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Abstract

The main objective of the present work is to study the CO, separation from fossil fuel
combusted power plants using CO,-selective thin-film composite dense polymeric and
mixed matrix membrane containing different combinations of amine carriers and
inorganic as well as hybrid fillers. The primary focus is to achieve CO,-selective
membrane by facilitated transport mechanism having impressively high CO,
permeability along with high CO,/N, selectivity at temperature and pressure values
closely resembling the actual industrial flue gas conditions. Poly (vinyl alcohol) (PVA)
was used as base polymeric material due to its excellent hydrophilic nature and good
film-forming ability. Thermal stability of PVA has been improved by using
formaldehyde (HCHO) as cross-linking agent. Poly (ethylene glycol) (PEG) was used as
the polymer blend. Various combinations of amines acting as fixed and mobile carriers
such as polyethyleneimine (PEI), triethylenetetramine (TETA) and piperazine glycinate
(PG) were utilized to improve the CO, transport property. Silica prepared by Stober’s
process and zeolitic imidazolate framework-8 (ZIF-8) metal-organic framework (MOF)
was used as filler material. The filler particles were further functionalized by amine
functional groups such as 3-aminopropyltrimethoxysilane (3-APTMS) and
polyethyleneimine (PEI) and utilized for gas separation studies. Different combinations
of amine carriers and functionalized and unfunctionalized filler materials were
introduced into the polymer hydrogel in the preparation of CO,-selective polymer and

mixed matrix membranes.

Characterization studies such as TGA, FTIR, XRD, FETEM, FESEM and XPS were
done for the active layer which was found to be optically transparent to visible light and
mechanically stable to be handled. The TGA curve analysed the sample weight loss in
percentage (%) with temperature. The FTIR analysis confirmed the functional groups
present in the sample. The X-ray diffraction pattern for all the amine doped membranes
obtained by XRD analysis displayed a semi-crystalline structure with peaks at 26 angles
of 20°. The FETEM and FESEM analysis determined the surface morphology of the
membrane surface and the XPS analysis validated the quantitative and qualitative nature

of the chemical state of the membrane surface.
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Gas stream containing 20 % CO; and 80 % N, by volume was utilized to study the
transport properties (CO, and N, permeance and CO,/N, selectivity) across the
membrane. The effect of temperature (60 to 110 °C), and sweep side water flow rate (0.0
to 0.075 ml/min) on the performance of the membranes were analysed. Several
membranes have been synthesized for the gas permeation. The cross-linked
PVA/PG/ZIF-8 mixed matrix membrane having a constant active layer thickness of 4 um
showed optimum performance with CO, permeance of 109 GPU and CO,/N; selectivity
of 385 at temperature of 100 °C, feed/sweep water flow rate of 0.03/0.05 ml/min and
feed/sweep absolute pressure of 2.5/1.2 atm, respectively. Both polymer and mixed
matrix membranes showcased promising potential for CO, separation from flue gas

streams thus showing huge scope for large-scale CO, capture studies.

For the disposal possibilities of the membranes, currently landfill is one viable option
available. The components present in the membrane considered in this work comprise of
Poly (vinyl alcohol) (PVA), Amine carriers, and Filler materials. PVA is a
biocompatible, biodegradable polymer and does not harm much. The amines generally
degrade over a span of 4-5 years which is the typical life span of a membrane. The filler
materials present in very less percentage in the membrane is not toxic in nature and
hence can be disposed in the landfills. The other alternative options available include
direct reuse. However, if the performance of the membranes is not within the range for
secondary application, then it can be utilized for alternative end-of-life option and finally

goes to local landfill for disposal possibilities.

TH-2301_136107039



List of Tables

Table No

Table 1.1

Table 3.2

Table 4.1

Table 5.1

Table 6.1

Table 7.1

TableA3.1

TH-2301_136107039

Table Caption

Typical application condition of CO, separation from flue gas

stream from different sources

CO, permeability (Barrer) and CO,/N; selectivity results for

different membrane material

BET surface area and total pore volume of the silica and

amine-functionalized silica sample

CO, permeability (Barrer) and CO,/N, selectivity results for

different membrane material

BET surface area and total pore volume of the synthesized
ZIF-8 and ZIF-8@PEI nanoparticles

CO;, permeability and CO,/N, selectivity results for different

membrane material

Detail purity percentage of all calibration gases

Page No

60

75

110

130

147

168



TH-2301_136107039



List of Figures

Figure No

Figure 1.1

Figure 1.2

Figure 1.3

Figure 2.1(1)

Figure 2.1(2)

Figure 3.1

Figure 3.2

Figure 3.3
Figure 3.4(a)

Figure 3.4(b)

Figure 3.5

TH-2301_136107039

Figure Caption

Schematic representation of mixed matrix membrane with

inorganic material embedded into the polymeric matrix

Schematic representation of various morphology in mixed
matrix membrane (a) Ideal morphology, (b) Interface
void surrounding the filler particle, (c) Dense polymer
layer surrounding the filler particle and (d) Plugged filler

formed during mixed matrix membrane formation

Schematic diagram of gas transport in a mixed matrix
membrane comprising of a polymer matrix and filler

(ideal condition)

Chemical structure of (a) MEA, (b) TEPA, (c) DEA and
(d) TETA amine

Schematic representation of gas transport by reactive

polymer membrane
Molecular structure of materials used

Schematic representation of hydrolysis and condensation
(alcohol and water) reaction of TEOS (ab), and

PV A/silanol network structure formation (c)
Schematic representation of gas permeation apparatus
TGA curves of crosslinked PVA-PEG membrane

TGA curve of crosslinked facilitated transport PVA/PEG
and PVA/PEG/Sil(3) membrane

FTIR curve of crosslinked PVA/PEG, PVA/PEG/SIl(3)

Page No

35

35

43

46

48

49

50

51



Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 4.1

TH-2301_136107039

and PVA/PEG/Sil(6) membrane
XRD curve of crosslinked PVA/PEG, PVA/PEG/Sil(3)

FETEM analysis of Sil showing the formation of (a)
spherical structure and (b) Sil loading of 3 wt%

FESEM image of top surface of (a) PVA/PEG, (b)
PVA/PEG/SIil(3) and (c) PVA/PEG/Sil(6) membrane and
cross-sectional  surface of (a) PVA/PEG, (b)
PVA/PEG/SIl(3) and (c) PVA/PEG/Sil(6) membrane

XPS survey scan of PVA/PEG/Sil(3) film

Effect of temperature on (@) CO,/N, selectivity and (b)
CO; and N; permeance (GPU) for PVA/PEG and
PVA/PEG/SIil(3) membrane at feed absolute pressure=2.5
atm, sweep absolute pressure=1.2 atm, and water flow
rates = 0.03/0.04 ml/min ( feed/sweep)

Effect of sweep side water flow rate on (a) CO./N;
selectivity, and (b) CO, and N, permeance (GPU) for
PVA/PEG and PVA/PEG/Sil(3) membrane at 100 °C
temperature with feed absolute pressure of 2.5atm, feed

water flow rate of 0.03 ml/min

Bar diagram for CO, permeance (GPU) and CO/N;
selectivity for PVA/PEG and PVA/PEG/Sil(3) membrane

Robeson’s upper bound curve of PVA/PEG and
PVA/PEG/SIl (3) membrane

Structural formula of (a) Polyvinyl alcohol (PVA), (b) 3-
aminopropyltrimethoxysilane  (3-APTMS) and (c)
Schematic representation of the synthesis of 3-APTMS

functionalized silica nanoparticle

Vi

52

53

55

56

58

59

61

70



Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8(a)

Figure 4.8(b)

Figure 4.9

Figure 4.10

Figure 5.1

TH-2301_136107039

FTIR curve of Sil and APTMS-Sil
FETEM analysis of (a) Sil and (b) APTMS-Sil

FESEM top surface analysis of (a) PVA/PEG/Sil and (b)
PVA/PEG/APTMS-Sil membrane

N, adsorption-desorption isotherm of Sil and APTMS-Sil

Typical stress-strain curve of PVA/PEG, PVA/PEG/SIl
and PVA/PEG/APTMS-Sil membrane

XPS analysis showing (a) survey scan of PVA/PEG/Sil
and PVA/PEG/APTMS-Sil membrane, (b) N 1s peak of
PVA/PEG/APTMS-SIl

Effect of temperature on CO;, permeance (GPU) and
CO,/N; selectivity at feed absolute pressure= 2.5 atm,
sweep absolute pressure = 1.2 atm, sweep/feed water flow
ratio = 1.67

Effect of sweep water flow rate (ml/min) on CO,
permeance (GPU) and CO,/N; selectivity at temperature
of 100 °C, feed and sweep absolute pressure of 2.5 and
1.2 atm

Effect of CO, permeance (GPU) and CO,/N; selectivity
on PVA/PEG, PVA/PEG/Sil and PVA/PEG/APTMS-SIl
at temperature=100 °C, feed/ sweep water flow rate=

0.03/0.04 ml/min, feed/sweep side pressure= 2.5/1.2 atm

Robeson’s upper bound curve of PVA/PEG,
PVA/PEG/Sil and PVA/PEG/APTMS-Sil membrane

Structural formulas of (a) Piperazine glycinate (PG), and
(b) ZIF-8 nanocrystal

vii

72

73

73

74

76

78

80

81

82

83

94



Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

TH-2301_136107039

Mechanism of ZIF-8 synthesis

TGA curve of ZIF-8 powder, PVA/PG and PVA/PG/ZIF-

8 membrane

FTIR curve of ZIF-8, PVA/PG and PVA/PG/ZIF-8

membrane

XRD curve of ZIF-8, PVA/PG and PVA/PG/ZIF-8

membrane

FETEM image of the ZIF-8 filler in solution at ZIF-8
loading of 5 wt% (a) and 10 wt% (b), and the
PVA/PG/ZIF-8 mixed matrix membrane at ZIF-8 loading
of 5 wt% (c) and 10 wt% (d)

FESEM image of top surface and cross-sectional image
(a, b) PVA/PG/ZIF-8 membrane and (c, d) PVA/PG

membrane

The XPS data profile of (a) survey scan of PVA/ZIF-8
and PVA/PG/ZIF-8 membrane

Effect of temperature on (a) CO,/N; selectivity (b) CO,
and N, permeance (GPU) for PVA/PG and PVA/PG/ZIF-
8 membrane at feed absolute pressure = 2.5 atm, sweep
absolute pressure = 1.2 atm, and water flow rates =
0.03/0.05 ml/min ( feed/sweep)

Effect of sweep side water flow rate on (a) CO./N;
selectivity (b) CO, and N, permeance (GPU) for PVA/PG
and PVA/PG/ZIF-8(5) membrane at 100 °C, sweep
absolute pressure = 1.2 atm, feed water flow rate = 0.03

ml/min

Bar diagram for CO, permeance (GPU) and CO/N;

viii

96

99

100

101

102

103

104

106

108

109



Figure 5.12

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6
Figure 6.7

Figure 6.8

Figure 6.9(a)

Figure 6.9(b)

Figure 6.10

TH-2301_136107039

selectivity for PVA/PG and PVA/PG-ZIF-8 membrane

Robeson upper bound relationship of CO, permeability
(Barrer) and CO,/N; selectivity of high performing
MMMs and comparison with the present work performed

Schematic representation of amine functionalized ZIF-8

TGA curve of PVA/PG/ZIF-8 and PVA/PG/ZIF-8@PEI

membrane

FTIR curve of PVA/ZIF-8 and PVA/ZIF-8@PEI

membrane

FETEM analysis of (a) ZIF-8 and (b) ZIF-8@PEI
nanocrystal

FESEM of top surface morphology of (a) PVA/PG/ZIF-8
and (b) PVA/PG/ZIF-8@PEI membrane

N, adsorption-desorption isotherm of ZIF-8, ZIF-8@PEI
Stress-strain curve of PVA/PG, PVA/PG/ZIF-8@PEI

The XPS data profile of (a) survey scan of PVA/ZIF-8
and PVA/ZIF-8@PEI, (b) N 1s de-convoluted peak of
PVA/ZIF-8@PEI sample

Effect of temperature on CO; permeance (GPU) and
CO,/N; selectivity at feed absolute pressure= 2.5 atm,
sweep absolute pressure = 1.2 atm, sweep/feed water flow
ratio = 1.67

Effect of sweep water flow rate (ml/min) on CO,
permeance (GPU) and CO,/N; selectivity at temperature

of 100 °C, feed/sweep absolute pressure of 2.5/1.2 atm

Effect of CO, permeance (GPU) and CO,/N; selectivity

111

124

127

128

129

129

130

131

132

134

135

136



Figure 6.11

Figure 7.1

Figure A3.1

Figure A3.2

Figure A3.3

Figure A3.4

Figure A3.5

Figure A3.6

TH-2301_136107039

on PVA/PG, PVA/PG/ZIF-8, PVA/PG/ZIF-8@PEI
sample at temperature=100 °C, feed/ sweep water flow
rate= 0.03/0.05 ml/min, feed/sweep side pressure= 2.5/1.2

atm

Robeson’s upper bound curve of PVA/PG, PVA/PG/ZIF-
8 and PVA/PG/ZIF-8@PEI membrane

The upper bound relationship of CO, permeability
(Barrer) and CO2/N, selectivity of different polymeric

membranes

GC peaks of PVA/PEG membrane at 100 °C and absolute
pressure = 2.5/1.2 atm (feed/sweep) having water flow
rate of 0.03/0.04 ml/min (feed/sweep)

GC peaks of PVA/PEG/Sil membrane at 100 °C and
absolute pressure = 2.5/1.2 atm (feed/sweep) having
water flow rate of 0.03/0.04 ml/min (feed/sweep)

GC peaks of PVA/PEG/APTMS-Sil membrane at 100 °C
and absolute pressure = 2.5/1.2 atm (feed/sweep) having
water flow rate of 0.03/0.04 ml/min (feed/sweep)

GC peaks of PVA/PG membrane at 100 °C and absolute
pressure = 2.5/1.2 atm (feed/sweep) having water flow
rate of 0.03/0.05 ml/min (feed/sweep)

GC peaks of PVA/PG/ZIF-8 membrane at 100 °C and
absolute pressure = 2.5/1.2 atm (feed/sweep) having

water flow rate of 0.03/0.05 ml/min (feed/sweep)

GC peaks of PVA/PG/ZIF-8@PEI membrane at 100 °C
and absolute pressure = 2.5/1.2 atm (feed/sweep) having

water flow rate of 0.03/0.05 ml/min (feed/sweep)

137

146

169

170

171

172

173

174



CHAPTER 1

CO, Emission and Capture Overview, Mixed Matrix

Membrane, Literature Review and Research Objectives

TH-2301_136107039



CHAPTER 1

CO, Emission and Capture Overview, Mixed Matrix
Membrane, Literature Review and Research Objectives

This chapter presents an overview on the importance of CO, separation and its impact
on environmental ecology and climate change. It also emphasizes on various CO;
capture technologies presently available. This chapter highlights the importance of
membrane technology over the conventional technologies. This section also reviews
various membranes employed for CO, separation with special focus on mixed matrix
membranes and its fabrication techniques. The different CO, capture methods,
specifically membrane technologies for CO, separation using facilitated transport
mechanism have been focused. Based on the gaps and challenges, the research

objectives were defined.

