The cross
- section of the CMC/HT membrane has been presented in Figure 6.5a. The dense active
layer achieved a thickness of 1.22 um after final stage drying. The porous morphology
was due to the PES substrate on which the active layer was developed. The AFM image
taken on the top surface of the CMC/HT membrane showed an average roughness of 23.9

pm.
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Figure 6.1 (a) EDX analysis of HT (inset image corresponds to the FESEM image of HT
powder)(b) XRD spectrum obtained for HT powder.
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Figure 6.2 (a) FTIR spectra and (b) XRD of CMC and CMC/HT membrane.
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C Kl 2 Na Kal 2 0O Kal N Kal 2

Figure 6.3 FESEM and EDX mapping on the top surface of CMC membrane (a) FESEM
image (10kX) (b) elemental mapping.

Figure 6.4 FESEM and EDX mapping on the top surface of CMC/HT membrane (a)
FESEM image (10kX) (b) elemental mapping.
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Figure 6.5 (a) FESEM cross section and (b) AFM image (3D) of CMC/HT membrane.

6.3.2 Thermal Stability

The better understanding of the thermal behavior of CMC/HT membrane has been
assessed with the help of TGA. The thermogram presented in Figure 6.6a indicated that
the CMC/HT membrane undergoes four mass loss stages. The first stage weight loss up to
100 °C represented the evaporation of free moisture held by the active layer. The major
weight loss was observed in the range of 247- 318 °C which indicated the decomposition
of polysaccharide ring and breakage of the glycosidic bond of CMC. The slight downturn
observed after 400 °C corresponds to the loss of molecular water present in the system.
The fourth stage of weight loss was attributed to CO; loss and dihydroxylation. The
isothermal analysis performed at a different temperature is shown in Figure 6.6b. The
CMC/HT membranes showed a huge mass loss of ~12 % when the membrane was heated
from 30 to 80 °C. This loss was probably due to the removal of moisture from the active
layer that was absorbed by the sample from the environment while loading into the TGA
instrument. Then the membrane was held at 80 °C for 30 minutes and witnessed a weight
loss of 1.54 %. Later, the same sample was detained at 90, 100 and 110 °C for 30 minutes
and obtained a weight loss of 0.17, 0.11 and 0.02 %, respectively. The TGA isothermal
data evidenced the temperature stability of the membrane at the experimental temperature

conditions (80, 90, 100 and 110 °C).
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Figure 6.6 TGA graph obtained for CMC/HT active layer (a) dynamic (b) isotherm.

6.3.3 Moistur

e Retention Ability

The moisture holding behaviour of CMC/HT active layer was monitored under the

environment prepared at different relative humidity percentage (RH %) as mentioned in

Table 6.1. The moisture retention (WR) ability of the membrane enhanced with increased
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RH % and ultimately the membrane showed Wr % of ~ 293 % at 100 % RH. However,
Wr % was lower than the pristine CMC active layer [105]. The electrostatic interaction
between negatively charged CMC and positively charged cations of HT form cross-linked
network.[147] As a result of this, the membrane attains stable morphology under a

moisture environment and reduced the Wr %.

Table 6.1 Moisture retention behaviour of CMC/HT membrane at different RH %

RH % 20 40 60 80 100
MR % 10.1£1.2 173+ 1.5 24 +1 453+25 293+45

6.3.4 CO2 Separation Study

The steady state CO» permeation data was obtained within 5 hours for CMC/HT membrane
whereas CMC and other CMC/amine membranes take almost 8 hours to stabilize its
permeation. The end result of CO; permeance and CO»/N; selectivity at varied temperature
has been represented by Figure 6.7a. During this experiment, the sweep/feed water to the
saturator ratio was maintained at 1.67 and other operating conditions were same as
described in section 2.3. The CO: permeance was obtained as 41 GPU at operating
temperature 60 °C which was increased gradually as the temperature was raised up to 90
°C. The CO; permeance becomes 63 GPU at 90 °C. This increase might be due to the
increased rate of facilitated transport reaction between CO, and amine of CMC with
increase in temperature. A drastic reduction of CO2 permeance was detected when the
temperature reaches 100 °C and 110 °C. This decreasing trend corresponded to the huge
loss of moisture at a higher temperature which provides stiffness to the membrane.
However, the CO; permeance showed by CMC/HT membrane at 100 °C and 110 °C was
relatively more than that of pure CMC membrane as described in our earlier work [105].
This might be due to the increased free volume of CMC after HT loading and thereby
promoting gas transport through the membrane. Here, the alternate pathways provided by
HT predominantly worked for CO> transportation. Although, the high - speed gas channels
allow N2 passage along with CO,. Consequently, low CO»/N; selectivity was achieved for
CMC/HT membrane. Now, fixing the operating temperature at 90 °C, the sweep/feed
water supply was varied to study the effect of moisture. The results obtained from this

experiment are presented in Figure 6.7b. The CO; permeance was 30 GPU at sweep/feed
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water flow ratio of 0.33 which became 70 GPU as the ratio was increased to 2.33. This
might be due to basically two reasons (a) the membrane became flexible with increase in
moisture supply rate and (b) the facilitated transport was increased in presence of more
water molecules. Further increase in the water flow ratio showed a very negligible decrease
in CO2 permeance. At the same time, the CO2/N; selectivity increased from 7 to 13 as the
water flow ration increased from 0.33 to 2.33, respectively. Later, at water flow ratio of 3,
the CO2/N> selectivity decreased which may be due to the competitive sorption among
CO,, water and N> molecules. The performance stability of CMC/HT membrane was
investigated up to 10 days at a constant temperature 90 °C and sweep/feed water flow ratio
of 2.33. The membrane exhibited a consistent CO, permeance and CO2/N> selectivity as

shown in Figure 6.8.
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Figure 6.8 Performance stability of CMC/HT membrane at temperature = 90 °C,
sweep/feed water flow ratio = 2.33.

6.3.5 Characterization of the Membrane After Gas Permeation

The presence of functional groups on the membranes after gas permeation study was
investigated by FTIR analysis as presented in Figure 6.9. The CMC/HT membrane was
dried before inserting into the FTIR instrument so that external moisture absorbed during
permeation experiment can be minimized. The spectra obtained for CMC/HT before and
after gas permeation test are similar which indicated that the membrane didn’t lose its

integrity during permeation study.
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Figure 6.9 FTIR of CMC/HT membrane (with PES support) before and after gas
permeation study.

6.3.6 Comparative Study

A comparative study has been carried out on very recent CO2/N2 separation works
performed with the help of mixed matrix membranes as tabulated in Table 6.2. Before
2019 also, various CO2/N; separation experiments have been accomplished using mixed
matrix membranes. The membrane composing of 4,4-(hexafluoroisopropylidene)
diphthalic anhydride-durene/ zeolitic imidazolate frameworks -8 showed CO> permeance
of 43 with CO2/N; selectivity 17 [148]. Another work performed by our group used poly
(vinyl alcohol)/ poly (ethylene glycol)/ silica nanoparticle to prepare CO»- selective mixed
matrix membrane. This membrane exhibited CO; permeance of 26 GPU with CO2/N»

selectivity 300 [149]. Thus, it is clear that all the discussed membranes showed
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comparatively high CO2/N> selectivity than CMC/HT membrane due to the higher
thickness of the membrane. However, in terms of CO, permeance performance, CMC/HT
membrane is quite better than those membrane systems. Besides, the gas separation
performance of CMC/HT membrane was compared with other HT incorporated
membranes. The membrane composed of poly (PEA-HT-TMC)/PS exhibited the CO,
permeance of 90 GPU along with the CO2/N; selectivity of 40. In this case, a crosslinking
reaction was taking place between PEA and TMC. On the other hand, CMC/HT membrane
showed closer CO2 permeance without crosslinking which may create a probable space

for the CMC/HT in the membrane based CO; separation field.

Table 6.2 Gas separation performance of recently developed various membranes systems

Membrane Temperature Feed Thickness CO2 CO2/N2
system [ref] (°O) pressure (um) permeance  selectivity
(Bar) (GPU)
Pebax-1657/COF- 30 1 55% ~8.9 ~49.3
5 [150]
Pebax- DA-PEI- 20 3 10** ~6.8 ~101
TiO, [151]
PVA/PEG/alumin 25 1.5 175% ~2.3 ~80
a [152]
Pebax- 35 2 80* ~11.6 ~71
1657/aminosilane
functionalized
GO [153]
CMC/HT [this 90 2 1.22 ~70 ~13
work]

* Average value is taken for CO, permeance calculation, **Thickness is taken from the SEM image
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6.4 Conclusions

The high - speed CO> transport membrane has been developed by loading 1 % HT in the
CMC matrix. The FTIR, XRD and EDX mapping analysis verified the successful
fabrication of CMC/HT membrane. The FESEM image proved the formation of dense
active layer of a 1.21 um over a PES substrate and the surface roughness of 23.9 um was
determined by AFM analysis. The membrane showed thermal stability at the higher
operating temperature range 80 - 110 °C. Additionally, the moisture retention ability of
the membrane helped in reducing the gas transfer resistance and enhanced CO» permeance.
Finally, the CO> separation study performed on CMC/HT membrane estimated optimum
COz permeance of 70 GPU at 90 °C with a separation factor of 13.
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Thermally Stable and Moisture Responsive
Carboxymethyl Chitosan/Dendrimer/Hydrotalcite
Membrane for CO; Separation
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Thermally Stable and  Moisture  Responsive
Carboxymethyl Chitosan/Dendrimer/Hydrotalcite
Membrane for CO; Separation

This chapter encompasses the preparation of mixed matrix membrane (MMM) by
incorporation of hydrotalcite (HT) into the CMC/PAMAM matrix which is thermally stable
and moisture receptive. In Chapter 4 and 6, we have already discussed the novelty and
quality improvement in CMC/PAMAM and CMC/HT membranes for CO: separation. In
this study, the presence of both materials bestow some unique properties to the membrane

which work for the betterment of separation performance.
7.1. Introduction

To date, different kinds of filler and carrier combinations have endeavoured. However, the
fillers in most MMM s can only swing in a restricted position which makes it difficult to
attain substantial gas selectivity [154]. On this context, we have proposed the fabrication
of a more efficient MMM comprising high-speed facilitated transport channels provided
by HT and dendrimer. It is worth mentioning that due to the presence of abundant amino
and amido groups in PAMAM structure, PAMAM has coordination capability with metal
ions. Therefore, it is highly expected that HT and PAMAM will be very compatible entities
inside the CMC matrix [155]. In this work, we have anticipated that PAMAM and HT will
be in favour of improved CO, permeability and CO»/N; selectivity presumably due to three
reasons - (1) the mobility of PAMAM can expedite the CO; facilitated transport, (2) the
large number of carrier sites in PAMAM can offer a continuous COx> transport channel
resulting the increase in CO permeability and (3) the cations, Mg?" and AI**, present in
HT can act as CO» absorption sites [156]. Meanwhile, CMC was picked as a matrix for
the membrane fabrication due to its comprehensive performance offered by the inherent
amine group in its structure. Moreover, the HT channel can increase the polymer chain
spacing which enhances the gas permeance [157]. Keeping these points in mind, we have
presumed that the novel combination of dendrimer and hydrotalcite supposedly will

enhance both CO2/N; selectivity and CO2 permeance of the CMC membranes.
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7.2. Experimental section

7.2.1. Materials

Carboxymethyl chitosan (CMC) has been synthesized in our laboratory as discussed in
Chapter 2. PAMAM with ethylenediamine core (generation 0.0, 20% solution in
methanol) was obtained from Sigma Aldrich. HT was synthesized in our laboratory
following an already existing procedure [79]. The materials used for HT synthesis i.e.
NaxCOs3, Al (NO3)3.9H20, NaOH and Mg (NO3)2.6H,0O were purchased from Merck.
Sterlitech, USA has supplied the porous support consisting of polyethersulfone (PES)
membrane with a pore diameter of 0.1lum. Millipore water® was used during the
experiment. CO2/N> (20/80), the feed stream was brought from Vadilal Chemicals Ltd.
The sweep gas argon (99.99% purity) and helium required for gas chromatography were

procured from Jainex Gases Company, India.
7.2.2. Membrane Fabrication

Aqueous CMC solution was stirred at room temperature and bubble - free homogeneous
solution has been achieved after centrifugation. Adding calculated amount of PAMAM
and HT to CMC solution, CMC/PAMAM/HT (89% CMC + 10% PAMAM + 1% HT)
casting solution has been obtained. The uniform and viscous solution were poured onto a
PES support and cast using GARDCO micron film applicator (Paul N. Gardner, USA).
The casting knife opening was set as 2 mils intending an active layer thickness of 1 um
over the porous support. Later, the cast membrane was kept inside a laminar fume hood
for slow solvent evaporation (12 hours) and lastly dried at 100 °C (6 hours). The dried flat
sheet membrane was then cut into a circular size of dimension 45 mm diameter and fixed

in a permeation cell for CO2 separation test.
7.2.3. Characterization Techniques and Gas Permeation Set Up

The instruments used for FTIR, XPS, FESEM, AFM and TGA analysis are same as
mentioned in Chapter 2. Similarly, the moisture retention test set up and gas permeation
set up have been elaborated in the same chapter. The amine leaching from the membrane
has been confirmed with the help of UV Visible Spectrophotometer (Model No.: UV-2600,
Make: Shimadzu, Singapore). The water collected from the knock out of gas permeation

set up was taken for this analysis.
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7.3 Results and discussion

7.3.1. Morphological Analysis

The FESEM images represented the morphology of the prepared membrane.
CMC/PAMAM/HT membrane presented a dense surface (Figure 7.1a) formed over
porous support. The appropriate percentage of HT and PAMAM resolved the problem of
particle agglomeration mostly occurs during MMM fabrication. The cluster formation of
fillers may cause defective membrane surface. The use of highly viscous polymer solutions
generally helps in slowing down of particle sedimentation. Accordingly, we have fixed the
casting solution viscosity as >1200 cp and achieved the defect - free active layer with
thickness 979 nm as shown in Figure 7.1b. The AFM image provided the average
roughness of the membrane surface as 9.33 nm which is almost similar to the control
polymer membrane, i.e. CMC (10.78 nm) as mentioned in our previous work [105]. The
minor reduction in average roughness is may be due to the settlement of HT in the valley

region of CMC or due to the proper distribution of PAMAM and HT in CMC matrix [158].
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Figure 7.1 FESEM (a) top surface (b) cross section and AFM image (c) 2D view (d) height
profiling (e) 3D view of CMC/PAMAM/HT membrane.

7.3.2. Structural Aspect

The ATR-FTIR spectrum of the active layer of CMC/PAMAM/HT membrane have been
shown in Figure 7.2a. The spectrum for CMC was taken from our previous work
performed under the same conditions using the same instrument [105]. The broad and
strong peak observed at 3200-3500 cm™! is due to the cumulative effect of the hydroxyl
stretch of HT host layers, H>O molecules of the HT interlayer, N-H stretch of CMC and
PAMAM [107, 159]. The symmetrical stretching band of the CH> group in polymer has
been perceived at 2888 cm™!. The peak noticed at 1410 cm™! attributed to the C=0 of —
COONa symmetric stretching of CMC. The vibrational absorption of interlayer CO3~ of
HT has been observed at 1384 cm™ [160]. Meanwhile, the bands around 600-900 cm™!
has been assigned to metals (Mg, Al). The dominant band appeared in the range 1550-
1665 cm™ corresponds to N-H bending of the amine and amide group of PAMAM [161,
162]. Also, the broad band formation indicated the H-bonding between the NH, of CMC
and OH of the HT brucite layer [163]. Another significant peak was observed at 2168

which attributed the formation of amine salt by the carboxylate of CMC and primary amine
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of PAMAM. The C-N stretch occurred in the range 1145-1005 cm™! indicated the presence
of PAMAM in the CMC/PAMAM/HT active layer. Similarly, the XPS survey scan and
narrow scan (Figure 7.2b, Figure 7.3a-f) performed on CMC/PAMAM/HT active layer
also indicated the presence of required elements (C, O, N, Na, Mg, Al). The binding
energies found at 1070.4 eV, 74.4 eV and 49.5 eV are specific to Na of CMC, Al** and
Mg?" ions present in HT filler, respectively [164]. The peak obtained at 530.7 eV and 532.5
eV (Figure 7.3a) may be due to hydroxide and crystallized water content of HT,
respectively [165]. However, the O1s deconvoluted peak observed at 531 eV could be due
to the presence of carbonate ions of HT, amide group of PAMAM or carboxylate group of
CMC matrix. The narrow scan spectra drawn for N1s (Figure 7.3b) indicates the presence
of primary (400.04 eV), secondary (398.29 e¢V) and tertiary amines (401.46 eV) in the
membrane directing the loading of PAMAM. In Figure 7.3c, the high-resolution Cls
spectra showed peaks at 284.85 eV, 286.58 eV and 288.4 ¢V attributed to adventitious C
of the polymer backbone, C of the amide group of PAMAM and carbonate ions of HT,
respectively. Thus, XPS spectra support the FTIR data and confirmed the successful
blending of PAMAM with CMC and loading of HT in the membrane matrix. The uniform
distribution of PAMAM and HT in the CMC matrix has been established from the FESEM
coupled EDX analysis as shown in Figure 7.4. The mapping accomplished on the skin
layer of the CMC/PAMAM/HT membrane indicates the presence of N, Al and Mg which
have come from PAMAM and HT.
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Figure 7.2 (a) FTIR spectrum (b) XPS survey spectrum of CMC/PAMAM/HT active
layer.
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Figure 7.3 XPS narrow scan of CMC/PAMAM/HT for (a) Ols, (b) N1s, (c) Cls, (d) Nals,
(e) Mg2p and (f) Al2p.
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Figure 7.4 EDX mapping analysis of the top surface CMC/PAMAM/HT membrane.