1.1. Introduction on CO, emissions

With rapid industrialization, the study on control of greenhouse gas emission is of
immense importance. The greenhouse gases which absorb and emit the radiant energy
from the Sun throughout the atmosphere increase the global surface temperature [1, 2].
Among the various greenhouse gases (CO,, H,O, CH,4, N,O, O3, CFCs), the capture of
CO,, a primary greenhouse gas present in Earth’s atmosphere is of primary concern [3].
The increase in CO, concentration has huge adverse environmental impact such as global
warming, ocean acidification, carbon fertilization and the rise in sea level among others.
As reported by the Mouna Loa Observatory in 2019, scientist recorded the first ever
increase in CO, level to 415 parts per million (ppm), the highest ever with 800,000 years
of data [4]. With such a surge, if efficient measures are not taken the CO; concentration
is expected to rise to alarming level of 750 ppm by 2100 [5]. The primary source of CO,
emission includes fossil fuel basically from thermal and coal-based power plants. The
other sources contributing to the emission of CO, include deforestation, volcanic
outgassing, combustion and emission from transport vehicles. Among them, fossil fuels
alone contribute to emission of 24 billion tons of CO, per year [6, 7]. According to a

study reported recently, India is the fourth largest CO, emitter in the world and accounts
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for 7 percent of global emission. The International Energy Agency (IEA) had predicted
that India would be among the top three CO, emitters of the world by 2030. Owing to
this situation, the study of carbon capture and sequestration (CCS) is of considerable
importance with capture studies from fossil fuel sources. The CCS technology is
basically divided into the following three stages: (1) CO, capture from combustion
exhaust (i.e. flue gas), (2) CO, transportation usually by pipelines, road tankers, ships
and (3) CO, utilization in industrial application such as urea production and storage (i.e.
underground storage) [8, 9]. The CO, from the combustion stack is compressed to liquid
CO; and transported via pipelines or ships for safe storage. Injection deep into the water
bodies and storage in rock formations as dry ice are some of the commonly used storage
technologies. In the CCS technology, the capture study alone contributes to 70-90 % of
the total operating cost of the entire technology [10]. Thus, the development of new
technology for reducing CO, capture cost is a matter of prime concern for scientist
across the globe. The primary capture technologies include post-combustion, pre-
combustion and oxy-combustion for CO, capture. Each of these categories has been

critically discussed henceforth highlighting on its benefits and usage.

Among the available capture techniques, post-combustion capture is the simplest and
most effectively utilized technology since the capture step can be easily implemented
after the combustion process and is readily installed into the industrial power plants [11].
Post-combustion technique comprises treatment of CO, from the exhaust gases on the
product side. The restriction of this technique is the capture of CO, at low concentration
of CO; (3-20 %) in comparison to large volume of N, in the gas stream, operation at low
pressure (around 1 atm) and high temperature (120-180 °C) [12]. The pre-combustion
technique refers to the capture of CO, prior to combustion process. It is applicable to
integrated gasification combined cycle power plants (IGCC) consisting basically of
carbon monoxide (CO) and hydrogen (H;) in the presence of steam and oxygen under
pressure and heat. The CO is converted to CO, and additional hydrogen is produced by
water gas shift reaction from which the CO; is separated [13]. In oxy-combustion
method, the oxygen (O,) used for combustion is first separated from air and then the fuel
is combusted in pure oxygen. Thus the flue gas contains only oxygen- rich and nitrogen-

TH-2301_136107039



CO; Emission and Capture Overview, Literature Review and Research Objectives

free atmosphere producing high purity CO, (> 99 %) separated from water vapour by
condensing the water through cooling and compression. The challenge in this technique
lies in the production of pure oxygen keeping in mind the cost effectiveness of the
process [14]. Table 1.1 depicts typical operating conditions of flue gas stream from

various sources.

Table 1.1 Typical application condition of CO, separation from flue gas stream from

different sources

Stream source CO; CO; partial
concentration pressure(bar)

Gas turbine 3-4 0.03-0.04

Fired boilers of oil refinery and 8 0.08

petrochemical

Natural gas fired boiler 7-10 0.07-0.10

Oil fired boilers 11-13 0.11-0.13

Coal fired boilers 12-14 0.12-0.14

IGCC after combustion 12-14 0.12-0.14

Blast furnace (after combustion) 27 0.27

Cement process 14-33 0.14-0.33

1.2. Separation technologies for CO, capture

The techniques used for CO, separation can be classified into physical and chemical
process. The post-combustion CO, capture from flue gas can be carried out industrially
by processes such as (1) amine absorption, (2) adsorption, and (3) cryogenic distillation.
However, for higher efficiency hybrid systems can also be employed such as membrane

system integrated with solvent absorption.
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1.2.1. Amine based absorption for CO, capture

Amine absorption classified into physical and chemical process is a conventional
technology widely developed for CO, capture. It removes CO, by exposing the flue gas
stream to an aqueous amine solution [15]. The CO; reversibly reacts with amine forming
a soluble carbonate salt and subsequently the CO, released by heating the salt solution in
a separate stripping column [16]. Alkanolamines containing primary, secondary and
tertiary amines such as monoethanolamine (MEA), diethanolamine (DEA), 2-amino-2-
methyl-1-propanol (AMP) and N-methyldiethanolamine (MDEA) are commonly used
absorbents for CO, capture. However, a minor portion of the amines are degraded or
emitted to the air to degrade into some toxic undesirable substances harmful for the
environment. This technology is also restricted by high energy requirement, corrosive

nature and high solvent regeneration cost [17].

1.2.2. Adsorption based CO, capture

The separation of CO; from gas stream dates back to 1950’s wherein molecular sieves,
alumina, silica materials were used as adsorbents to remove traces of CO, from air. The
adsorption process can be vastly divided into thermal swing adsorption (TSA) and
pressure swing adsorption (PSA). For CO; capture, the adsorbents should have desirable
characteristics of low heat capacity, accelerated kinetics, high selectivity, absorptivity,
high thermal and mechanical stability. Physical adsorbents such as silica gel, molecular
sieves, alumina etc. or chemical adsorbents such as hydrotalcites and limestone has been
used [18, 19]. Amine based adsorbents though broadly used but low capacity and high

cost add to their utility limitations.

1.2.3. Cryogenic distillation based CO, capture

Cryogenic distillation is widely used commercially for streams having high CO,
concentrations (> 90 %) and separates CO, at extremely low temperature. The steps
involved in the process comprises of compression, refrigeration and separation. These
technologies directly produce liquid CO, which makes the CO, capture and
transportation comparatively easier than other techniques. However, this complex
process, consumes high energy and is costlier than other technologies which limit its
industrial use [20, 21].
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1.3. Advanced membrane technology based CO, capture

The conventional separation techniques have huge energy requirement with high
regeneration cost and hence serves as hindrance for its large-scale operation. Hence, the
research is oriented towards alternate cost-effective and energy-efficient based
technology called the membrane separation. It is hugely preferred over the traditional
conventional techniques due to its advantages of less energy consumption, light weight,
space efficiency and compact modular design. These methods do not require any
separating agent and hence no regeneration cost is taken into consideration. Although,
the study of gas permeation is 150 years old, significant improvement with generation of
new synthetic membrane materials with high gas separation performance has been
observed in the recent decade. Morphology of the polymer plays a significant role in the
case of gas transport and separation through polymer membranes. The focus of this
thesis is on the development of potential membrane techniques that could serve as an
efficient alternative to the age old used conventional ones for industrial CO, separation
processes. Membranes which are semi-permeable barrier separates a particular gas
component from the rest component in the mixture making the permeate rich in a
particular gas. Permeation rate of a membrane depends upon sizes or diffusion
coefficient of the molecules present in the membrane. The possible membrane separation
mechanisms can be widely classified as solution-diffusion mechanism, Knudsen
diffusion, capillary condensation, surface diffusion and molecular sieving mechanism.
Based on the materials used, membranes can be broadly classified into (1) Organic

membranes, (2) Inorganic membranes, and (3) Mixed matrix membranes.

Organic or polymer membranes are the most widely used commercial membranes in gas
separation due to its advantages of low cost and efficient separation efficiency. The
polymers used are either rubbery or glassy polymers based on their glass transition
temperature [22, 23]. The principle separation mechanism of polymer membranes is the
solution-diffusion mechanism. Robeson’s in the early 1990s confirmed that the polymers
with high selectivity exhibited low permeability and vice-versa. The constraint of this
membrane came to be popularly known as Robeson’s upper bound limitation [24-26]. In
the Robeson’s plot, the selectivity was plotted as a function of CO, permeability

(Barrer). However, for large-scale application of gas separation membranes high CO,
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permeance along with high selectivity plays a pivotal role. Also, organic membranes are
restricted by low thermal, mechanical and chemical stability. Hence, there have been
innumerable studies on improving the gas separation properties of these type of
membranes. Some of the common methods include polymer blending, use of amines as
carrier, incorporation of both organic and inorganic fillers as well as cross-linking
mechanism [27, 28].

Inorganic membrane normally exhibits high separation ability and operates at fairly high
temperatures. However, the long-term application of these membranes is restricted by its
high cost and brittle nature. Some common example of inorganic membranes used for
gas separation application includes zeolite and silica membranes [29]. Another major
class of advanced membrane material is mixed matrix membranes (MMM), developed
by researchers in the mid 1980’s. These membranes combine the synergistic effect of

both polymeric and inorganic materials. These membranes are discussed in detail.

1.4. Mixed matrix membranes

The separation performance of polymer membranes when used alone is restricted by the
trade-off limitation in permeability and selectivity. Again, pure inorganic membranes
have disadvantages of high fabrication cost and handling difficulties with most being
brittle. These limitations are envisioned to be overcome by advanced membrane material
called mixed matrix membranes. It typically contains two phases: a continuous polymer
phase and dispersed inorganic filler phase wherein the latter is distributed within the
polymer matrix. The inorganic particle can be of varied types depending on their shape,
structure and surface chemistry and include zeolites, activated carbon, carbon molecular
sieves (CMYS), silica and nano-sized particles. Robeson reviewed the upper bound with
the latest available data in 2008 and reported that many MMM study approach exceeded
the upper bound behaviour. However, the fabrication of defect-free mixed matrix
membrane is possible only with excellent dispersion of inorganic particles which give
higher performance than typical polymeric membranes [30-35]. Figure 1.1, shows the
schematic representation of mixed matrix membrane with inorganic material embedded

into the polymeric matrix.
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Figure 1.1 Schematic representation of mixed matrix membrane with inorganic material

embedded into the polymeric matrix

1.5. Fabrication of mixed matrix membrane

The mixed matrix membrane fabrication is similar to the synthesis procedure of polymer
membrane. A good polymer-particle interface is a key to preparation of defect-free
mixed matrix membrane. It includes the preparation of polymer solution and pre-
treatment of the inorganic filler, mixing of the polymer solution and particle, casting on
to a porous polymeric support and subsequent drying and heat treatment [36]. However,
poor interaction between the polymer and particle could cause deterioration in the
separation performance of the membrane. The factors commonly contributing to the poor
interface morphology includes low adhesion between the polymer and particle phase,
partial blockage of the particle pores by polymer chain, and polymer chain rigidification.
The repulsive force between polymer and filler leads to the development of interface
voids. Figure 1.2 displays the different conditions of interfacial morphology in a mixed
matrix membrane. Figure 1.2(a) represents the defect-free ideal morphology which
occurs under perfect interfacial interaction between the polymer and the filler particle
phase. The poor compatibility between the polymer and particle phase gives rise to the
formation of interfacial voids as represented by Figure 1.2(b). This leads to increased gas
permeability and the change in particle size leading to reduced selectivity. In the case of
formation of dense polymer layer surrounding the filler particle, restriction in the
mobility of polymer chain around the dense layer leads to decline in gas permeability as
shown in Figure 1.2(c). Sometimes, the plugging of filler pore seals the particle size

thereby exhibiting decline in gas permeability as represented in Figure 1.2(d).
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(a) POLYMER (b) POLYMER
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DENSE POLYMER
AvER PLUGGED FILLER

Figure 1.2 Schematic representation of various morphology in mixed matrix membrane
(@) Ideal morphology, (b) Interface void surrounding the filler particle, (c) Dense
polymer layer surrounding the filler particle and (d) Plugged filler formed during mixed

matrix membrane formation.