7.3.3 Thermal Stability

The TGA isotherm profile for CMC/PAMAM/HT membrane has been demonstrated in
Figure 7.5. The membrane was held for 30 min at temperatures 80 °C, 90 °C, 100 °C and
110 °C to evaluate its thermal stability for a long term gas permeation operation. Though,
a loss of ~3.2 wt% was observed for the isotherm performed at 80 °C can be presumed on
account of moisture removal. Later, minor losses of 0.6, 0.45 and 0.25 % has been
observed for the isotherm performed at 90 °C, 100 °C and 110 °C, respectively. This loss
is may be due to the removal of leftover moisture after 80 °C isotherm. This indicates the
temperature stability of the prepared membrane up to 100 °C which has been further
verified with temperature assisted XPS analysis as shown in Figure 7.6. The survey
spectra obtained for CMC/PAMAM/HT membrane at room temperature and higher

temperature indicated the intact structure of the membrane. Although, the decrease in the
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atomic percentage of oxygen at higher temperatures has been witnessed in Table 7.1 which
may be interrelated to the moisture loss event perceived in Figure 7.5. Also, the
deconvoluted Ols spectra corresponding to water molecules present in the membrane

supported the above-mentioned result.
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Figure 7.5 TGA isotherm for CMC/PAMAM/HT membrane at 80 °C, 90 °C, 100 °C and
110 °C.
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Figure 7.6 XPS analysis of CMC/PAMAM/HT membrane at different temperatures (a)
survey spectra (b) deconvulated O1s spectra corresponding to H>O molecule.

Table 7.1 Elemental analysis of CMC/PAMAM/HT active layer at different

temperatures
Elements Room temperature 80 °C 90 °C 100 °C
(Atomic %) (Atomic %) (Atomic %) (Atomic %)
Ols 28.35 26.88 26.87 26.34
Cls 57.34 59.38 59.56 60
Nls 10.17 9.5 9.52 9.89
Nals 3.09 3.53 3.43 3.36
Mg2s 0.1 0.12 0.08 0.04
Mg2p 0.68 0.47 0.32 0.08
Al2p 0.27 0.12 0.21 0.29

7.3.4 Moisture Retention Ability

The moisture uptake percentage of CMC/PAMAM/HT active layer has been obtained

under different temperature and humid conditions as shown in the bar diagram (Figure

7.7). The moisture uptake percentage has been decreased with the increase in temperature.

At 60 °C the moisture uptake was ~135 % which has been reduced to ~129 % as the

temperature raised to 70 °C. Later, the moisture uptake % was obtained as ~104%, ~61%,
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~44% under the temperature environment of 80 °C, 90 °C and 100 °C, respectively.
Generally, the incorporation of HT offers excellent hydrophilicity to the membrane due to
the hydroxyl groups present in the layered structure [166]. Also, PAMAM creates a
hydrophillic environment inside the polymer matrix. This is reasonably accepted that the
presence of moisture regulates the facilitated reaction and provides greater inter-chain
space in the polymer matrix which induces the transport of gas molecules [52]. However,
sometimes the excess flexibility encourages the passage of N2 gas molecules along with

CO2 which adversely affects CO2/N2 selectivity of the membrane.

150

E

9

~— 100+

L

3

o

5 .

g

&

9 50+

*)

=

0' T T T T T ¥ T ¥ T

60 70 80 90 100

Temperature (°C)

Figure 7.7 Moisture uptake behavior of CMC/PAMAM/HT membrane at different
temperatures.
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7.3.5 CO2 Separation Study
7.3.5.1. Influence of active layer thickness

The effects of active layer thickness on CO: permeability and CO2/N: selectivity were
studied using CMC/PAMAM/HT membrane. Three different thickness of active layer has

been fabricated using the following relation [41]:
ToxD2=0.5%xCy X Tgap x Dy (71)

Where, T and Tgap are the dry membrane thickness and the gap setting of the casting knife,
respectively (um), D>, Di are the density of the dry membrane and casting solution,
respectively (g/cm®) and C; is the total solid concentration of the casting solution in gm.
The FESEM image obtained for the cross - section of all membranes has been shown in

Figure 7.8.

1295 nm
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Figure 7.8 FESEM image (cross section) of CMC/PAMAM/HT with different active
layer thickness.

The separation performance shown by the variable active layer thicknesses is given in
Table 7.2. It has noticed that the membrane with an active layer thickness of ~ 600 nm
showed higher CO; permeance value but very less CO2/N; selectivity. On the other hand,
when the membrane thickness was ~1200 nm, the CO2/N; selectivity was higher although
the permeance was not up to mark. The membrane with approximately 1um thickness
showed CO2/N» selectivity of 67 and CO> permeance 123 GPU which is somewhat
considerable. The increasing CO; permeance with lower active layer thickness refers that

CMC/PAMAM/HT membrane follows the solution - diffusion mechanism and facilitated
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transport. A similar selectivity and membrane thickness relation was reported by

Khalilinejadand and co-workers [167].

Table 7.2 Influence of active layer thickness on CO; separation with feed absolute
pressure = 2 bar and operating temperature = 90 °C

Active layer Sweep/feed CO> Permeance CO2/N2 Selectivity
thickness (nm) water flow ratio (GPU)

~500-600 233 ~137 ~10
1.67 ~121 ~18
~900-1000 2.33 ~123 ~67
1.67 ~113 ~86
~1250-1300 2.33 ~112 ~93
1.67 ~105 ~128

7.3.5.2 Influence of temperature

A study has been carried out to investigate the behaviour of CO, separation performance
for CMC/PAMAM/HT MMM at different temperatures (60-110 °C) and water flow ratio
(sweep/feed) 2.33. The absolute feed side and sweep side pressure have been maintained
at 2 bar and 1.21 bar, respectively. Figure 7.9a showed that the CO; permeance
persistently increased from 60 to 90 °C. The CO; permeance obtained at 60 °C was 66
GPU which was later increased more than 50 % with raised temperature up to 90 °C and
achieved permeance of 123 GPU. This may be caused by the fact that the increase in
temperature augments the rate of reaction between amines and CO: under moisture
environment, resulted in stimulated CO; facilitated transport. A decrease in CO>
permeance was observed (81 GPU) as the temperature reached 100 °C. A similar trend has
been witnessed for CO2/N; selectivity with the increase in temperature. The CO2/N;
selectivity obtained at 60 °C was ~30 which become better (52) as the temperature raised
to 70 °C. Afterward, the CO2/N> selectivity reached up to 59 and 66 at 80 °C and 90 °C,
respectively. Also, the separation performance at 80 °C and 90 °C has been located above
the Robson upper bound curve (2008) as shown in Figure 7.9b. Similar to CO» permeance,
as the temperature stretched to 100 °C the CO2/N> selectivity also got reduced to 45. The

rise in temperature beyond 100 °C significantly abridged the CO, separation performance
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as the water preservation capacity of CMC/PAMAM/HT membrane has been reduced
diminishing the facilitated transport. Also, the membrane loses flexibility as evaporation
of water molecules from the active layer takes place at higher temperatures. The stiffness
of the MMM obstructs the passage of the gas molecules ensuing the drop in overall CO»
separation permeance. Other than the moisture loss, CMC/PAMAM/HT membrane is
thermally stable at the operating temperatures which can be understood from the earlier
discussion in Section 7.3.2. It is worth mentioning that CMC/PAMAM/HT membrane was
tested for 15 days at a similar operating condition to understand its performance stability

and obtained a stable CO» permeance and CO2/N; selectivity.
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Figure 7.9 (a) Effect of temperature on CO> separation performance of
CMC/PAMAM/HT membrane (b) Robson upper bound (2008) plot for CO2/N» separation
at different temperature.