Thus to obtain the desired gas separation properties, morphology, chemical and
mechanical stability, mixed matrix membrane should have the following properties: (1)
Homogeneous dispersion of particles in the organic matrix to avoid agglomeration which
might result in the loss of selectivity, and (2) A highly defect-free polymer-particle
interface guaranteeing no formation of interface voids that negatively affects the
separation performance. In order to avoid any agglomeration of inorganic particles into
the polymer matrix, the following three synthesis procedure can be adopted: (1) The
particles and the polymer are dispersed into the solvent separately and thereafter the
polymer solution is added into the particle suspension solution, (2) The particle is
dispersed into the solvent followed by stirring and then added to the polymer solution to
obtain homogeneous mixture of polymer and the particle, and (3) The polymer is
dissolved into the solvent and thereafter the filler particles are added into the polymer
solution. Out of the three synthesis procedure adopted, the first two procedures have the
dilute solutions with low viscosity thus giving ample chance for agglomeration of the
particles to not take place and better dispersion of the inorganic particles.
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1.6. Selection of membrane material

1.6.1. Polymer materials for the bulk matrix formation

The polymers used for gas separation membrane preparation are basically divided into
two types: rubbery and glassy polymer. Rubbery polymers allow chain segmental motion
around the main chain bond compared to glassy polymers which possess rigid chain
structure with persistent length thereby making it viable to be applied for natural gas
purification involving high pressure condition. The membranes having extremely thin
selective layer achieves high CO, permeance. Also, better separation performance in
mixed matrix membranes can be observed by choosing polymers which have high
selectivity compared to high permeability. The polymer selection should be such that it
ensures good adhesion between the polymer and inorganic particles. The gas transport
through polymer membrane basically follows solution-diffusion mechanism whereby
separation is based on the solution and diffusion of the gas molecules in the membrane
material. The gas molecules first dissolve in the feed side of the membrane, diffuse
through the membrane by a concentration gradient and then finally desorbs on the
permeate side of the membrane. Thus, the polymer material having high affinity for CO,
molecules provides high CO, permselectivity. The CO, transport can also be
accomplished by facilitated transport mechanism or reactivity selective mechanism,
whereby a ‘carrier’ introduced into the polymer matrix reacts reversibly with CO, and
forms CO,—carrier reaction product at the membrane feed side, which diffuses along its
concentration gradient to the permeate side of the membrane. The CO; is released from
the CO,—carrier reaction product at the permeate side, regenerates the carrier which react
with another CO, molecule on the feed side. The CO; transport by facilitated transport
mechanism results in both high CO, permeability and selectivity and shows improved
results when compared to transport by solution-diffusion mechanism alone. The common
polymers used for mixed matrix membrane include polyethersulfone (PES),
polycarbonate (PC), poly(arylketones), poly(arylethers), poly(vinyl acetate) (PVA.),
poly(2,6-dimethyl-1,4- phenylene oxide) (PPO), cellulose acetate (CA), polyimide,
polyetherimide, PIM-1, poly(ether-block-amide) (Pebax) and poly(vinylamine) (PVAR).
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1.6.2. Inorganic materials used as fillers

The inorganic material used in MMM can be either porous or non-porous types. Porous
particles act as molecular sieving agent and separate on the basis of shape or size of the
gas molecules. The inorganic particles with pore size of mesoporous range (between 2nm
and 50 nm) and micro-porous range (less than 2nm) are generally used for mixed matrix
membrane fabrication [37]. The selection of inorganic filler is based on various factors
such as particle size, its adsorption capacity with the targeted gas molecule, surface

chemistry, and functional groups.

1.6.2.1 Zeolites

Zeolites are commonly utilized as inorganic material in mixed matrix membranes [38,
39]. These are aluminosilicates with open 3D-structure having uniform cavities and
channels. The proper selection of zeolite particle is essential to obtain high performance
MMM. Although zeolites embedded into glassy polymers exhibit high mechanical
stability compared to rubbery polymers, it leads to the formation of interfacial voids
leading to decrement in selectivity with increase in permeability. However, the challenge
lies in the preparation of void-free MMMs. As reported in literature, zeolite-4A with PES
increased the CO, permeance by ~4 folds and CO,/N; selectivity by ~2 folds and when
blended with Matrimid improved the O, permeance to 0.06 GPU to 0.02 GPU while the
O,/N; selectivity almost remained the same [40]. To tackle the restrictions observed,
modification techniques such as coating with highly permeable silicone rubber or
addition of plasticizer to increase the flexibility of the polymeric matrix have been

incorporated.

1.6.2.2. Carbon molecular sieves (CMS)

Carbon molecular sieves (CMS) are highly porous materials and their fine pore size
distribution ensures high gas permeability as potential filler for MMM. The size of the
pore opening of CMS (3-5 A) is close to the size of gas molecules which allows precise
discrimination of certain gas species. An 45 % and 20 % increase in CO,/CH,4 and O,/N;
selectivity by using CMS and matrimid mixed matrix membrane has been reported [41,
42].

10
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1.6.2.3. Activated carbon

Activated carbon is another commonly and easily available filler material in mixed
matrix membrane. Incorporating activated carbon into acrylonitrile butadiene copolymer
(ABS) increased the CO, permeability by 40-600 % and CO,/CH, selectivity by 40-100
% for CO,/CH, mixture. The author attributed these effects to the good adhesion

properties between activated carbon and ABS and superior selectivity of ABS itself [43].

1.6.2.4. Silica

Silica nanoparticles are classified into non porous silica and ordered mesoporous silica.
These are normally incorporated to the polymer matrix through sol-gel reaction leading
to the development of nano-scale particles well dispersed in the polymer matrix. The
increased interaction between the silanol groups present in silica and CO; polar gases
results in improved gas solution effect thereby leading to increased gas permeability.
Also, the presence of silica particles induces morphological changes at the interface
resulting in increased amorphous region of the MMM and enhanced permeability and
selectivity [44, 45]. Mesoporous silica such as MCM-41, MCM-48 and SBA-15 exhibit
excellent mechanical and thermal stability. However, the blockage of pore needs to be

restricted to achieve high separation performance.

1.6.2.5. Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs) containing nano-scale diameter and large length/diameter
ratio when fused in membranes provides one-dimensional nano-channels that act as
alternate paths for CO, to transport through membranes. The dispersion and alignment of
the nanotubes along with high cost are the main challenges encountered when used for
mixed matrix membranes. The hydrophobic nature of the CNT hinders its good
dispersion in the matrix, and hence functionalization strategies either by physical or
chemical treatment is required [46-48]. Weng et al. [47] reported PBNPI/MWCNT
MMM with acid-treated CNT. The acid-treatment enhanced the permeabilities and
selectivities of H,, CO, and CH, at high MWCNT loading.

11
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1.6.2.6. Metal-organic framework (MOF)

Metal-organic frameworks (MOFs) are large emerging class of nano-porous hybrid
materials with porous crystalline structures [48]. It contains a metal in the centre with
various organic linkers. It possesses unique characteristic of large surface area (> 1000
m?g™), controlled porosity, highly tailorable organic framework, regulated pore structure
and tunable pore sizes thereby attracting immense attention as a potential candidate for
mixed matrix membranes [49-51]. Zeolitic imidazolate frameworks (ZIFs), a subfamily
of MOFs consisting of metal ions linked by imidazolate linkers integrates the desirable
high surface area, pore size tunability of MOFs and the structural diversity of zeolites
thereby showing great potential in gas separation studies. By varying the organic linkers
of imidazolate ligands and metal ions (zinc or cobalt), various ZIF materials can be tuned
according to its usability and requirement. Some of the most common MOFs used in
mixed matrix membrane include copper-benzene-1, 3, 5-tricarboxylic acid (Cu-BTC)
[52], metal-organic framework-5 (MOF-5) [53], zeolitic imidazolate framework-7 (ZIF-
7) [54] and zeolitic imidazolate framework-8 (ZIF-8) [55]. For CO, separation, the
aperture size of ZIF is close to the kinetic diameter of CO, (3.3 A) thereby making it a
highly suitable filler material in MMMs. Defect-free ZIF-7/Polyether block amide
(PEBAX) MMM was fabricated and high permeability and high selectivity was achieved
at high filler loading. With incorporation of ZIF-8 fillers into the soft domain of PEBAX,
the CO, permeance enhanced by 4 folds compared to neat PEBAX membrane [56]. The
fabricated ZIF-8/ polysulfone (PSf) membrane showed that the gas separation properties
of permeance and selectivity increased at 8 wt % ZIF-8 loading than lean PSf membrane
[57]. Surface modified ZIF-8 using 2-benziimidazole, and 2-aminobenziimidazole
organic ligands with Matrimid® resulted in high CO, permeance and a slight decrement
in CO,/CH, selectivity [58]. MMMs with poly (vinyl chloride)-g-poly(oxyethylene
methacrylate) (PVC-gPOEM) as organic phase and ZIF-8 as inorganic phase reported
enhancement in CO, permeance and CO,/N; selectivity than bare PVC-g-POEM which
could be attributed to the better interfacial interaction of ZIF-8 and POEM phases [59].
Figure 1.3 shows the schematic diagram of transport of gases in a mixed matrix

membrane comprising of polymer matrix and filler.

12
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Figure 1.3 Schematic diagram of gas transport in a mixed matrix membrane comprising

of a polymer matrix and filler (ideal condition)

1.7. Gas separation performances in mixed matrix membranes

To calculate the MMM gas permeance, permeation properties of continuous and
dispersed phase must be taken into account. However, the models such as Maxwell
model, Bruggeman model, Lewis-Nielsen model and Pal model proposed only deal with

ideal morphology [60].

1.7.1. Maxwell model

The Maxwell model for predicting MMM performance was originally developed to
predict the electrical conductivity in composite materials. The effective state composite

permeability is given by,

L TREENR + @) (B -R) O,
. Nk, + @-n) R -n(R, - R)®, (1.2)

where, P is the effective permeability of mixed matrix membrane, P, is the continuous
phase permeability, Pq is the dispersed phase permeability, ®q is the volume fraction of

the dispersed phase, and n is the particle shape factor, ranging from 0 to 1.

1.7.2. Bruggeman model

This model was originally developed to predict the dielectric constant in composite
materials. The equation for the permeation for random dispersion of spherical particles is

given by the following equation:

13
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Per Py
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However, at high particle loading this model is not applicable.

1.7.3. Lewis- Nielsen model

This model was originally developed to predict the elastic modulus of polymer
composite. It was further adapted to predict the permeability in mixed matrix

membranes.

eff

_ ( 1+ 204, -1) 1 (A, +2) j

1-YO (4, -1/ (A, +2) (1.3)

‘”=1+[(l<;%2”)}q’

Max

(1.4)

Where A4 is the permeability ratio: (P—d), v is the effective volume fraction of filler, ® is
c

the filler fraction and ®pmax is the maximum filler fraction.

1.7.4. Pal model

This model was originally introduced to determine the thermal conductivity of

composite. The permeability is given by,

o "™ a1
[1— CDMEJ :(ﬂd — J(Peﬂ) (1.5)

Where ®pax is the maximum filler fraction, A4 is the permeability ratio and Pe is the

effective permeability of mixed matrix membrane.

1.8. Preparation technique of mixed matrix membranes

For the formation of defect-free polymer-inorganic nanocomposite membrane, the

fabrication techniques play a major role and are of the following categories.
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1.8.1. Solution blending

Solution blending is largely applied due to its easy fabrication and operation ability and
its suitability for wide range of inorganic particles. In this process, the inorganic particles
are added and dispersed into the polymer solution by stirring. In some cases, sonication
is also applied for effective distribution of the filler particles. However, if not efficiently
dispersed, particle agglomeration may occur which degrades the MMM performance.
Using this technique, polysulfone (PSf)/ZrO, nanocomposite membranes was prepared
and the membrane permeance increased as the ZrO, weight fraction increased [61]. Also
as per literature, the fabrication of Cellulose/Al,O; nanocomposite membrane was done

using solution blending [62].

1.8.2. In-situ polymerization

In-situ polymerization involves the mixing of inorganic particles on organic monomer
followed by polymerization. This type of preparation technique provides strong
interaction between the particle and organic matrix. An example of in-situ
polymerization is TiO, nanopowder/omethacrylic acid dispersions to produce
nanocomposite membrane of poly (methacrylic acid) (PMA)/ TiO; [63, 64]. Another
example is the preparation of PEG/silica and poly (propylene glycol) (PPG)/silica
membrane by radical polymerization of 2, 2 -azobisisobutyronitrile (AIBN) [65, 66].
Fabrication of poly (ether imide) (PEI)/SiO, nanocomposite membrane by in-situ
polymerization in another such technique [67].

1.8.3. Sol-gel

The sol-gel method is the most widely-established technique for nanocomposite
membrane preparation. This method has potential advantage of moderate reaction
condition and easy control over the concentration, textural and surface properties. In this
method, the inorganic precursors mixed into the polymer solution further hydrolyse and
condenses into well-dispersed nanoparticles in the polymer matrix. Additionally, the
organic and inorganic ingredients are dispersed at the molecular or nanometer level thus
leading to homogeneous membrane solution. Literature reported sol-gel method
preparation of polyacrylonitrile (PAN)/tetraethoxysilane (TEOS) nanocomposite
membrane showing commendable performance in O,/N; separation [68]. Poly (1-
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trimethylsilyl-1-propyne) (PTMSP)/silica nanocomposite membrane by polymerization
of TEOS in PTMSP was also reported [69].

1.9. Literature review on mixed matrix membrane for CO, separation

The important literatures on CO, separation by various mixed matrix membrane have

been discussed below:

The gas permeation and sorption properties of poly (amide-12-b-ethyleneoxide)
(Pebax1074)/SAPO-34 mixed matrix membrane for CO,/CH, and CO,/N, separation
was reported. Zeolite SAPO-34 was used to improve the CO,/CHJ/N, gas separation
performance compared to neat Pebax1074 membrane. Permeance and selectivity of the
MMMs were studied at different operating conditions. The thermal, morphological and
mechanical properties of MMM was analysed by differential scanning calorimetry
(DSC), scanning electron microscopy (SEM) and tensile analysis. The results showed
excellent improvement in CO,/CH, selectivity (about 70 %) and CO2/N, selectivity
(about 15 %) at 20 wt % SAPO-34 loading [70]. Polyimide mixed matrix membranes for
CO; separation was reported using carbon-silica nanocomposite (CSM) filler fabricated
by solution casting method. CSMs were prepared by a hard template synthesis technique
to get a tuneable porosity and surface chemistry. SEM images of the synthesized MMM
confirmed good adhesion and dispersion of fillers within the polymer matrix.
Significantly improved CO, mixed gas selectivity and permeance for CO,/N, and
CO,/CH, gas mixture at 8.9 atm and 35 °C were achieved with addition of the fillers. For
gas mixtures with a 50:50 (CO,: N,) feed composition, 2-fold and 6-fold increase of the
mixed gas selectivity (up to 42.5) and permeance (upto 0.39 GPU) compared to unfilled
Pl was achieved [71]. The effects of the acid-base catalysis conditions and silica loading
weight of the PPO-silica mixed matrix membrane prepared by in-situ sol-gel method for
H,/CO, separation were investigated. The functional groups, crystalline structure,
thermal stability and morphology of the MMMs were examined using FTIR, XRD, SEM,
TEM, AFM, and TGA, respectively. The results indicate that the in-situ sol-gel method
to synthesize PPO-silica MMM s is beneficial for improving the adhesion between the
silica and polymer and for the silica dispersion. The additives significantly enhanced the
thermal stability of the membranes. Compared to pure PPO membrane, the PPO-silica
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MMMs prepared with 10 wt % acid-silica loading exhibited the best H,/CO; separation
properties. Enhancement in H, permeance and H,/CO, separation ratio was observed
[72]. Hybrid brominated sulfonated poly (2, 6-diphenyl-1, 4-phenylene oxide) and SiO,
nanocomposite membranes for CO,/N, separation was reported. 90 % brominated-10 %
sulfonated PPOg, (BSPPOdp9010) as representative material formed flexible membrane
with higher CO, permeance of 1.16 GPU and selectivity (=36) compared to pure poly (2,
6-dimethyl-1, 4-phenylene oxide) (PPOgn) membranes [73]. Facilitated transport mixed
matrix membranes incorporated with amine-functionalized MCM-41 into poly (ether-
block-amide) (Pebax MH 1657) were characterized by SEM, DSC, tensile test, dynamic
mechanical analysis (DMA), and XRD. The results indicated that incorporation of PEI-
MCM-41 generated stronger interfacial interactions and resulted in higher polymer chain
rigidification at the filler—polymer interface compared to unmodified MCM-41. The as-
prepared FT-MMM showed increased gas permeance and selectivity results. The
highest ideal selectivities for CO,/CH4 and CO,/N; of 41 and 102 at a CO, permeance of
20 GPU were reported. Compared to the membrane with pristine MCM-41, the
permeance, the ideal CO,/CH, selectivity and CO,/N, selectivity of the PEI-MCM-41-
doped membrane increased by 102.3 %, 115.8 % and 96.1 %, respectively, at 20 wt %
filler loading and surpassed the 2008 Robeson upper bound line [74]. SAPO-
34/polyetherimide mixed matrix membrane for CO,/CH,4 separation was synthesized
using different amounts of SAPO-34 (0 to 10 wt %) dispersed in the polymer precursor
dissolved in DCE solvent. The mixed matrix membrane with 5 wt % SAPO-34 content
exhibited best performance with CO,/CH, ideal selectivity of 60. Based on mixed gas
permeances and time-lag measurements, the separation of CO, and CH,4 was found to be
dominated by the difference in the gas solution effect. The SAPO-34 decreased CH,
transport by increasing its diffusion pathway. Particle agglomeration was observed at 10
wt % zeolite loading in the polymeric matrix [75]. In SPEEK/amine-functionalized TiO,
submicrospheres mixed matrix membranes for CO, separation, TiO, submicrospheres
(300 nm) were amine-functionalized through facile two-step method using dopamine
(DA) and polyethyleneimine (PEI) in succession. Grafting PEI with abundant amine
groups onto the titania fillers remarkably increased the content of facilitated transport
sites in the membrane, leading to increment in gas permeance as well as selectivity. The
highest ideal selectivity of the SPEEK/TiO,—DA-PEI membranes for CO,/CH,4 and

17
TH-2301_136107039



Chapter 1

CO,/N; reported were 58 and 64, respectively, with a CO, permeance of 32 GPU. The
mechanical and thermal stabilities of the membranes showed enhancement compared to
pure SPEEK membrane [76]. The effect of addition of zeolitic imidazolate framework-8
(ZIF-8) MOF filler material on the poly (vinyl alcohol) (PVA)/ piperazine glycinate (PG)
solution for the MMM formation was reported. Detailed thermal, mechanical, structural
and microscopic analysis revealed strong interaction and compatibility between the ZIF-
8 filler and polymer matrix. The PVA/PG membrane loaded with 5 wt % ZIF-8
(PVA/PG/ZIF-8) exhibited high CO, permeance of 82 GPU and CO,/N, selectivity of
370 which was 82.2 % and 76 % higher compared to pure PVA/PG membrane [77]. The
separation of binary mixtures of CO,/CH4 and CO,/N, on mixed matrix membrane
containing Zn (pyrz).(SiFs) metal-organic framework synthesized by facile sono-
chemical method with crosslinked polyethylene oxide polymer matrix was reported.
CO,/CH,4 and CO,/N, mixture gas permeation tests revealed that separation properties of
mixed matrix membrane significantly improved compared to pure polymeric membrane
owing to the selective CO, uptake and transport in Zn(pyrz),(SiF¢) crystal. The
Zn(pyrz),(SiFe)/XLPEO mixed-matrix membrane increased the CO, permeance (GPU)
from 9 to 13 and CO,/N, selectivity from 19 to 29 for CO,/N, (20/80) binary gas mixture
at 25 °C temperature and 1 atm upstream pressure compared to pure XLPEO [78]. Mixed
matrix membranes fabricated by incorporating as-prepared metal-organic frameworks
into sulfonated poly (ether ether ketone) (SPEEK) investigated the gas separation
performance of MMMs in both dry and humidified state. The addition of the sulfonated
metal—organic framework increased the selectivity of the membranes for CO,/CH, and
CO./N, systems by increasing the CO; solution, and the diffusion of gases through the
porous metal-organic frameworks led to the simultaneous increase in CO, permeance.
The highest ideal selectivity for CO,/CH, and CO,/N, observed were 50 and 53 (at a
CO; permeance of 37 GPU in humidified state. The increased total water in MMMs led
to increased CO, permeance and the increased bound water resulted in improved CO,/N,
gas selectivity [79]. Poly (vinylidene fluoride) based mixed matrix membranes
comprising metal-organic frameworks such as CuBTC, CuBDC, MIL-53(Al) and NH.-
MIL-53(Al) for gas separation applications were characterized by FTIR, XRD, SEM and
TGA techniques. 10 wt % loading of CuBTC in PVDF showed 43.6 and 118.7 %

permeance enhancement for He and CO, compared to the pure membrane. Moreover, the
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high selectivity enhancement of 96 % was observed for CO,/CH,. In regards to CuBDC,
37.5 and 117 % permeance increase for He and CO, was reported for 15 % loading.
Furthermore, the best selectivity was related to CO,/CHy, in which 109.3 % increase was
achieved relative to the pure membrane. The membranes containing 10 wt % of NH.-
MIL-53(Al) showed 11.25 and 22.41 % selectivity enhancement for He/CH,; and
CO,/CH, [80].

Although most of the literature work was based on CO; separation from flue gas mixture,
the operating conditions could not imitate the actual flue gas operating condition of
pressure, temperature and CO, concentration. However, the work presented in this thesis
imitated the industrial flue gas condition basically from coal based power plants. CO,
concentration was maintained at 10-15 % and the operating temperature was maintained
in the range of 90-120 °C which is in the range of industrial flue gas condition.

Thus, the following thesis work has been motivated based on its following features.

1.10. Objectives of the thesis

The primary objectives of the thesis are:

1. Synthesis of CO,-selective polymeric and mixed matrix membranes for CO,

separation from flue gas by facilitated transport mechanism.

2. Improvement of the CO, facilitated transport by blending with different amine carriers

and filler material combinations.

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

i. Synthesis of novel blends of poly (vinyl alcohol) (PVA)/poly (ethylene glycol)
(PEG) and poly (vinyl alcohol) PVA/piperazine glycinate (PG) CO,-selective
membrane.

ii. Blending the membranes with different amine carriers for CO, separation by

facilitated transport mechanism.
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iii.  Synthesis of mixed matrix membranes by using silica and zeolitic imidazolate
framework-8 (ZIF-8) metal-organic framework (MOF) as filler material for
enhanced CO, performance.

iv. Surface functionalization of the filler with 3-aminopropyl trimethoxysilane (3-
APTMS) and polyethyleneimine (PEI) amine to further improve the gas transport
performance.

v. Characterization of the nanomaterial and the synthesised membranes to examine
the structural, morphological, microscopic and macroscopic behaviour.

vi. Optimization of membrane composition at various operating conditions of
temperature and sweep water flow rate.

vii. Comparison of the performance studies of polymeric and mixed matrix membranes
under similar operating conditions of temperature and sweep water flow rate using

counter flow circular flat sheet membrane module.

1.11. Thesis outline

The following work describes the development of various combinations of PVA polymer
membrane and mixed matrix membrane for CO, separation. In-depth study on the
synthesis of filler material, various combinations of polymer and mixed matrix
membrane, compatibility studies, characterization techniques and gas performance

studies have been carried out.

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

brief overview of each chapter is presented.

Chapter 1: This chapter presents an overview on the CO; emission from different point
source and its impact on overall environmental ecology and climate change. The various
conventional technologies for CO, separation has been discussed with special focus on
advanced membrane separation technology. It gives a brief introduction on mixed matrix
membrane, fabrication technique and selection of membrane material. It also focuses on
the different inorganic materials used for MMM preparation. The chapter provides a
detailed study on gas separation models used in mixed matrix membranes and on the

different preparation techniques of mixed matrix membranes. The chapter presents
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detailed literature review that includes facilitated transport of CO, by mixed matrix

membrane.

Chapter 2: This chapter presents a detailed study on the fundamental gas transport
mechanisms with special focus on the CO,-amine reaction mechanism involving

facilitated transport mechanism.

Chapter 3: This chapter provides a detailed study on the synthesis of silica nanoparticles
by sol-gel process. Thereafter, synthesis, characterization and gas permeation study of
PVA/PEG membrane embedded with different loading of the synthesized silica
nanoparticle was conducted. The effect of different operating condition on the transport
properties (CO, permeance and CO,/N; selectivity) was investigated.

Chapter 4: This chapter provides a detailed analysis on mixed matrix membranes
(MMMs) formulated by consolidating amino-functionalized silica in PVA/PEG matrix.
The silica prepared by Stober’s process was amino modified with 3-
aminopropyltrimethoxysilane (APTMS) coupling agent to form amino-functionalized
silica (APTMS-Sil). Detailed characterization studies such as TGA, FESEM, UTM, XPS
and ninhydrin assay revealed the impact of amine-functionalization on the mechanical
strength of the membrane. The transport properties of the binary gas mixture (CO2/N,)
for PVA/PEG/APTMS-Sil membrane for temperature and sweep water flow rate

variation were examined.

Chapter 5: This chapter reports the synthesis of zeolitic imidazolate framework-8 (ZIF-
8) embedded to the poly (vinyl alcohol) (PVA)/ piperazine glycinate (PG) facilitated
transport solution. High-performance mixed matrix membrane (MMM) prepared by
solution coating of PVA/PG/ZIF-8 solution on to a polyethersulfone (PES) support were
utilized for CO,/N, separation studies. Detailed thermal, structural and microscopic
analysis of the synthesized ZIF-8 particles was conducted. The characterization
studiesand the performance evaluation tests were performed for the prepared membranes.
The effect of different operating condition on the transport properties (CO, permeance

and CO,/N; selectivity) was investigated.
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Chapter 6: This chapter studies the incorporation of surface functionalized zeolitic
imidazolate framework-8 (ZIF-8) MOF with polyethyleneimine (PEI) amine-functional
moieties as filler material for fabrication of robust high-performance PVA/PG/ZIF-
8@PEI mixed matrix membrane (MMM). Detailed characterization such as TGA,
FESEM, UTM and XPS analysis was carried out on the synthesized membrane. The
effect of sweep water flow rate and temperature for the binary gas mixture (CO2/N,) was
studied.

Chapter 7: This chapter draws appropriate conclusions based on this study. This chapter

also provides some useful recommendations for future research in the relevant field.

Some of this work has been published in reputed international journals like Journal of
Membrane Science (Elsevier) and Journal of Applied Polymer Science (Wiley), and some
more manuscripts are either under review/communicated or will be communicated in the
future course of time. The publication details of journals/ conferences are appended in
the research output section in the end.
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CHAPTER 2

CO, Separation by Reactive Polymer Membrane: CO,-Amine
Reaction by Zwitterionic Mechanism

This chapter presents detailed study on the fundamental gas transport mechanisms and
the formation of CO,-amine complex and zwitterionic mechanism. Special focus has
been given on the CO,-amine reaction mechanism involving facilitated transport of CO,
through the thin-film dense polymer membrane.

2.1. Fundamental gas transport mechanism in membrane

The various gas transport mechanisms for porous and non-porous membrane material
can be classified into Knudsen diffusion, surface diffusion, capillary condensation,

molecular sieving diffusion, and solution-diffusion mechanism [1, 2].

2.1.1. Gas transport mechanism in porous membrane

The gas transport mechanism in porous membrane occurs by Knudsen diffusion, surface

diffusion, capillary condensation and molecular sieving mechanism.

2.1.1.1. Knudsen diffusion

In Knudsen diffusion, the diffusing molecules is more likely to collide with the pore wall
than with other penetrant species and is best suited for pore sizes < 50 nm. The pore
diameter of the gas molecule is smaller than the mean free path of the diffusing gas
molecules. In the time interval between intermolecular collisions many molecule-wall

collision occur and the molecules are in thermal equilibrium with the wall.

2.1.1.2. Surface diffusion

In surface diffusion mechanism, at sufficient low temperature and/or high pressure, the
molecules adsorb on the surface of the pores and subsequently hop from one site to
adjacent empty site by overcoming the energy barrier. The extent of surface diffusion is
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determined by the mobility of the molecules and its adsorption capacity.

2.1.1.3. Capillary condensation

Capillary condensation occurs when the condensed liquid from the vapour fills on the
pore spaces of the porous medium thus influencing the diffusion rate across the
membrane [3]. When the pore size is small enough, the penetrants wet the pore surface

sufficiently thereby creating multiple molecular layers of the adsorbed penetrant.