7.3.6 Characterization of The Membrane After Gas Permeation
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The FTIR characterization performed on the membrane before and after gas permeation
study indicated the unchanged functional groups present in the membrane (Figure 7.10a).
The absorbance band obtained at 3440 cm™! corresponds to the NH stretch of the primary
amine group of PAMAM which was observed merged with OH stretch band for the
membrane before permeation test. Since the gas permeation test was performed until 110
°C, most of the water molecules may get evaporated during the experiment. Therefore,
the cumulative effect of OH and NH stretch is not visible in the spectrum obtained after
gas permeation test. The UV Vis analysis was performed on the water knock out obtained
from the feed and sweep side outlet. Figure 7.10b signposted the absence of amines in the
feed and sweep side water knock out. Therefore, the probability of leaching out of amines
can be assumed as zero or negligible. Also, the AFM image showed a roughness factor of
10.34 nm (Figure 7.11) which is almost alike to the value attained for the membrane before
permeation test (Figure 7.2). The EDX mapping performed for the membrane after gas

permeation experiment also shows the presence of same elements in the membrane

physique as before (Figure 7.12).
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Figure 7.10 (a) FTIR analysis of the membrane before and after gas permeation (b) UV
analysis of the water knockout obtained from feed and sweep side.
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Figure 7.12 EDX mapping for the cross section of CMC/PAMAM/HT membrane (a)
before gas permeation (b) after gas permeation.
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7.3.7 Comparative Study

The result gained from this work has been thoroughly compared with the recent studies in
MMMs for CO2/N; separation. Although most of the MMMs are based on Pebax [71, 168]
and poly(vinyl amine) [80, 169, 170], various membrane matrices have been tested for
CO2/N2 separation application [171-173]. Casado-Coterillo’s group reported few chitosan
based MMMs for CO2/N, separation where they incorporated ionic liquid and metal-
organic framework to improve the separation performance [94, 95, 174, 175]. The
membrane system consists of (copper(Il)-benzene-1,3,5-tricarboxylate)/1-ethyl-3-
methylimidazolium acetate/chitosan (HKUST-1/IL-CS) was experimented above room
temperature and obtained the CO, permeance ~ 40 GPU with the CO»/N> selectivity ~19 at 50
°C [95]. In a similar work performed on chitosan/ silk fibroin/graphene nanoparticle
MMM exhibited the optimum CO; permeance of ~159 GPU with the CO2/N> selectivity ~
93 at 90 °C [136]. Likewise, the present membrane system (CMC/PAMAM/HT) showed
a comparable CO2/N» separation performance at 90 °C along with fabrication simplicity
and nanometre ranged thickness. Therefore, considering both CO; permeance and CO2/N>
selectivity, CMC/PAMAM/HT membrane can be considered as a potential flue gas

separation membrane.

7.4 Conclusions

Availing the advantages and overcoming the respective deficiencies of fillers, amine and
matrix, CMC/PAMAM/HT membrane has been developed. The XPS, FTIR and EDX
mapping analysis verified the successful fabrication of CMC/PAMAM/HT membrane.
The microscopic analyses have proven the development of flawless active layer supported
by PES. The moisture - holding test showed the remarkable moisture retention ability of
the membrane which emphatically improves the CO; separation. Later, the thermally
stable hydrophilic membrane was employed in a gas permeation cell for CO; separation
study. Estimable performance for CO separation was achieved for the prepared membrane
at 90 °C with water flow ratio of 2.33 (sweep side/feed side) and absolute pressure of 2/1.2
bar (feed side/sweep side).
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CHAPTER 8

Overall Conclusions and Recommendation for Future
Work

This chapter draws appropriate conclusions based on the investigations carried out in the
present study. This chapter also provides some useful recommendations for future

research in the relevant field.
8.1. Major Conclusions

The major conclusions are summarized below:

» The successful synthesis of CMC has been established by the spectroscopic analyses.
The defect free gas separation membrane has been fabricated and characterized with
the help of microscopic analysis. The moisture retention and thermal behavior shown
by CMC active layer imply that it can be an effective CO; selective membrane. The
optimum performance of CO; separation was obtained for CMC membrane at 80 °C
with supplied sweep/feed water flow ratio of 1.67 and feed pressure of 2/1.2 bar
(feed/sweep) presenting a significant increase of CO2 permeance (~35 GPU) and

CO2/N2 selectivity (~39) as compared to that of chitosan membrane.

» The thermally stable hydrophilic membranes of PZ20, PZ30 and PZ40 were
successfully prepared and implemented in the GC set up for CO; separation. The XPS
analysis confirmed the successful synthesis of PZ20 membranes. The microscopic
analysis established the formation of defect free active layer over the porous support.
The water retention test revealed the high moisture holding capacity of the PZ blended
membranes over the CMC membrane, which positively influenced the CO, separation.
Excellent performance of CO2 separation was obtained for PZ20 membrane at 80 °C
with supplied sweep/feed water flow ratio of 1.67 and feed pressure of 2/1.2 bar
(feed/sweep) exhibiting a remarkable increase of CO> permeance (89 GPU) and
CO2/N2 selectivity (103) as compared to that of pure CMC membrane.
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» PAMAM can be conjectured as the very effective CO» selective molecular gate after
blending with CMC owing to its various tunable properties. The spectroscopic and
microscopic analyses have established the formation of flawless thin layered
CMC/PAMAM composite membrane. The increased percentages of PAMAM
contribute aggregated molecules on the membrane surface which hinder gas
permeation. Temperature stability and the moisture retention ability of the
CMC/PAMAM have driven the membrane towards high temperature CO» separation
application. The detailed study on mixed gas permeation have recognized the
engagement of the membrane in facilitated transport, solution diffusion and salting out
phenomena. In conclusion, the membrane exposed an overall CO» permeance of ~98
GPU with the CO2/N2 selectivity ~149 on maintenance of sweep/feed water flow ratio
1.67 at 90 °C. Thus, CMC/PAMAM membrane set forth itself to be an impending

candidate for large scale CO; separation application.

» The CNTs are dispersed in CMC successfully and a series of CMC membranes with
different CNTs content were prepared using solution casting method. The Raman and
FETEM techniques verified the formation of CMC wrapped CNTs on application of
wet grinding assisted sonication. The development of defect-free thin layer of
CMC/CNTs over the porous support has been spotted in the FESEM images. The AFM
images signposted the surface roughness of the membranes increases with increased
percentage of CNTs. The XPS and FTIR analyses confirmed the development of CNTs
incorporated membranes. The water uptake ability of the matrix layers was also
investigated under different humid environment and the moisture holding capacity was
decreased with the increasing of CNTs loading in the CMC membrane. Optimal CO»
permeance (~ 43 GPU) and CO2/N: selectivity (~ 45) were achieved with the

incorporation of 1 wt. % CNTs at water flow ratio 3 and temperature 80 °C.

» The limitation of getting lower CO> permeance in CMC/CNTs membrane was taken
into account and high - speed CO> transport membrane was developed by loading HT
in the CMC matrix. The FTIR, XRD and EDX mapping analysis verified the successful
fabrication of CMC/HT membrane. The FESEM image proved the formation of dense
active layer of a 1.21 um over a PES substrate and the surface roughness of 23.9 um
was determined by AFM analysis. The membrane showed thermal stability at the

higher operating temperature range 80 - 110 °C. Additionally, the moisture retention
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ability of the membrane helped in reducing the gas transfer resistance and enhanced
CO2 permeance. Finally, the CO; separation study performed on CMC/HT membrane

estimated optimum CO; permeance of 70 GPU at 90 °C with a separation factor of 13.