2.1.1.4. Molecular sieving mechanism

In molecular sieving mechanism, the gas molecules are separated based on the size
exclusivity. The pore diameters of the sieves should be in the range of the gas molecules
to be separated to work as molecular sieve membranes. If the membrane has pore size
wherein it allows the smaller gas molecules to pass through and blocking the larger gas
molecules from penetrating, a high gas separation would be achieved.

2.1.2. Gas transport in non-porous membrane

The gas transport in non-porous dense membrane occurs by either solution-diffusion or
facilitated transport mechanism.

2.1.2.1. Solution-diffusion mechanism

The gas transport by “solution-diffusion mechanism” was first proposed by Thomas
Graham in 1866, wherein the permeation process involved the dissolution of penetrant
followed by transmission of the dissolved species through the membrane [4]. However,
Fick [5] proposed the law of mass diffusion by drawing analogy from the Fourier’s law
of heat conduction. As per Fick, the solution-diffusion mechanism basically follows
three steps: (1) adsorption of the permeate at upstream membrane side, (2) diffusion
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through membrane under concentration gradient, and (3) desorption at the downstream
membrane side. The slowest molecular diffusion is considered to be the rate-determining
step in permeation. The penetrant flux (J) can be represented as:
dC
J=-D— (2.1)
dx
where, D is the diffusion coefficient, dC/dx is the concentration gradient across the

membrane. Under steady-state conditions, this equation can be represented by:

J :Diw

. 4 (2.2)

Where, C; and C, are the concentration in the feed side and permeate side of the

membrane and L is the membrane thickness.

Stefan and Exner [6] in the late 1870’s concluded that gas permeation through soap
membrane was proportional to the product of solubility coefficient (S) and diffusion
coefficient (D). Later, Wroblewski [7] showed that under steady-state conditions, the
diffusion and solubility coefficients are independent of concentration. The permeability
coefficient (P) which determines the permeation capability of the membrane is defined
as the product of solubility coefficient and diffusion coefficient:

P=D.S (2.3)

The gas transport by polymeric material and its ability to separate a mixture is
determined by its selectivity. In a binary mixture, the selectivity also termed as
separation factor is determined as the ratio of their permeability coefficient [8, 9].

H{EHE

a;
where /i is the ideal selectivity.
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2.1.2.2. Facilitated transport mechanism

To utilize the membrane technology as alternative to conventional technologies,
membranes should have high selectivities along with high permeability. To serve this
purpose, transport mechanism by reversible complexation reaction commonly termed as
facilitated transport mechanism is included along with the solubility and diffusivity
mechanism. The carrier molecule which is either fixed or mobile reacts with CO,

molecule through a selective reversible chemical reaction.

2.2. Reactive polymer membrane

Reactive polymer membrane for CO, separation involves use of amines as carrier that
reacts rapidly, selectively and reversibly with CO,. The amines can be classified as
primary, secondary and tertiary amines based on the number of carbon containing groups
attached to the nitrogen atom. Based on the structure, amines can be further classified as
sterically hindered and sterically unhindered amine. A sterically hindered amine is a
primary amine in which the amino-group is fixed to tertiary carbon atom or a secondary
amine in which the amino-group is fixed to at least one secondary or tertiary carbon atom
[10, 11]. Some of the amines which have been industrially utilized include
monoethanolamine (MEA), diethanolamine (DEA), triethylenetetramine (TETA),
tetraethylenepentamine (TEPA), pentaethylenehexamine (PEHA). Figure 2.1 shows the
schematic representation of gas transport by reactive polymer membranes. The principle
reaction mechanism when amine solutions are used to absorb the CO, may be

represented by the zwitterionic mechanism as explained.

() OH HN H NH
HZN/\/ W N T T e T Y e
H H
(a) (b)
H H NH
N NG 2 IR SR TR PN 1D
HO” " " 0H N N
(c) (d)
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Figure 2.1 (1) Chemical structure of (a) MEA, (b) TEPA, (c) DEA and (d) TETA amine,
(2) Schematic representation of gas transport by reactive polymer membrane.

2.2.1. Zwitterionic mechanism

As proposed by Caplow [12] and Danckwerts [13], zwitterionic mechanism is one of the
popular two-step mechanism for CO,-amine reaction in which the zwitterion is formed
as an intermediate. The CO-amine reaction can be classified as a two-step reaction: CO,
first reacts with alkanolamine to form zwitterion which is then transferred to the second
molecule. The second molecule which is a base can be amine, (OH") ion or H,O.
However, Versteeg and van Swaaij [14] established that the deprotonation reaction with
(OH) ion as base is insignificant as compared to amine and water molecules. This base
then deprotonates the zwitterion by base catalyzed to form carbamate ion. The CO,
reacts in aqueous amine solution to form either bicarbonate or carbamates. The amine

carrier reversibly and rapidly reacts with CO, molecules thereby promoting facilitated
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transport mechanism. According to this mechanism, reaction between CO; and the amine

leads to the formation of a zwitterion as shown by Equation (R2.1):
CO:2+ RRNH = RR'NH*COO (R2.1)

Where, RR'NH represents a primary or secondary amine and RR'NH'COO" represents
the zwitterion. This zwitterion is further deprotonated by base, b, in the next step to form

carbamate ion as follows:
RR'NH'COO + b = RR'NCOO + bH" (R2.2)

Where, RR'NCOOQO" is the carbamate ion. If the base, b, in the reaction described by

Equation (R2.2) is the amine itself, the carbamate formation can be represented as:
RR'NH'COO + RRNH = RR'NCOO + RR'NH.* (R2.3)
By considering Equation (R2.1) and (R2.3), the overall reaction can be represented as:
CO, + 2RR'NH = RR'NCOO  + RR'NH,," (R2.4)

Where RR'NH," is the protonated amine. If the amine is sterically hindered, the

zwitterion reacts with water and amine more readily to form bicarbonate ion:
RR'NH'COO + H,O0 = HCO, + RR'NH,,* (R2.5)

In this case, the overall reaction can be represented by considering Equation (R2.1) and
(R2.5) as:

CO,+ RR'NH + H,0 = HCO",+ RR'NH", (R2.6)

The carbamate ion of the sterically hindered amine is unstable and readily undergoes

hydrolysis to form bicarbonates and release free amine molecules:

RR'NCOO + H,0 = HCO, + RR'NH (R2.7)
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These free amine molecules can again react with CO,. From the above equation it can be
inferred that in case of sterically hindered amines, large amount of bicarbonate ion is

formed compared to carbamate ions.

2.2.2. Base catalysis mechanism

As explained by Donaldson and Nguyen [15], tertiary amines (RR'R"N) do not react
directly with CO, and usually accelerate the hydration reaction of CO,. The kinetics does
not vary too much and is considered to be a first-order reaction with respect to amine

concentration. The equation can be represented as:
CO, + RRR'N + H,O0 = RR'R'NH"+ HCO, (R2.8)

2.2.3. Termolecular mechanism

The termolecular mechanism was proposed by Crooks and Donnellan [16] whereby one
molecule of amine react simultaneously with one molecule of CO, and one molecule of
base (b). The reaction takes place in a single step whereby an amine is bonding with CO,
and simultaneously proton transfer takes place via loosely-bound encounter complex as

the intermediate:
CO, +RR ----b =RR'NCOO" ----bH" (R2.9)

This complex further dissociates to form reactant molecules (CO, and amine).

2.2.4. Aqueous solution chemistry

The water effect on the CO,-amine reaction plays a great importance. The water

dissociation reaction can be represented by:
H,O =H"+ OH" (R2.10)

In aqueous solution, CO, reacts with water or its dissociated product like H* ion or OH’

ion as follows:
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CO, +H,0 = H,CO,
CO, + OH" = HCO,
HCO, + OH = CO,> + H,0

HCO, + H,0" = H,CO,+ H,0

TH-2301_136107039
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Synthesis and Characterization of Novel PVA/PEG and
PVA/PEG/Silica Membrane for CO2/N2 Separation
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CHAPTER 3

Synthesis and Characterization of Novel PVA/PEG and
PVA/PEG/Silica Membrane for CO,/N, Separation

This chapter focuses on development of novel CO,-selective membrane by embedding
silica nanoparticle as filler material into the poly (vinyl alcohol) (PVA)/polyethylene
glycol (PEG) matrix using solution casting methodology. In situ sol-gel technique was
applied for the synthesis of hydrophilic SiO, nanoparticles. The close interaction
between the silanol groups in the surface of SiO, and the polymer matrix is envisioned to
increase the compatibility between the polymer-particle phase. This in turn augments the
mechanical strength and separation performance of the membrane. Detailed
characterization studies of the synthesised membrane were conducted. The comparative
performance study of the facilitated transport polymeric membrane (PVA/PEG) and
facilitated transport mixed matrix membrane (PVA/PEG/Silica) for similar temperature
and sweep water flow rate variation were analysed. This work is scientifically

acknowledged in the journal, “Journal of Applied Polymer Science”.

3.1. Introduction

The performance of polymer membrane at high temperature can be improved by polymer
blending, use of cross-linking agent and mixed matrix membrane formation [1]. Mixed
matrix membrane (MMM) combining the advantages of both polymeric and inorganic
membranes is a highly desirable strategy to achieve high CO, performance [2, 3]. The
common fillers used in MMM involve zeolites, activated carbon, carbon molecular
sieves (CMS) and nano-sized particles. Among them, silica is considered as an attractive
inorganic filler involving easy fabrication techniques, low synthesis cost and high
resistance to swelling making it highly desirable for MMM application for gas separation
[4-10]. The silica nanoparticles have varied industrial application such as improvement
of the properties in cementitious materials [11], field of catalysis [12], drug delivery
[13], chemical sensors [14], chromatography [15, 16] and liquid/gas separation
applications [17, 18]. The various methods for preparation of silica nanoparticles consist

of plasma synthesis [19, 20], chemical vapour deposition [21], micro emulsion
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processing [22], combustion- synthesis [23], sol-gel processing [24, 25], hydrothermal
techniques [26], etc. The sol-gel technique for silica preparation have been considered in
this study due to its advantages of low processing condition (temperature and pressure)
and dispersion of the silica nanoparticles at molecular level into the polymer matrix [27].
Poly (vinyl alcohol) (PVA), a biodegradable and water soluble polymer is environmental
friendly and has excellent properties of high film forming ability, strong compatibility
with amines, high thermal and chemical stability [28]. It is used as base polymer for the
preparation of gas separation membrane. Formaldehyde (HCHO) is utilized as the cross-
linking agent. Polyethylene glycol (PEG) is used as the polymer blend owing to the
presence of polar ether groups in its chain. The polar ether (PEO) segment in PEG co-
ordinates efficiently with the polar CO, molecule thereby increasing the membrane
stability and CO, separation performance (CO, permeance and CO,/N, selectivity).
However, PEG when used alone results in very high crystallinity leading to reduction in

the gas permeability and hence not preferred [29].

The silica/lPVA hybrid material synthesized through sol-gel process depicted
enhancement in the structural, thermal mechanical characteristics than pure PVA [30-
32]. The silica nanoparticles incorporated into P\VA/PEG matrix is envisioned to enhance
the interaction between the hydroxyl group of PVA matrix and silanol groups present in
the surface of SiO, nanomaterial. This might lead to increased compatibility between the
two phases thus improving the overall mechanical strength and CO, transport
performance [33]. Taking the above factors into consideration, the amalgamation of the
film forming ability of PVA/PEG blend along with PEIl and TETA as amine carrier and
silica as filler material combined into a simple process could thus pave the way for
efficient CO, separation. This work thus involves the detailed comparative CO,
separation performance study of facilitated transport polymeric membrane (PVA/PEG)
and facilitated transport mixed matrix membrane (PVA/PEG/Silica) at similar operating
conditions. We envision that the addition of silica nanoparticle will improve the
membrane properties significantly along with the CO, separation performance thereby

providing a novel route of membrane preparation for large-scale carbon capture studies.
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3.2. Materials

Poly (vinyl alcohol) (M,, = 130,000), polyethylene glycol (M, = 6000),
polyethyleneimine (PEI) (M,, = 25,000), and triethylenetetramine (TETA) (My, =
146.08) were obtained from Sigma-Aldrich, USA. Pure ethanol (99 % purity),
formaldehyde solution, potassium hydroxide (KOH), hydrochloric acid (HCI),
tetraethylorthosilicate (TEOS) were acquired from Merck, India. Microporous
polytetrafluoroethylene substrate with thickness ~150 um (pore size ~ 0.03 pum)
was purchased from Sterlitech USA. The gas cylinders: binary mixed gas (20 %
CO; and 80 % Nj), Argon (Ar) and Helium (He) used for GC analysis was
obtained from Vadilal Pvt. Ltd., India. The molecular structure of the materials

used has been depicted in Figure 3.1.

1t u_te J{o\/*
T H ~OH

OH OH OH
poly(vinyl alcohol) poly(ethylene glvcol)
~ oy NH
HzN TN N ~ 1" NHa NN \'/\NHp
HNSN,
polvethyleneimine (PEID) triethylenetetramine (TETA)

Figure 3.1 Molecular structure of materials used
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3.3. Experimental

3.3.1. Synthesis of crosslinked PVA-PEG membrane

Active layer of thin-film-composite membrane was cast on the porous
polytetrafluoroethylene support by solution casting methodology. Firstly, PVA polymer
hydrogel was synthesized by using formaldehyde as crosslinking agent. The degree of
cross-linking was fixed at 60 mol % as already optimized [34]. Secondly, crosslinked-
PVA polymer hydrogel was blended with polyethylene glycol (PEG) at different
PVA/PEG ratio keeping the concentration of KOH constant (10 wt %). The calculation
of the amount considered is shown in Appendix 2. The dry compositions of the
membrane considered were 72 wt % PVA + 18 wt % PEG, 60 wt % PVA + 30 wt %
PEG, 45 wt % PVA + 45 wt % PEG and 30 wt % PVA + 60 wt % PEG.