» Availing the advantages and overcoming the respective deficiencies of fillers, amine
and matrix, CMC/PAMAM/HT membrane has been developed. The XPS, FTIR and
EDX mapping analysis verified the successful fabrication of CMC/PAMAM/HT
membrane. The microscopic analyses proven the development of flawless active layer
supported by PES. The moisture holding test showed the remarkable moisture retention
ability of the membrane which emphatically improves the CO; separation. Later, the
thermally stable hydrophilic membrane was employed in a gas permeation cell for CO»
separation study. Estimable performance for CO> separation was achieved for the
prepared membrane at 90 °C with water flow ratio of 0.6 (feed side/sweep side) and

absolute pressure of 2/1.2 bar (feed side/sweep side).

» Comparative Study: The comparative study on the basis of highest CO2 permeance
shown by the membranes conducted under this research study at different operating
temperature, sweep/feed water flow ratio and absolute pressure = 2/1.21 bar
(feed/sweep) is shown in Table 8.1. CMC has been identified as competent CO>
selective membrane owing to its inherent amine group in its structure and its polyionic
salt nature. The CO> permeance and CO2/N> selectivity have improved after the
loading of PZ. However, CMC/PZ membrane showed very fast CO> transport
performance but the performance stability retained up to 3 days. On the contrary,
PAMAM blended system exhibited long term CO> separation performance even after
6 days. In the meantime, the CO; permeance and CO»/N; selectivity of CMC/PAMAM
were also improved ~ 2.8 and ~ 3.5 times than CMC. Later, the study performed on
filler (CNTs and HT) incorporated CMC membrane revealed two different
consequences. CNTs incorporated CMC membrane (CMC/CNTs) offered better CO»
permeance and CO»/N» selectivity concurrently as compared to CMC. Conversely, the
membrane loaded with HT in CMC (CMC/HT) displayed remarkable CO, permeance
but inferior CO»/N; selectivity than that of CMC. However, both the membranes were
stable during the course of the experiment. Well ahead, based on the abovementioned

studies a goal has set to work on the improvement of CO»/N; selectivity of CMC/HT
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membrane. In view of that, CMC/PAMAM/HT membrane was fabricated and obtained
the significant augmentation of CO; permeance and CO2/N; selectivity than the other
tested membranes (CMC, CMC/PZ, CMC/PAMAM, CMC/CNT and CMC/HT) as
tabulated in Table 8.1. Moreover, CMC/PAMAM/HT membrane was found thermally
stable and possessed long term performance stability. This substantiated the efficiency
of the membrane for CO; separation application.

Table 8.1 Optimum CO; separation performance exhibited by the membranes studied
in this research work.

Membrane CO, CO2/N> Operating Sweep/feed
system (in permeance  selectivity temperature water flow
Wt. %) (GPL) (°C) ratio
100 % CMC 35 39 80 1.67
20 % PZ+ 89 103 80 1.67
80% CMC
10 % 101 137 90 2.33
PAMAM + 90
% CMC
1 % CNTs + 45 43 80 3
99 % CMC
1% HT + 99 70 13 90 2.33
% CMC
1% HT +10 123 67 90 2.33
% PAMAM +
89 % CMC

8.2Recommendation for Future Research

This work presents a systematic and detailed investigation to understand the water
swellable membrane based CO; separation featured with different amine carriers and

fillers. Undoubtedly there are several areas which merit further research attention.

» All the gas permeation studies were performed at a constant feed absolute pressure i.e.,

at flue gas condition. The effect of feed side pressure on the separation performance
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can be studied to know the potentiality of the membranes for other CO; separation
applications.

» The gas permeation test was performed using 20 % CO; and 80 % N, gas mixture.
Apart from these, the test can be performed with some percentage of H, O2, SOx and
NOx as impurities in the present feed gas.

» The performance stability of CMC/PAMAM/HT membrane was investigated up to 15
days and obtained the unaffected CO> permeance. However, the study of the effect of
O; on the membrane will provide additional information as most of the amines are
oxidized in the presence of O».

» Economic valuation of the prepared membranes can be appraised to endorse their
applications for commercial usages in industries.

» The incorporation of pristine nanofillers (CNT and HT) leads to improvement in the
overall CO2 permeation. However, there is further scope for amine or other
functionalization of the fillers to enhance CO, permeation activity.

» Other than CMC, there is a scope for alteration of chitosan structure to other derivatives

which can be the probable membranes for CO, separation.
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Appendix 1

Structure of various polymers and amines used in this study
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Figure A1.1 Chemical structure of (a) CMC, (b) PZ and (c) PAMAM.
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Structure of various fillers used in this study

o) o

QO/@ :Al/Mg ® :coi () : water

(b)

Figure A1.2 Structure of (a) multiwalled carbon nanotubes (b) hydrotalcite.
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Appendix 2

A2.1 Gas Transport Parameters Calculation and Gas

Chromatography Data

Gas transport parameters (CO2 and N2 fluxes, CO2 and N2 permeability, CO2/N:
selectivity) calculation (The calculation procedure adapted here was originally taken from

PhD thesis of Arijit Mondal, reference given at the end of the Appendix)
. PV
Ng (mol/min) = retentate molar flow rate = —

Where,

P (atmospheric pressure at which the retentate gas is emitting) = 1 atm.

V (volumetric flow rate of mixed gas at retentate side) = 38 cc/min = 38 x10°® m*/min.
T (room temperature at °K) =298.15 °K.

R (universal gas constant) = 8.205746 x 10 m® atm /°K mol.

1Xx38x%x10°°

Nr (Mole/min) = 3 =1.53 x 10-3 mole /min.
8.205746 X 10~5 X 298.15

PV
Nar (Mole/min) = argon (carrier gas) molar flow rate = o

P (atmospheric pressure at which the carrier gas is emitting) = 1 atm
V (volumetric flow rate of carrier gas at permeate side) = 34 cc/min = 34 x 10 m*/min.
T (room temperature at °K) = 298.15 °K.

R (universal gas constant) = 8.205746 x 10> m? atm /°K mol.

1x34%x10°°

Vmin) = = 1.37 x 10 mol /min.
MNar (mol/min) = o e 6 x10-5 x 298.15 1+~ * 107 mol /min
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Np (mol/min) = permeate molar flow rate =

co, (P N, (P
€02 (Ps.c + (N2 mole fraction x ¥, Plac )]
COz (Flg.c N2 (F)g.c

[(CO2 mole fraction x

Ar molar flow rate (mol/min)
CO,(P)g.c
CO2(Fg.c

X

P
— (N, mole fraction x N2(P)G.c 1

[1-(C0O, mole fraction x Ny (o
Where.

CO2(P)c.c= CO2 mole fraction at permeate side from G.C analysis (Figure A2.1)
CO2(F)c.c= CO2mole fraction at feed side from G.C analysis (Figure A2.1)
N2(P)c.c = N2 mole fraction at permeate side from G.C analysis (Figure A2.1)
N2(F)c.c= Nz mole fraction at feed side from G.C analysis (Figure A2.1)

CO2 mole fraction= 0.2

N2 mole fraction = 0.8

Ar molar flow rate = 1.37 x 10~ mol /min.

Np (mol/min) = permeate molar flow rate = 2.66 x 10-> mol/min.

Pco, (R,psi) = COz partial pressure at retentate side =

. 4.7

CO,(R)¢.c

CO,(F)g.c

[(0.5 X H0F) + (0.5 X HyOgiseripution X (H20F + H305))] (ml/min)
18 (ml/mol)

[ng — 0.5 X np] (mol/min) X CO, mole fraction X [0.5 + 0.5 X

[ng — 0.5 X np] (mol/min) +

Where,
BPr=Back pressure (psig) at feed side of the membrane = 14.7 psig.

Pambient = Ambient pressure (kPa) =101.6 kPa
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CO,(R) ¢ ¢ = CO2 mole fraction at retentate side from G.C analysis (Figure A2.1)
CO,(F)¢.c = CO2 mole fraction at feed side from G.C analysis (Figure A2.1)
H>Or = Feed side water flow rate (ml/min) = 0.03 ml /min

H>Os= Sweep side water flow rate (ml/min) = 0.05 ml/min

HOdistribution = Total water distribution =

Retentate side water knockout volume ~03

Retentate side water knockout volume+ Sweep side water knockout volume B

Ng = 1.84 x 10~ mole /min
Np = 7.65 x 10° mol/min
CO2 mole fraction = 0.2

Pco, (R,psi)=CO: partial pressure at retentate side = 3.04 psi

Pco, (P, psi) = CO:2 partial pressure at permeate side =

101.325

[BPs (psig) + Pambient (kPa) X ] %

[(Mar + 0.5 X np)(mol/min) X CO, mole fraction X 0.5 X C0,(Pgc
CO,(Fgc

[(0.5 X Hy05) + (0.5 X (1 — HyO0uistribution) X (H0F + H,05))] (ml/min)
18 (ml/mol)

[4r + 0.5 X npl(mol/min) +

BPs= Back pressure at Sweep side of the membrane module = 4 psig.