PVA aqueous solution was prepared in a round bottom flask attached to reflux
condenser and temperature was maintained in oil bath (continuous stirring; temperature
~90 °C). 60 mol % degree of cross-linking with formaldehyde (HCHO) and 10 wt % of
potassium hydroxide (KOH) was added into the PVA aqueous solution to form
PVA/HCHO/KOH solution. Calculated amount of polyethylene glycol (PEG) was added
and stirred continuously until the formation of homogeneous casting solution by varying
the PVA/PEG ratio. The solution was then centrifuged at 10,000 rpm for 30 mins to
remove unwanted particle and air bubbles and finally cast on porous PTFE substrate
fixed to a glass plate using casting knife. The membrane was then dried overnight in a
laminar flow chamber (LabTech) under ambient condition followed by heating in an
oven (Thermo Scientific Heratherm) at 120 °C for 10 h and finally used for

characterization.

3.3.2. Synthesis of crosslinked PVA/PEG facilitated transport membrane

The PVA/PEG blend was chosen in the ratio of 1:0.25 (as discussed in section
3.5.1.1). 60 mol % degree of crosslinking with formaldehyde (HCHO) and 10 wt
% of KOH was added into the PVA/PEG aqueous solution. Three different
combination of polyethyleneimine (PEI) and triethylenetetramine (TETA) blend
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was synthesized. 25 wt % PEI and 15 wt % TETA amine blend was considered.
The final crosslinked PVA/PEG polymer membrane was prepared in a procedure
already explained in section 3.3.1. The dense selective layer thickness of the final
dried composite membrane was calculated to be ca. 27 um as confirmed by

FESEM analysis. The detailed calculation is shown in Appendix A2.1.

3.3.3. Synthesis of silica sol by in situ sol-gel process

Silica sol was synthesized by a method reported by Stober [43]. In brief, TEOS
(precursor) and absolute ethanol (solvent) was added under ambient condition
with continuous stirring. Thereafter, distilled water and 1N HCI (catalyst) was
included to the solution. The pH of the solution was maintained at constant value

(pH~2). The solution was stirred for ~3 h at 60 °C. Clear silica sol was obtained.

3.3.3.1. Reaction mechanism

The network formation of silica by sol-gel process is based on hydrolysis and
condensation reaction as described by Equation (R3.1-R3.3). Schematic
representation of hydrolysis and condensation (alcohol and water) reaction of
TEOS and its subsequent possible PVA/silanol network structure formation is

presented in Figure 3.2.

Si(OC,H,), +xH,0 — Si(OC,H,),, (OH), + xC,H.OH

(R3.1)
o _ Alcohol condensation N —QILO[]g —
=Si-OC,H, + =Si-OH >=Si-O-Si =+ C,H,OH (R3.2)
Qi Qi Water condensation |  _ Qi_O_.Qj —
=Si-OH + =Si-OH > =Si-O-Si=+H,0 (R3.3)

45
TH-2301_136107039



Chapter 3

(a)

(b

H.C

(c]

OC,H; WS To2hs
5 " B
H-C,0 —Si—OC,H; — HgC,0 —SI—OH + C,HzOH
OCH. OCHs
OC;Hg OC,H:
chzo\L,o\ 4, —ocH,
) ocHg OC,Hg i
E. 3
LO—Si—OH + Hscp—Ti—oczH5 Hsczo—f'—°—|5'-°°2“5 + C,H;OH
(<]
OCH, OCHs l 9
HyC,0 10— SI~0C,H;
OC,H. CoHe
OC,Hg OC,H:
) chp\;i,o\éi__oqng
OC,H; OC Hs

o
1

R i HsC,0——8i—0 —38i—0 CH;s
H.CP—Si—OH + 1-10—$|>n—o<:2H5 —_— 5C2 ; o I—O Hs + H,0

| °
OC,H; OCHg £ @
HeC 0~~~ g —SI~~0c,H,
C2Hs C2He
OC,H; OC;Hs OC;Hs OC,H: OC;Hs
o o.l o OC,H,
(d) HSCZO\ISI,O\S"/ \Si/ ~si~ \Lll 2
1
L R
| 1 N 1
(YYY\ chzO—Si—O—?i—O-S‘i—O—?I-O—Si—OCQHE
OH OH OH OH OH + ¢') o ) o é

| 4 i si_ |
H:C-O/?i\o/ ~o0” ~o0~ \O’ﬁ'\oc.ug
l i OC,H; OC;Hs OC,H; OC;Hs OC;Hs

H.C,0

HeC;0 OC,H:
H;Cx)—%l—o— i_O_Li_o_s!_o-lm—o-l.—o—ISI—O—;t—O—‘?I—OC:HE
A A R A P
H5020—};-0-&:—0-Si—o—:SI—O—%I—O—%I—O-S%-O—S!—OSE—OCQHS
o (] o 0o 0o (o] l o
J\)\/‘\)\)\)\)\)\)\m:m

Figure 3.2 Schematic representation of hydrolysis and condensation (alcohol and water)

reaction of TEOS (a,b), and PV A/silanol network structure formation (c)

3.3.4. Synthesis of crosslinked PVA/PEG/Silica mixed matrix membrane

Stoichiometric amount of HCHO, KOH, PEI and TETA was considered (as
discussed in Sections 3.3.1 and 3.3.2). Thereafter, silica content with loading of 3
wt % and 6 wt % was added to form the PVA/PEG/Silica MMM. The MMM
sample with silica loading of 3 wt % and 6 wt % were denoted by
PVA/PEG/Sil(3) and PVA/PEG/Sil(6) respectively.

TH-2301_136107039
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3.4. Membrane characterization

Thermogravimetric analysis (TGA) (TGA4000, Perkin-Elmer, USA) was carried out
under nitrogen atmosphere, heating rate ~10 °C/min. The attenuated total reflection-
fourier transform infrared spectroscopy (ATR-FTIR) (SHIMADZU, IRAffinity 1, Japan)
wavenumber range (4000 to 400 cm™), 40 scans per sample and 4 cm™ resolution
confirmed the functional groups present in the membrane. X-ray diffraction
measurement (Bruke DS8); 20 angles (10°-60°), Cu Ka radiation of wavelength A =
1.54056 A examined the crystallinity of the materials. The morphology and distribution
of the silica nanoparticles in the synthesized membrane were investigated by FETEM
and FESEM imaging. The samples were first fractured in liquid nitrogen, fixed on a stub
by a carbon tape and gold coated before top surface and cross-sectional surface analysis
is carried out. The surface chemical state analysis was examined by XPS spectrometer
(Thermo Scientific Escalab Xi*). Mono-chromated Al Ka radiation was used as the X-

ray source and the results was documented by software named Avantage v5.984.

3.4.1. Gas permeation study

The mixed gas permeation experimental set-up schematic is shown in Figure 3.3. The
detailed experimental protocol followed for gas permeation measurement is explained in
Appendix 1. A counter-current membrane module made of stainless steel with membrane
area of 51.5 cm® was considered. The entire module was stationed inside a thermostatic
cabinet for temperature control. The CO,/N, binary feed gas (20 vol % CO;) and
sweep gas (pure Argon) was fed in counter current direction in the module. The gas
flow rate was controlled by mass flowmeters (Aalborg, USA). The gases were
humidified by HPLC pumps (Shimadzu, Japan). The humidified gases were saturated
with water vapour with a saturator installed inside the system oven. The pressure of the
entire system was maintained by back pressure regulators (Swagelok, USA). The
permeate and retentate gas coming out of the oven were dehumidified and the
composition of the gases analysed by gas chromatograph (Varian 450 GC) having
thermal conductive detector (TCD). Each condition was fixed for ~10 h until steady-state
and consecutively three readings were recorded at a constant condition. The average of

the readings with standard deviation represented the gas permeation data. The details
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calculation procedures of CO; and N; flux, permeability and permeance along with
CO,/N, selectivity were discussed in appendix section (Appendix 3).

* 0-rings
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Figure 3.3 Schematic representation of gas permeation apparatus

3.5. Results and discussion

3.5.1. Thermogravimetric analysis (TGA)
3.5.1.1. TGA analysis of crosslinked PVA/PEG membrane

The thermal stabilities and weight loss regime of crosslinked-PVA-PEG blend polymers
were determined by TGA curves (Figure 3.4(a)). Each TGA curve showed three weight
loss regimes. The first weight loss between (30-130 °C) is attributed to the moisture loss
captured during sample preparation. The second weight loss (200-265 °C) is associated
with loss of hydroxyl groups from the polymer chain. The final weight loss between
(395-510 °C) is attributed to the polymer backbone decomposition. It was observed that
PVA/PEG in the ratio 1/0.25 showed the best thermal stability.
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Figure 3.4 (a) TGA curve of crosslinked PVA/PEG membrane

3.5.1.2. TGA analysis of crosslinked PVA/PEG and PVA/PEG/Sil(3) membrane

The thermal stabilities and weight loss regime of crosslinked-PVA-PEG and
PVA/PEG/SIil(3) membrane was determined by TGA curves (Figure 3.4(b)). Each TGA
curve showed three weight loss regimes. The first weight loss between (35-150 °C) is
attributed to the moisture loss captured during sample preparation. The second weight
loss (210-350 °C) is associated with loss of hydroxyl groups from the polymer chain. The
final weight loss between (450-630 °C) is attributed to the polymer backbone
decomposition. It was observed that PVA/PEG/Sil(3) membrane showed higher stability
than PVA/PEG membrane.
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Figure 3.4 (b) TGA curve of crosslinked facilitated transport PVA/PEG and
PVA/PEG/SIil(3) membrane

3.5.2. Fourier transform infrared spectroscopy analysis (FTIR)

The FTIR spectroscopy of the PVA/PEG, PVA/PEG/SIl(3), and PVA/PEG/Sil(6)
membrane is shown in Figure 3.5. The broad peak ~3200 to 3400 cm™ indicated
the presence of hydrogen-bonded hydroxyl groups (O-H) and (N-H) groups from
the amines introduced in the membrane. The sharp frequency at 2875 cm™, 1670
cm™and 1550 cm™ refers to (C-H) symmetric stretching of the alkyl band, (C=C)
stretching and the combination of (O-H) and (C-H) bending, respectively. The
vibrational bands observed at 1450 cm™ and 1320 cm™ attribute to CH, in-plane
bending and CH, out of plane bending [35, 36]. The peak at 1000-1110 cm™ is
assigned to C-O stretching vibration for PVA/PEG membrane. However, for
PVA/PEG/Sil(3) and PVA/PEG/Sil(6) membrane, an increase in peak intensity at
this range ascribed to the overlapping of (Si-O-C) and (Si-OH) bond affirming the
presence of silica in the membrane. The peak at ~850 cm™ confirmed the silanol

group from silica doped membrane.
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Figure 3.5 FTIR curve of crosslinked PVA/PEG, PVA/PEG/Sil(3) and PVA/PEG/Sil(6)
membrane

3.5.3. X-ray diffraction analysis (XRD)

The diffraction pattern from XRD analysis confirmed (Figure 3.6) the semi-
crystalline structure of PVA/PEG membrane with large peak at 20 angle of 20°
attributed to the hydroxyl group presence in its side chain [37, 38]. However, the
strong interaction between the silica and PVA results in decline of crystal growth
in PVA by the silica network. The incorporation of silica loading

(PVA/PEG/SIil(3)) thus increased the amorphous region in the polymer chain.
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Figure 3.6 XRD curve of PVA/PEG and PVA/PEG/Sil(3) membrane

3.5.4. Field emission transmission electron microscopy analysis (FETEM)

The particle morphology of as-synthesized silica was probed by FETEM analysis as
shown in Figure 3.7. The unfunctionalized silica particles confirmed uniform spherical
structure with narrow particle size range of 100-150 nm confirming the formation of

silica by Stober’s process and the distribution of silica at loading of 3 wt %.

Figure 3.7 FETEM analysis of Sil loading of 3 wt %

52
TH-2301_136107039



Synthesis and Characterization of Novel PVA/PEG and PVA/PEG/Silica Membrane

3.5.5. Field emission scanning electron microscopy analysis (FESEM)

Field emission scanning electron microscope (FESEM) image of top surface and
cross-section of membranes are shown in Figure 3.8(a-d). The cross-sectional
view confirmed the presence of two distinctive layers with almost no penetration
of the polymer solution into the porous substrate. Also, good dispersion of the
nanoparticles is confirmed through the FESEM studies. This allows the membrane

to perform at negligible mass transfer resistance of the substrate.

Figure 3.8 FESEM image of top surface of (a) PVA/PEG, (b) PVA/PEG/Sil(3) and (c)
PVA/PEG/Sil(6) membrane and cross-sectional surface of (a) PVA/PEG, (b)
PVA/PEG/Sil(3) and (c) PVA/PEG/Sil(6) membrane

3.5.6. X-ray photoelectron spectroscopy analysis (XPS)

The XPS analysis of PVA/PEG/Sil film was performed at a temperature of 24°C. The
survey scan (Figure 3.9) of XPS spectrum of the PVA/PEG/Sil(3) film sample showed
the existence of C 1s, N 1s, O 1s and Si 2s and Si 2p peak.
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3.6. CO,separation performance study of the membranes

The binary gas mixture has been analysed for variation in temperature (60-110 °C) and
sweep side water flow rate (0.01-0.075 ml/min). The feed gas (20 % CO, and balance
N>) and sweep gas (Ar) flow rates were constant at 30 and 40 mi/min, respectively.