Pambient = Ambient pressure (kPa) =101.6 k Pa

C0O,(P); ¢ = CO2 mole fraction at permeate side from G.C analysis (Figure A2.1)
C0,(R)¢.c = CO2 mole fraction at feed side from G.C analysis (Figure A2.1)
H>Or = Feed side water flow rate (ml/min) = 0.03 ml /min

H>0s= Sweep side water flow rate (ml/min) = 0.05 ml/min

H>Odistribution = Total water distribution = 0.3
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Nar = 1.53 x 10~ mole /min

Np = 2.66 x 107> mol/min
CO; mole fraction = 0.2

Pco, (P,psi)=CO: partial pressure at permeate side = 0.14 psi

Pn,(R,psi) = N partial pressure at retentate side =

101.325

[BPr (psig) + Pambient (kPa) x I

N2 (R)G.C]

[nr — 0.5 X 1 p] (Mmol/min) x N, mole fraction X [0.5 + 0.5 X Ny (Foc

X -
[(0.5 X Hp0F) +(0.5 X H20 gistribution X(H20F + H20g))] (ml/min)

[nr — 0.5 x np] (Mmol/min)+ 18 (ml/mol)

Where,

BPr = Back pressure (psig) at feed side of the membrane module = 14.7 psig
Pompient = Ambient pressure (kPa) =101.6kPa

N, (R)¢.c = N2 mole fraction at retentate side from G.C analysis (Figure A2.1)
N, (F)¢.c= N2 mole fraction at feed side from G.C analysis (Figure A2.1)

H, 0 = Feed side water flow rate (ml/min) = 0.03 ml/min

H,05 = Sweep side water flow rate (ml/min) = 0.05 ml/min

H, 0 gistripution= Total water distribution = 0.3

Molecular weight of water = 18 g/mol = 18 ml/min (if density of water is 1)

Nar=1.37 % 107 mole /min
Np =2.66 x 10° mol/min
N, mole fraction = 0.8

Dn,(R,psi) = N partial pressure at retentate side = 13.6 psi
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Pn,(P,psi) = N partial pressure at permeate side =

[74r + 0.5 X npl(mol/min) X N, mole fraction x 0.5 x NZ(P)G'C]
N, (F)g.c
. 0.5 X Hy05) + (05 X (1 — HyOeriomtion) X (Hz0p + H,0 I/mi
[ + 0.5 x np](mol/min) + [(0.5 X H,0s) + ( X ( 218d(1:11;ntwl)) X (H,0p 205))] (ml/min)
Where,

BPg = Back pressure (psig) at sweep side of the membrane module = 4 psig
Pompient = Ambient pressure (kPa) =101.6kPa

N, (P)¢ ¢ = N2 mole fraction at permeate side from G.C analysis (Figure A2.1)
N, (F)¢.c = Namole fraction at feed side from G.C analysis (Figure A2.1)

H, 0 = Feed side water flow rate (ml/min) = 0.03 ml/min

H,05 = Sweep side water flow rate (ml/min) = 0.05 ml/min

H2 0 4istribution = Total water distribution = 0.3

Nar = 1.37 X 10~ mol /min

Np = 2.66 x 10~ mol/min
N, mole fraction = 0.8

pn,(P,psi)= N, partial pressure at permeate side = 0.0027 psi

Volumetric flow rates calculations:

Veo, (cm®/sec) = permeate side volumetric flow rate of CO, at STP =
Nar X CO2(P)g.c X CO, mole fraction X 8.314 X 273.15 X 1000000
. €0, (P) . N (P)
CO,(F)g.c X 101325 X 60 X [1 —(CO, mol fraction x #F)g:g)—(Nz mol fraction X NE(F)g:g)]

Vcoz(cm3 /sec) = permeate volumetric gas flow rate of CO, = 9.62 x 103 cm3/sec
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Vn, (cm3/sec) = permeate volumetric gas flow rate of N,=

Nar X N2(P)g.c X N mole fraction x 8.314 x 273.15 X 1000000
Co2(P)g.c
CO2(Fg.c

N2(P)g.c

N, (F X 101325 X 60 x [1 — (CO l tion X
2(Fac [1 - (€O, mol fraction e

) —(N, mol fraction X

)]

Vy,(cm?/sec) = permeate volumetric gas flow rate of N,=3.13 x10~%*cm?/sec

CO: Flux (10 ¢em*(STP)/ecm?sec), CO2 Permeability (Barrer), CO2 Permeance (GPU)
and CO2/NOz Selectivity

(4p)co, at psi = partial pressure difference at psi = Pco, (R, psi) - Pco, (P, psi)
(4p)co,at psi=2.91 psi

(4p)co, at psi
(4p)co, at cmHg = partial pressure difference at cm Hg = - : - % 76

(4p)co, =15.04 cm Hg

Vco, cm?/sec

CO; flux =
2 T S rea of membrane (cm?)

Where,
Veo, (cm’/sec)=9.62 x 107%% (cm’/sec)
Area of membrane = 7.5 cm?

CO: flux = 1282 x 10 ¢cm? (STP)/cm?s

VCOZ (cm3/sec)>< thickness(cm)

CcO bility =
2 permeablity: = rea of membrane (cm?) x (Ap)co, atcm Hg

Where,

Veo, (cm*/sec) =2.80 x 102 cm’/sec
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Area of membrane = 7.5¢cm?

Thickness = 0.00026 cm = 2.6 micron
(4p)co, at cm Hg = 15.04 cm Hg

CO: Permeability = ~221.7 x 10-1° cm?® (STP) cm/cm?s emHg = 222 Barrer

CO, Permeability 222 (Barrer)
thickness B 2.6

COz permeance = =~ 85 GPU

1 GPU = 10 cm?3 (STP)/cm?s cmHg

% Pge. 00186

CO, N2 (P)gc.  0.0006
— Selectivity = o — )i =~ 126
N y co, R®c.c. 0.1981

2
0.8096
N2 Rygc.

N2 Flux (10 ¢cm?® (STP)/cm?sec), N2 Permeability (Barrer), and N2 Permeance (GPU).
(4p)n, (psi) = partial pressure difference at psi = py, (R, psi) - Py, (P, psi)
(4p)co, (psi) = 12.042 psi

(4p)n,at psi d

(4p)n, (ecm Hg) = partial pressure difference at cm Hg = a7

(dp)n, =62.25 cm Hg

VNZ (cm3/sec)
area of membrane (cm?)

Ny flux =

Vi, (em¥/sec) =3.13 x10* (cm?/sec)

Area of membrane = 7.5 cm?
N2 flux = ~ 41.78 x 10 cm*(STP)/cm?s

\'%

No (cm3/sec)>< thickness(cm)

area of membrane (cm?2) x (Ap)n, atcm Hg

N2 permeability =

Where

Vy, (cm¥/sec) =3.13 x 10 (cm?/sec)
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Area of membrane = 7.5 cm?

Thickness = 0.00026¢cm = 2.6 micron
(Ap)y, at cm Hg = 62.258 cm Hg

N2 Permeability = 1.7 x 1071° cm?® (STP) cm/cm?s emHg = 1.7 Barrer

N, Permeability 1.7

N = = —=(0.67 GPU
2 permeance thickness 2.6

1 GPU = 10° cm3(STP)/cm?s cmHg
A2.2 Gas Chromatography Operating Protocol

Here, we have used Varian-450 G.C for all the permeation experiments. The detail G.C

operating protocols are mentioned below:

Injector programing: Heater (ON) at 120 °C

Tine (min) Split state Split ratio
Initial ON 1
0.00 ON 1
1.00 ON 1

Oven programing:

Column oven (ON) and Rear oven (ON) at 100 °C

Rate (°C /min) Temperature (°C) Time (min) Total time (min)
Initial 40 2.00 2.00
10 70 5.00 10.00

Total time 10.00
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Column pneumatics: (pressure program)

Rate (psi/min) Pressure (psi) Time (min) Total time (min)
Initial 15 10.00 10.00

Total time 10.00

Detector (TCD) programing:
Heater (ON) at 95 °C
Electronics (ON)