3.6.1. Effect of temperature on CO; performance

The performance of PVA/PEG and PVA/PEG/Sil(3) membrane with temperature
variation (range: 60 to 110 °C) was investigated (Figure 3.10 (a, b)). The
feed/sweep side pressure was maintained at 2.5 atm and 1.2 atm, respectively. The
effect of temperature on CO, and N, permeance and CO,/N, selectivity for the
membrane was analysed. The CO, permeance and CO,/N, selectivity initially
increased up to certain temperature (~100 °C) and then declined linearly with
further increase in temperature. The increase in temperature increased the rate of
reaction between CO, and carrier in presence of water. With increasing
temperature, water content in the membrane lowers thus lowering the CO,
solubility in the membrane. Also, the membrane flexibility is reduced with rise in
temperature. However, the N, transport which solely follows solution diffusion
mechanism is not affected by this phenomenon and thereby showed very slow,
negligible change in N2 permeance with temperature. This result thus suggests that
water along with temperature plays a significant role for CO;, facilitated transport.
The CO, permeance and CO,/N; selectivity increased by 75 % and 36 % for
PVA/PEG/Sil(3) membrane compared to PVA/PEG membrane. These results
could be attributed to the good interaction of the polymer-filler leading to

substantial improvement in the CO, separation performance.
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Figure 3.9 XPS survey scan of PVA/PEG/Sil(3) membrane
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Figure 3.10 Effect of temperature on (a) CO,/N; selectivity and (b) CO, and N,
permeance (GPU) for PVA/PEG and PVA/PEG/Sil(3) membrane at feed absolute
pressure = 2.5 atm, sweep absolute pressure = 1.2 atm, and water flow rates =
0.03/0.04 ml/min ( feed/sweep)
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3.6.2. Effect of sweep water flow rate on CO, performance

The effect of water flow rate (ml/min) in the sweep side on membrane
performance was analysed with sweep side water flow rate variation from 0.01 to
0.075 ml/min. The feed side water flow rate was maintained constant at 0.03
ml/min. The pressure at the feed and sweep side was kept constant at 2.5 atm and
1.2 atm, respectively. The temperature of the system was kept constant at 100 °C.
Feed gas (20 % CO, and balance N3) and carrier gas (Ar) flow rates were kept
constant at 30 and 40 ml/min, respectively. (Figure 3.11(a, b)) represents the
sweep side water effect on CO,/N; selectivity and CO, and N, permeance for
PVA/PEG and PVA/PEG/Sil(3) membrane. It was observed that the CO,/N,
selectivity and CO, permeance initially increased considerably with increase in
sweep water content and then became constant after a certain value. This is
attributed to the increase in the mobility of CO,-carrier complex occurring through
the CO,-carrier reactions due to the increased water retention by the membranes
with higher sweep flow rate [39, 40]. However, the N, transport is governed solely
by solution diffusion mechanism, thereby showing insignificant increase in the N,
permeance with increase in water flow rate. Thus, it could be established that the
addition of silica fillers into the polymer matrix improved the separation

properties of the membrane.
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Figure 3.11 Effect of sweep side water flow rate on (a) CO,/N; selectivity and (b)
CO; and N, permeance (GPU) for PVA/PEG and PVA/PEG/Sil(3) membrane at
100 °C temperature with feed absolute pressure of 2.5atm, feed water flow rate of
0.03 ml/min

The bar diagram (Figure 3.12) showed 78 % increment in CO, permeance (GPU)
for PVA/PEG/Sil(3) membrane compared to pure PVA/PEG membrane with
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enhancement in CO,/N, selectivity by 36 %. Thus it can be concluded that
addition of silica filler into the polymeric matrix gives a substantial improvement
in terms of both CO, permeance and CO,/N; selectivity. The CO, permeability
(Barrer) and CO,/N, selectivity results for different membrane have been

compared in Table 3.2.
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Figure 3.12 Bar diagram for CO, permeance (GPU) and CO,/N, selectivity for
PVA/PEG and PVA/PEG/SIl(3) membrane
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Table 3.2 CO, permeability (Barrer) and CO,/N, selectivity results for different

membrane material

Polymer CO, CO,/N,  Thickness Reference
permeability selectivity (um)
(Barrer)
2,2°-Bis(3,4- 1920 23 30-50 [16]
dicarboxyphenyl)
hexafluoropropane
dianydride(6FDA)
(25 wt % silica
nanoparticles)
Polyimide 27 425 70-100 [36]
(carbon-silica
nanocomposite filler)
Polyvinylchloride(PVC) 0.1908 27.3 35 [37]
30 wt % silica
Crosslinked PVA/PEG 400 210 27
membrane This work
Crosslinked PVA/PEG/Sil(3) 710 300 27 This work
membrane

3.7. Robeson’s curve

The experimental results in this work when compared with polymer/silica combination

reported in literature exceeded the Robeson’s upper bound barrier with exceptional CO3

separation (Figure 3.13). Thus the PVA/PEG membrane and PVA/PEG/Sil(3) membrane
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exhibited higher values of CO, permeability (Barrer) and CO,/N, selectivity as

confirmed by Robeson’s upper bound limit.
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Figure 3.13 Robeson’s upper bound curve of PVA/PEG and PVA/PEG/Sil(3) membrane

3.8. Conclusions

It is widely believed that the structure and separation performance of mixed matrix
membrane depends on polymer-filler interaction. The synthesis of defect-free MMM is
an important concern and of paramount importance. In this work, PVA and PEG polymer
along with silica nanoparticle at different loading weight have been successfully
synthesized. The thermal stability and crystallinity property of defect-free,
homogenously dispersed PVA/PEG/Silica MMM have been analysed. FESEM study
showed homogenous dispersion of the fillers in the polymer matrix. FTIR and XRD
study showed the successful addition of the filler materials. Gas permeation study

revealed that the temperature and sweep side water flow rate have a remarkable impact
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on the CO, permeance, and CO,/N, selectivity. The addition of 3 wt % silica content
resulted in the enhancement of CO, permeance by 78 % and CO,/N, selectivity by 36 %
as compared to pristine PVA/PEG facilitated transport polymeric membrane. The
synthesized crosslinked PVA/PEG and PVA/PEG/silica membrane showed impressive
gas separation properties (CO, permeance and CO,/N, selectivity) very well surpassing
2008 Robeson upper bound limitation. Because of the strong interaction between the
polymer matrix and silica filler, the synthesized MMMs exhibited excellent thermal and
transport properties for gas separation. With addition of small amount of silica content
into the polymer matrix, it was found that the CO, separation properties could be
enhanced many fold. Thus, we believe these results demonstrate a novel and unique

membrane material that could be exploited for industrial CO,/N, separation.
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CHAPTER 4

Tailoring the Properties of Silica by Amino- Functionalization
as Filler in Mixed Matrix Membranes for Enhanced CO,
Separation

This chapter involves the preparation of mixed matrix membrane (MMM) by
consolidating amino-functionalized silica in the poly (vinyl alcohol) (PVA)/polyethylene
glycol (PEG) matrix. The silica prepared by Stober’s process is used as filler for CO,
separation in Chapter 3. To further improve the compatibility between the polymer and
inorganic phase and enhance CO, transport performance, the silica nanoparticles are
surface modified with 3-aminopropyltrimethoxysilane (APTMS) amino functional
groups. Detailed material characterization is performed by XPS and ninhydrin assay to
confirm the successful grafting of the amino group on the silica surface. We envision that

this work will invigorate a cost effective route for industrial flue gas separation studies.

4.1. Introduction

Mixed matrix membranes (MMMs) integrating the synergistic effect of filler and
polymer material provides a simpler approach in the synthesis of high-performance
speciality membrane material. The inorganic filler such as silica, metal-organic
frameworks (MOFs), carbon nanotubes, zeolites, etc. dispersed in the polymer matrix
combines the attractive property of polymer easy processability along with high
performance ability of fillers [1-3]. However, its large-scale application for gas
separation is hugely dependent on the formation of defect-free high-performance MMM.
Suitable polymer-inorganic particle combination and polymer-particle interface
morphologies are the pre-requisites for the formation of void-free MMM s [4, 5].

Good compatibility of polymer matrix with selected filler is also an essential factor to
ensure high selectivity and avoid undesirable characteristics of particle agglomeration,
non-selective void formation and polymer rigidification which degrades the overall
membrane performance. Various techniques such as surface and chemical modification,

use of additives and filler combinations have been utilized to improve the interaction
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with CO, molecules to enhance the gas transport performance. The silica particles have
been functionalized with various functional groups such as amines, -NH,, hydroxo, -OH,
nitro, -NO,, sulfonic acid, -SOsH, etc. The bonding between the polymer backbone and
the functional groups of the filler materials improves the interaction with the CO,
molecules thereby leading to increased compatibility between the two phases. Among
them, surface functionalization by amino groups provides appealing CO, separation
performance by promoting enhanced reversible reaction/interaction between the CO; and
amino groups [6]. The N, gas does not form complexes with amine groups thereby

leading to enhanced CO,/N; selectivity along with its permeability.

PVA/PEG polymer blend has been chosen due to its positive effect on gas separation
performance. The incorporation of silica particles in the PVA/PEG matrix improved the
gas permselectivity along with the structural, mechanical and thermal behaviour of the
membrane as discussed in Chapter 3. Addition of silica as filler improved superior
thermal behaviour, chemical stability, low cost and high specific surface area on the
membrane. The enhancement in the gas separation performance with addition of silica on
PVA/PEG facilitated transport membrane has been discussed in detail in Chapter 3 [16].
The PVA/PEG/Sil membrane with 3 wt % silica exhibited an impressive 78 % and 36 %
increment in CO, permeance and CO,/N, selectivity compared to PVA/PEG membrane.
Taking these enhanced results as a prerogative, the silica filler has been further surface
functionalized with amino functional moieties for effective CO, separation. Various
techniques for incorporation of organosilane groups into silica surface include physical
and chemical impregnation, post-synthesis grafting and co-condensation [17-22]. The
surface functionalization with organosilane compound involves activating and tailoring
the surface properties of silica nanoparticle with desired amino functional agents such as
polyethyleneimine (PEI) [23], 3-aminopropyltrimethoxysilane (APTMS) [24], 3-
aminopropyltriethoxysilane (APTS) [25]. The amino groups attached to the silica surface
in the membranes thereafter forms carbamate ions that reacts reversibly and escalates the
overall facilitated transport mechanism in the membrane showing significant increase of
CO; permeance and CO,/N, permselectivity [26]. The N, molecule in the CO2/N, gas
mixture does not take part in the facilitated transport mechanism and hence shows no
effect on the N, permeance. In this chapter, improvement in the CO, separation property

by combining the 3-aminopropyltrimethoxysilane (APTMS) functionalized silica
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(APTMS-SIl) into the PVA/PEG blend matrix facilitated by polyethyleneimine (PEI) and
triethylenetetramine amine carriers is envisioned to provide a novel and cost effective

route for efficient CO, separation studies.

4.2. Materials

Poly (vinyl alcohol) (98-99 mol % hydrolyzed powder, M,,= 130,000), polyethylene
glycol (average M,=6000), 3-aminopropyltrimethoxysilane (APTMYS),
polyethyleneimine (M,, = 25,000), and triethylenetetramine (M,=146.08) were supplied
by Sigma-Aldrich, USA. Hydrochloric acid (HCI, 37 % purity), tetraethylorthosilicate
(TEOS > 98 %), formaldehyde (37 wt % aqueous solution), ultra-pure ethanol (99 %),
were provided by Merck, India. Polytetrafluoroethylene support (thickness: ~150 um,
pore size: ~0.03 um) were obtained from Sterlitech USA. The binary feed gas (CO2/Ny)
(20/80 vol %) mixture, Argon (ultrapure) and Helium (99.999 % pure) used for the gas

permeation analysis was collected from Vadilal Pvt. Ltd., India.

4.3. Experimental

4.3.1. Synthesis of amino-functionalized silica (APTMS-Sil)

The silica sol was synthesized by Stober’s process [17]. Before the functionalization
step, the silica nanoparticle was sonicated to remove aggregates and increase the surface
available for functionalization. The APTMS functionalized silica was prepared by adding
~50 ml anhydrous toluene to the sonicated silica suspension until complete dispersion.
Thereafter, calculated amount of APTMS was added and stirred at 70-80 °C for 24 h for
enhanced covalent bond between the hydroxyl groups at silica surface with the APTMS
amino groups. The obtained amino-functionalized silica sample was coded as APTMS-
Sil. The structural formula of PVA, APTMS and schematic representation of synthesis of

APTMS functionalized silica nanoparticle are shown in Figure 4.1.
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Figure 4.1 Structural

formula of (a) polyvinyl

alcohol (PVA), (b) 3-

aminopropyltrimethoxysilane (APTMS) and (c) schematic representation of the synthesis

of APTMS functionalized silica nanoparticle

4.3.2. Synthesis of crosslinked PVA/PEG/APTMS-Sil mixed matrix membrane

The crosslinked PVA/PEG polymer solution (10 wt % solid weight) was prepared [9].
Fixed amount of APTMS functionalized silica (APTMS-Sil) was appended into the

homogeneous polymer solution and stirred continuously until the formation of APTMS

amino-functionalized silica mixed matrix membrane (PVA/PEG/APTMS-Sil) casting

solution. The solution was further sonicated for ~

20 mins for homogenous dissipation of

the silica nanoparticle into the matrix before finally casting on the porous PTFE support

with uniform pore size of ~30 nm. The viscosity was maintained > 1200 cp to ensure no

solution penetration on the porous substrate.
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4.4. Membrane characterization

The ATR-FTIR (SHIMADZU, IRAffinity 1, Japan) wavenumber range (4000 to 400 cm”
1), 40 scans per sample and 4 cm™ resolution confirmed the functional groups present in
the membrane. The surface morphology and topography was analysed by FETEM and
FESEM, ZEISS, USA. For FESEM analysis, the samples were fixed with a carbon tape
on a stub and gold sputter coated prior to imaging. The samples for BET analysis were
degassed prior to the calculation of the surface area by Bruner-Emmett-Teller method.
The mechanical property of PVA/PEG and PVA/PEG/SIil film was measured using
computerized universal tensile testing machine (UTM) (Model No: AEC 1112-5 KN
ACD). The membrane samples were cut into rectangular shape of (3x 7cm) and tested at
a room temperature of ~25 °C. Each membrane sample was tested for at least three times
and the average with least deviation was considered. The surface chemical state analysis
was examined by XPS spectrometer (Thermo Scientific Escalab Xi*). Mono-chromated
Al Ko radiation was used as the X-ray source and the results was documented by

software named Avantage v5.984.