Filament temperature at 235 °C

Filament temperature limit at 390 °C

TCD event table
Time (min) Range Auto zero Polarity
Initial 0.05 YES Negative

Gas sampling valve (GSV) programing:
Time (min) Gas sampling valve
Initial Fill

0.02 Inject
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A2.3 Detail Purity Percentage of all Calibration Gases

Name

Purity compositions

4 % CO2+ 4 % N2, balance Argon

C02(99.999 %), N2(99.999 %), Ar (99.999 %), H20
(<2 ppm) and CO (< 0.5 ppm)

8 % CO2+ 8 % N2, balance Argon

C02(99.999 %), N2(99.999 %), Ar (99.999 %), H20
(<2 ppm) and CO (< 0.5 ppm)

12 % CO2+ 12 % N2, balance Argon

C02(99.999 %), N2(99.999), Ar (99.999 %), H20 (<
2 ppm) and CO (< 0.5 ppm)

20 % COz2, balance N2

C02(99.999 %), N2(99.999 %), H20 (< 2 ppm) and
CO (< 0.5 ppm)

40 % CO2, balance N2

C02(99.999 %), N2(99.999 %), H20 (< 2 ppm) and
CO (< 0.5 ppm)

TH-2255_146107016
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Figure A2.1 GC peaks of PAMAM10 membrane at 80 °C and absolute pressure = 2/1.21

bar (feed/sweep) having sweep/feed water flow ratio of 1.67.
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ABSTRACT: A comprehensive understanding of carboxymethyl chitosan (CMC)-based mixed matrix membrane (MMM) has been critically
investigated. The present work elaborates the compatibility of hydrotalcite (HT) and CMC in terms of CO, separation application. Various
spectroscopic and microscopic techniques have been utilized to characterize the respective properties of the prepared membrane. The tem-

perature stability and moisture retention behavior of the membrane recognized itself as the flue gas separation membrane. The CO,/N,
separation experiment was performed on the MMM at different temperature (60-110 °C) and sweep/feed water flow to the saturator ratio
(0.33 to 3). The membrane exhibited the optimum CO, permeance of 70 GPU at 90°C pertaining to water flow ratio of 2.33 (sweep/feed).
The CO,/N, selectivity observed at that same operating condition was 13. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 137, 48715.
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INTRODUCTION

The advancements in the field of membrane technology are leading
the researchers toward an economic CO, capture approach. How-
ever, the polymeric and inorganic membranes individually are not
able to meet the demand. Therefore, another category of membrane
called mixed matrix membrane (MMM) is studied, which possesses
both the properties of polymeric and inorganic materials."* Exten-
sive works have been performed on MMMs using various
nanosheets, nanotubes, and nanoparticl(es.3'9 Hydrotalcite (HT) has
been found to excel in terms of efficient CO, capture ability due to
carrier availability and memory effect characteristic.>'®'" HT is a
layered double hydroxide (LDH) with the ideal formula [MZJ'(1
_ M (OH), 1™ (A,)" - yH,0; where M** and M** are the octa-
hedrally coordinated cations, A" is the counter anion residing in
the interlayer space of the hydroxide layers and 0.25 < x < 0.44."2
Various works have been accomplished in the field of CO, capture,
utilizing different layered double hydroxides.'*'* Most of these
works are based on the adsorption technology.'>"” The limitations
offered by the adsorption technology encouraged researchers to
move toward membrane-based separation. In this context, some
remarkable works can be cited, which have been performed by load-
ing layered doubled hydroxides in membrane matrix.'"'® The
hydrated carbonate anions sailing in the interlayer of HT as shown
in Figure 1(a) works as the carrier for CO, facilitation, which can be
described by the following reaction.'®

CO, +CO;3™ +H,0=2HCO;

Meanwhile, the incorporation of HT may interrupt the polymer
chain coiling, thus increasing the free volume for higher gas per-
meability. In this perspective, the CO, separation experiment per-
formed on Poly(polyetheramine-hydrotalcite-trimesoyl chloride)/
polysulfone (poly[PEA-HT-TMC]/PS) can be cited.?® The poly
(PEA-HT-TMC)/PS  composite membrane showed CO,
permeance of 90 GPU and the CO,/N, selectivity of 40 at 1 bar
when the HT concentration was 0.25 wt%. This membrane was
formed by the crosslinking reaction between PEA and TMC.
Generally, the chemical crosslinking methods are considered to
be time consuming and complex process.”’ Therefore, it is very
necessary to identify a compatible polymer matrix for the devel-
opment of a MMM. Carboxymethyl chitosan (CMC), a water-
soluble derivative of chitosan is one of the versatile polymers,
which has been widely accepted as the matrix for MMMs as it
comprises of ample carboxyl, hydroxyl, and amine groups in the
skeletal [Figure 1(b)], which offers possible sites for metal ion
interaction.”>* CMC already has attracted a large number of
researchers from the field of biomedical application due to its
exceptional physical and chemical properties.”>’ Lately, CMC
has been proven to be an effective CO, selective membrane as
experimented in our previous work.?® In addition, as an anionic
biopolymer, CMC may be intercalated into the HT interlayer as a

Additional Supporting Information may be found in the online version of this article.

© 2019 Wiley Periodicals, Inc.

16

advancedsciencenews.com

48715 (1 of 9)

J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.48715



IEENAPPLIED MATERIALS

INTERFACES

Research Article

www.acsami.org

@& Cite This: ACS Appl. Mater. Interfaces 2019, 11, 42616—42628

pH Responsive Carboxymethyl Chitosan/Poly(amidoamine)
Molecular Gate Membrane for CO,/N, Separation

Rajashree Borgohain and Bishnupada Mandal*

Department of Chemical Engineering, Indian Institute of Technology, Guwahati India, 781039

O Supporting Information

ABSTRACT: Efficient carbon dioxide separation is an emerging field of interest in
the era of energy scarcity and environmental calamity. The present study focuses on
the versatile aspects of carboxymethyl chitosan and dendrimer in terms of CO,
separation. A comprehensive study has been accomplished to inspect the
physicochemical properties of the prepared membrane. The mixed gas (CO,/N,)
separation performances have been measured varying the temperature (60—110 °C)
and sweep/feedwater flow ratio (0.33—3). The blend membrane containing 10 weight
(wt.)% dendrimer presented highest CO, permeance of ~100 GPU and CO,/N, co,
selectivity ~149 on maintenance of sweep/feedwater flow ratio 2.33 and 1.67,
respectively, at an operating temperature of 90 °C. The remarkable performance
displayed by the membrane has been explained with reference to the dendrimer
molecular gate mechanism and the salting out effect offered by carboxymethyl

;

o B
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Robeson upper bound (2019)
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chitosan matrix.

KEYWORDS: carboxymethyl chitosan, membranes, CO, separation, dendrimer, facilitated transport

1. INTRODUCTION

The membrane based CO, capture technology has extensively
fascinated researchers. This is due to its reasonable capital and
operational budget, energy efficiency, operational ease,
consistency, compactness, and most importantly, environ-
mental safety.' ® Based on different applications, the matrix
materials have been chosen from ceramic, polymeric, and
mixed matrix groups. The flexibility offered by the polymeric
membranes extends its practice over other membranes. Most
of the CO, transport polymeric membranes follow either
solution—diffusion or facilitated transport mechanism. In
postcombustion CO, capture, the solution—diffusion mecha-
nism exhibits reduced performance due to low CO, partial
pressure in flue gas and alteration in membrane structure
because of plasticization by water vapor.””” These membranes
show low selectivity governed by Robeson’s upper bound,
suffering a trade-off between permeability and selectivity.'*~"”
To overcome these limitations, researchers welcomed facili-
tated transport membranes as they offer improved CO,
performance beyond the upper bound limit."* Facilitated
transport membranes are described by the selective and
reversible reaction of CO,,'® with the reactive carriers forming
complexes, which facilitate the transport of CO, through the
membrane. These carriers can be either mobile or fixed.
Mobile carriers react with CO, on the upstream side, forming
complexes which freely move through the membrane, releasing
CO, on the downstream side. Although they offer high
separation performance, they lack stability due to carrier loss
and degradation.ls_17 The use of fixed carriers, which are
covalently bonded to the membrane polymer chains, thereby
having limited mobility around the equilibrium position,

TH-2255_146107016

overcomes these problems.lg’19 CO, reacts with the fixed
carrier forming the complex, from which it hops to the
adjacent carrier along the direction of the driving force to the
downstream side, where it is released.”>*'

Recently, a number of fixed carriers containing polymeric
membranes have been studied, aiming for CO, separation.
Chitosan is one of the trending biopolymers which possesses
primary amine in its unit structure. Also, its abundance, good
film-forming ability, and thermal stability of the membrane
without cross-linking draws the attention of scholars,'#**7?°
However, the limited solubility (pH < 6.5) of chitosan and
presence of unconverted chitin retained in chitosan adversely
affects the gas separation performance.m27 Besides, chitosan
precipitates upon the addition of amine to the solution.
Carboxymethylation of chitosan resolves this inadequacy and
presents a water-soluble chitosan derivative, namely, carbox-
ymethylchitosan (CMC) (Figure 1a).”® CMC is a natural
polyelectrolyte which becomes positive under acidic con-
ditions, balanced in neutral conditions, and negatively charged
in alkaline medium.””~*" The inherent primary amines and
water retention ability of CMC membrane directly take part in
amine mediated CO, transport. However, the excessive
swelling of the membrane may decline the expected CO,
permeance. Thereby, the addition of external amines has been
encouraged to acquire improved CO, selectivity over other
gases. Lately, the addition of dendrimers as a carrier for CO,
facilitation proves to be a potential method to enhance the
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The present study demonstrates the alteration of chitosan to carboxymethyl chitosan (CMC). Further, this CMC
has been blended with a mobile carrier, piperazine (PZ), to prepare a membrane for CO, separation. Various
instruments like nuclear magnetic resonance spectroscopy (NMR), X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared spectroscopy (FTIR), thermo gravimetric analysis (TGA) and field emission scanning
electron microscopy (FESEM) have been used to characterize the prepared membranes. The moisture holding

behavior of the membranes at different relative humidity has been assessed by water retention test. The CO,
separation study was executed at different temperatures (60-120°C) and sweep side water flow rate
(0.01-0.09 ml/min). The blend membrane containing 20 wt (wt.) % PZ exhibited optimum CO, permeance of 89
GPU and CO,/N, selectivity of 103 at 80 °C and sweep side water flow rate of 0.05 ml/min.

1. Introduction

The global warming problem seems to be a matter of great concern
due to the continuous escalation of CO, in the atmosphere [1]. There
are various natural and anthropogenic sources responsible for the CO,
emission of which power plants contribute a major share of CO,
emission in the atmosphere [2]. The absorption, adsorption, cryogenic
distillation and membrane technology have been used to reduce CO,
[3-6]. Amongst all, CO, separation via membranes look promising due
to its operational simplicity, easy handling, low cost and corrosion free
nature [7]. The membranes used to isolate CO, either follow the solu-
tion-diffusion mechanism or facilitated transport mechanism [8]. After
the desulfurization step the flue gas retains 10-15% of CO, along with
N, on wet basis [9]. Although, both the gases have similar kinetic
diameters (CO, = 0.330 nm and N, = 0.364 nm), CO, possess an elec-
tron-deficient carbon atom which is favorable for interactions with
electronegative species [10]. This leads to strong acid-base interactions
that conduces facilitated transport of CO,, whereas N is not affected
[11]. The membranes following facilitated transport mechanism offers
scope for improvement in the CO, permeance and selectivity via the
reversible reactions between reactive carriers (amine, carbonate and
carboxylate) and CO, [12]. The carriers responsible for facilitated
transport can be categorized as mobile and fixed carriers. The mobile
carriers which can freely move across the membrane is a desirable
choice for assisting CO, facilitation as compared to the fixed carriers
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with limited mobility around its equilibrium position [13-15]. Mobile
carriers like monoethanolamine (MEA), diethanolamine (DEA), ethy-
lenediamine (EDA) etc. were introduced in the CO, selective mem-
branes [16-18]. However, these membranes were found to be unstable
due to the high volatility of the amines [19]. In contrast, piperazine
(PZ) has lower volatility and it acts as amine promoter. Later, Wang
et al. studied the effect of EDA and PZ incorporated to polyvinyl amine
matrix separately and observed the superior performance of PZ over
EDA [20]. They suggested that the presence of two secondary amine
groups reduce the crystallinity of these membranes and improves per-
meation performance.

Other than the carriers, the matrix material also contributes sig-
nificantly towards CO, separation. Various polymer matrices chosen for
gas separation activities includes polysulfone, polyethersulfone, cellu-
lose acetate, polyvinyl alcohol, chitosan, polycarbonate, etc. [21-26].
The biopolymer chitosan has recently captivated researchers due to its
film-forming ability, temperature stability, and a fixed carrier site to
interact with CO, [27]. Ito et al. studied on swollen chitosan membrane
for CO,/N, separation at room temperature and achieved CO, per-
meance of 35.71 GPU and CO,/N, selectivity of 70 [28]. Further, El-
Azami group worked on swollen chitosan membrane varying the tem-
perature from 20 to 150 °C and attained a permeance of 7.4 GPU at
110°C [29]. However, certain downsides of chitosan limits the appli-
cation of chitosan as a membrane matrix for CO, separation. The
chitosan dissolves only in moderately acidic solution (pH < 6.5) and it
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ARTICLE INFO ABSTRACT

The separation of CO, using membranes has grabbed vast attention of researchers in the recent years. In this
study, a thermally stable carboxymethyl chitosan (CMC)/multiwalled carbon nanotubes (CNTs) mixed matrix
membrane (MMM) has been proposed for separation of CO, from CO,/N, gas mixture. Herein, the amine groups
present in CMC serve as CO, carrier and CNTs provide alternate pathway to the gas molecules. Various spec-
troscopic and microscopic analyses have been performed to confirm the successful wrapping of CNTs. Further,
the prepared mixed matrix membranes were characterized using field emission scanning electron microscopy,
atomic force microscopy, X-ray photoelectron spectroscopy and dynamic mechanical analyzer. The wrapping of
CNT improves the dispersion of CNT in CMC matrix. The moisture holding ability of the membranes which is
essential for the facilitated transport reaction has been measured at different humid conditions. The CMC/CNTs
MMM exhibited CO, permeance and CO»/N, selectivity of 43 GPU and 45, respectively, at sweep/feed water

Keywords:
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Multiwalled carbon nanotube
Mixed matrix membranes

supply ratio of 3 and at 80 °C temperature.

1. Introduction

Energy consumption is indispensable to the growth of economic
development, but at the same time massive use of non-renewable fossil
fuels as the primary source of energy contributes largely to the global
warming due to the emission of CO5 [1]. Therefore, the capture of CO,
is a significant solution to control the global warming and the related
environmental deterioration. CO,-selective membrane technology is
preferred over other conventional technologies, i.e. absorption, ad-
sorption or cryogenic distillation, owing to its numerous advantages
like minimum energy requirement, less capital investment, and low
operational cost [2-5]. However, it is very much desirable to prepare a
membrane ensuring both high CO, permeance and selectivity [6].

Mixed matrix membranes (MMMs) are the promising membranes
having significant potential in gas separation applications [7-10].
Various filler materials such as zeolite, silica nanoparticle, graphene
oxide, etc. have been studied so far [11-13]. However, the study of
carbon nanotubes (CNTs) (Fig. 1) have been of a special interest
[14,15]. CNTs fused in membranes basically provides one-dimensional
nano-channels that act as alternate paths for CO, transport through

* Corresponding authors.

membranes [16]. However, the pristine CNTs cannot disperse in poly-
meric matrix due to hydrophobic nature of the CNT surface. Therefore,
functionalization of CNTs is required either by chemical or physical
treatment. Chemical treatment process might lead to degradation of the
walls of CNTs [17]. The dispersion of CNTs can be improved without
chemical treatment through substantial wrapping by polymers such as
carboxymethyl chitosan (CMC), which has emulsifying capacity and
unique solubility [18]. The CNTs wrapping method not only preserves
the inherent sp2 structure of CNTs, but also sustains the electronic
structure of CNTs in a nondestructive manner [19]. The CMC wrapped
CNTs (CMC-w-CNT) also show homogeneous dispersion in the mem-
brane matrix due to the intermolecular interaction between matrix and
the wrapping material [20].

Generally the polar groups of polymer can positively interact with
CO,, providing greater solubility in the membrane [21]. However, these
polar groups often cause high polymer cohesion energy and low free
volume that restrict the fast transportation of gas molecules across the
membrane. The water swellable polymer (WSP) membranes overcome
the aforesaid limitation by increasing the free volume [22]. A WSP
membrane was prepared using polydopamine (PDA) nano-aggregates
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