45. Results and discussion

4.5.1. Fourier transform infrared spectroscopy (FTIR)

Figure 4.2 shows the FTIR spectra for pure silica and APTMS amine functionalized
silica particle. The absorption peak at 3648 cm™ corresponds to OH stretching of free
silanol groups. The band around 1590 cm™ is attributed to the NH; scissoring vibration.
This band indicates that the silica nanoparticles were successfully functionalized by the

amine groups. The bands at 2971 cm™ is due to CH stretching in propyl groups.
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4.5.2. Field emission transmission electron microscopy analysis (FETEM)

Figure 4.2 FTIR curve of Sil and APTMS-Sil

The particle morphology of as-synthesized silica and amino-functionalized silica

(APTMS-Sil) was probed by FETEM analysis as shown in Figure 4.3 (a, b). The

unfunctionalized silica particles confirmed uniform spherical structure with a narrow
particle size range of 100-150 nm. The APTMS-Sil exhibited identical spherical

structure with slightly rougher edges attributed to the polymerization of the organic layer

on the particle surface. Thus, it could be established that the amine functionalization of

silica brought no significant change in the particle morphology.
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Figure 4.3 FETEM analysis of (a) Sil and (b) APTMS-Sil

4.5.3. Field emission scanning electron miscroscopy analysis (FESEM)

FESEM analysis of PVA/PEG/Sil and PVA/PEG/APTMS-Sil membranes was
performed as shown in Figure 4.4 (a, b). No significant changes in the surface
morphology were observed as has already been confirmed by FETEM analysis. The
presence of dark spots in the PVA/PEG/APTMS-Sil membrane could be attributed to the
presence of amine groups. The surface modification increased the interaction between
the polymer chain and the functionalized groups. This leads to the agglomerate-free,
homogeneously dispersed filler particle into the polymer matrix. These results were in

synchrony with those reported in literature [43, 45].

— EHT » 300KV Mogs 1000KX WO= 63nm  Sipl A= inlegasts

Figure 4.4 FESEM top surface analysis of (a) PVA/PEG/Sil and (b) PVA/PEG/APTMS-

Sil membrane
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4.5.4. Surface area analysis

The N, adsorption-desorption isotherm of the raw silica (Sil) and the APTMS-silica
(APTMS-Sil) exhibited typical type | characteristic as indicated by Figure 4.5. It was
observed that the sample retained the same isotherm thereby suggesting no change in
pore shape after amine modification as already confirmed by FETEM analysis. The BET
surface area and pore volume of the synthesized silica nanoparticle was reported in Table
4.1. The reduction in the surface area with amine functionalization established the
surface filling by the amine moieties. The decrease in pore volume confirmed the pore
being partially occupied by the amino groups thereafter confirming the successful

surface functionalization of the nanofillers with APTMS [29].
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Figure 4.5 N, adsorption-desorption isotherm of Sil and APTMS-Sil
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Table 4.1 BET surface area and total pore volume of the silica and amine-functionalized

silica sample

Sample BET surface area Total pore volume
(m%/gm) (cm3/gm)

Sil 267.7 0.149

APTMS-SIl 152.3 0.125

4.5.5. Mechanical strength analysis

The mechanical stability of the membranes plays a pivotal role for long-term, large-scale
CO; separation application. The mechanical strength of PVA/PEG, PVA/PEG/SIl and
PVA/PEG/APTMS-Sil membrane was analysed by a universal testing machine (UTM)
kept at room temperature. The stress-strain curve (Figure 4.6) showed the positive effect
of silica loading on the mechanical properties of the membranes. The crosslinked
PVA/PEG film showed increment in stress with strain. It was observed that significant
improvement in tensile strength was achieved with the addition of silica which further
increased for amino modified silica. The tensile strength of PVA/PEG was 40.2 MPa
which increased to 57.4 MPa and 86.5 MPa for PVA/PEG/Sil and PVA/PEG/APTMS-
Sil membrane, respectively. The tensile strength for PVA/PEG/Sil and
PVA/PEG/APTMS-SIl film showed an increment of 43 % and 115 % as compared to
PVA/PEG film. This could be attributed to the enhancement in the cross-linking density
and formation of dense structure with incorporation of silica. Also, the strong interaction
of the inorganic particle with the polymer matrix and its uniform distribution on the
organic matrix with amino-functionalization of silica leads to superior load transfer [30].
Thus, the use of coupling agent is envisaged to promote better interfacial bond between

the silica filler and the PVA matrix thereby leading to higher tensile strength [14].
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Figure 4.6 Typical stress-strain curve of PVA/PEG, PVA/PEG/Sil and
PVA/PEG/APTMS-Sil membrane

4.5.6. Ninhydrin assay

The Kaiser test with ninhydrin assay confirmed the presence of APTMS on the surface
modified silica (APTMS-Sil). The reaction between ninhydrin solution and amino groups
leads to the formation of purple-blue complex (Ruhemann’s purple) which is
characteristics of ninhydrin-amino complex [31-34]. Before analysis, the unreacted
APTMS was washed from the surface with ethanol. A fixed amount of amino
functionalized silica sample was dispersed in 1 mL of ninhydrin solution, sonicated for
40 min and thereafter heated at 80 °C for 20 min. A purple-blue Ruhemann’s complex
was formed due to the association of the ninhydrin solution with amino groups of ZIF-8.
Thus the test established the successful attachment of PEI amine to the surface of the
ZIF-8 filler.

4.5.7. X-ray photoelectron spectroscopy analysis (XPS)

The survey scan of XPS spectrum (Figure 4.7 a) of PVA/PEG/Sil and
PVA/PEG/APTMS-Sil film (temperature ~ 24 °C) established the presence of C, N, O, Si
peaks. It also confirmed the surface composition of the silica filler with functionalization

effect. The C 1s, O 1s and Si atoms contain peaks with binding energies of 285 eV, 532
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eV, 152 eV (Si 2s) and 103 eV (Si 2p), respectively. The increase in the characteristic
peak signal of N 1s and S 1s for PVA/PEG/APTMS-Sil film compared to PVA/PEG
membrane confirmed the successful APTMS amine modification on the ZIF-8
nanocrystal surface. The high resolution spectra of C 1s and N 1s region showed strong
core level transition for the element. The peak at 285.2 and 284.9 eV corresponds to the
presence of (C-C) and (C-N) bonds (Figure 4.6 b). The peaks with binding energies at
285.8 and 287.5 eV corresponds to the (C-O) and (C=0) bond, respectively. The narrow
scan range of N 1s peak (Figure 4.6 c) confirmed the successful addition of amino
groups to the silica surface. The amino groups could be broadly classified into three
different binding energies. The amines in free state, amines bonded with the O-H groups
present at the surface of the particles and protonated amines were represented by binding
energies of 398.2 eV, 399.6 eV and 401.8 eV, respectively [35, 36]. The presence of
protonated amines indicated that carbamates are formed which explained the interaction
of CO, molecules with the amine groups. Thus, the interaction of the silica nanoparticle
with the APTMS amine moieties could be further verified by XPS analysis.
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4.6. CO, separation performance study of the membrane

The CO; separation performance of the synthesized membranes were analysed for
variation of temperature (60-110 °C) and sweep water flow rate (0.01-0.075 ml/min).
Binary gas (20 % CO, and 80 % N,) and Argon (Ar) was used as feed and carrier gas,
respectively. The effect of PVA/PEG/APTMS-Sil mixed matrix membrane on the CO,
performance was studied. Binary feed gas mixture and sweep gas (Argon (Ar)) was

considered for mixed gas permeation study.

4.6.1. Effect of temperature on CO, performance

The effect of temperature on the CO, permeance and CO./N, selectivity for the
PVA/PEG/APTMS-Sil membrane was analysed. As seen in Figure 4.8(a), it was
observed that with the increase in temperature up to 100 °C, the CO,/N, selectivity and
CO; permeance showed an inclination. This could be attributed by the contributed effect
of the increased CO; solubility and diffusivity, and enhanced CO,-amine reaction rate
contributed by the carrier along with the additional amines attached to silica nanoparticle
surface. The enhancement in the facilitated transport by the additional amino groups
attached to the surface of the silica nanoparticle along with the PEI amines which acts as
fixed carrier augments the CO,-amine reversible reaction mechanism. This can be
attributed to the increased CO,-amine reversible rate of reaction governed by the
facilitated transport mechanism in the presence of temperature and moisture
content. However, at higher temperature (>100 °C), the restriction in water content
lowered the facilitated transport properties [37-39].

The PVA/PEG/APTMS-Sil membrane showed optimum CO, permeance and CO,/N,
selectivity of 36 GPU and 325 at a temperature of 100 °C, feed and sweep side absolute
pressure of 2.5 atm and 1.2 atm and feed and sweep side water flow rates of 0.03 ml/min

and 0.04 ml/min, respectively.
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Figure 4.8(a) Effect of temperature on CO, permeance (GPU) and CO,/N; selectivity at
feed absolute pressure = 2.5 atm, sweep absolute pressure = 1.2 atm, sweep/feed water

flow ratio = 1.67

4.6.2. Effect of sweep water flow rate on CO; performance

The change in CO; permeance and CO,/N; selectivity with variation in sweep water flow
rate from (0.01-0.075 ml/min) was analysed as shown in Figure 4.8(b). With increased
sweep water content (up to 0.04 ml/min), the CO, permeance and CO,/N,
selectivity showed an uptrend. This could be attributed to the increased mobility
of COs-carrier complex occurring through the CO,-carrier reactions with
increasing water content. At sweep water flow rate > 0.04 ml/min, both CO,
permeance and CO./N; selectivity showed a constant value attributed to the carrier
saturation inside the membrane material. Also, it is envisaged that the presence of
amino modified silica nanoparticle caused disruption of the polymer chain packing
thereby increasing the presence of overall fractional free volume and improving in the
penetrant gas interaction. Further, the smaller molecular size and condensability of CO,
gas molecule as compared to N, molecules is expected to accelerate its transport across
the membrane [40, 41].
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Figure 4.8(b) Effect of sweep water flow rate (ml/min) on CO, permeance (GPU) and
CO,/N; selectivity at temperature of 100 °C, feed and sweep absolute pressure of 2.5 and

1.2 atm

The PVA/PEG/APTMS-Sil membrane showed CO, permeance of 36 GPU and CO,/N,
selectivity of 325 at fixed conditions of 100 °C temperature, 0.03/0.04 mi/min feed
/sweep water flow rate and 2.5/1.2 atm feed/sweep side pressure. These results showed
significant augmentation in the CO, permeance (GPU) and CO,/N; selectivity by 141 %
and 55 % and by ~33 % and 8 % in comparison to PVA/PEG and PVA/PEG/SIl
membrane, respectively. The effect of CO, permeance (GPU) and CO,/N, selectivity on
PVA/PEG, PVA/PEG/Sil and PVA/PEG/APTMS-Sil at temperature = 100 °C, feed/
sweep water flow rate= 0.03/0.04 ml/min, and feed/sweep side pressure= 2.5/1.2 atm

was represented in Figure 4.9.
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Figure 4.9 Effect of CO, permeance (GPU) and CO/N, selectivity on PVA/PEG,
PVA/PEG/Sil and PVA/PEG/APTMS-SIl at temperature=100 °C, feed/ sweep water

flow rate=0.03/0.04 ml/min, and feed/sweep side pressure= 2.5/1.2 atm, respectively

4.7. Robeson’s curve

The experimental results in this work exceeded the Robeson’s upper bound barrier with
exceptional CO; separation (Figure 4.10). Thus it can be concluded that addition of silica
filler and its subsequent amine modification aggravates the CO; separation performance

with better results pertaining to CO, permeability and CO,/N, selectivity.
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Figure 4.10 Robeson’s upper bound curve of PVA/PEG, PVA/PEG/Sil and
PVA/PEG/APTMS-Sil membrane

4.8. Conclusions

This study reports the formation of silica nanoparticle and its subsequent amine
modification by 3-aminopropyltrimethoxysilane (APTMS) coupling agent. FESEM
study established the increased surface roughness of the membrane with incorporation of
APTMS-Sil thereby enhancing the reaction surface area aiding in the CO, permeability.
Also, the tensile strength of PVA/PEG/APTMS-SIl film showed an increment by 115 %
compared to PVA/PEG film as confirmed by UTM analysis. The successful
impregnation of APTMS amine into the silica nanoparticle was further confirmed by
ninhydrin assay and XPS analysis. The integrated positive effect of the amine carriers
and the surface functionalization of nanoparticles imparts enhancement in the CO;

permeance and CO,/N; selectivity. The CO, permeance and CO,/N, selectivity of
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PVA/PEG/APTMS-Sil membrane obtained optimal results of 36 GPU and 325 for
temperature of 100 °C, water flow rate of 0.03/0.04 ml/min (feed/sweep) surpassing the
Robeson’s curve. These results showed a remarkable boost in CO, permeance (GPU) and
CO2/N; selectivity by 141 % and 55 % when compared to PVA/PEG membrane. Thus,
the superior gas separation properties of PVA/PEG/APTMS functionalized silica mixed
matrix membrane could provide a striking opportunity for its utilization in large-scale

CO;, capture solution.
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Synthesis and Characterization of Novel PVA/PG and
PVA/PG/ZIF-8 Membrane for CO,/N, Separation

NH) ‘ 4
».u_.' - . .. = .. - . “
H H P A DS S
(l; J I E . o oo o o o
OH OH OH PVA/ZIF-8 MMM

Z 1004
H
)
€
S 1o
A Utem2ZiF-8
Poly(vinyl alcohol APVAPG
Y( y ) ' A PVAPGRIF 8
S
L Tee ° St ML R
® o 01 1 10 100 1000 10000 100000
9 /—\ €O, Permeance (GPU)
HZH\)I\O' { MH

H,N ;

Piperazine glycinate (PG)

Graphical abstract of PVA/PG/ZIF-8 mixed matrix membrane
synthesis and the Robeson’s upper curve

TH-2301_136107039



CHAPTER S5

Synthesis and Characterization of Novel PVA/PG and
PVA/PG/ZIF-8 Membrane for CO,/N, Separation

This chapter aims at investigating zeolitic imidazolate framework-8 (ZIF-8) metal-
organic framework (MOF) as filler material for CO, separation. The synthesised ZIF-8
MOF (regular pore size ~0.35 nm) embedded into the poly (vinyl alcohol) (PVA)/
piperazine glycinate (PG) solution were cast on the PES support to impart mechanical
stability to the membrane. The ZIF-8 could serve as a potential molecular sieving
material. Its partial organic nature when combined with the organic PVA/PG polymer
matrix could pave the way for the formation of intrinsically compatible defect-free novel
MMM for effective CO, separation. Detailed characterization techniques revealed the
thermal and mechanical property enhancement with incorporation of ZIF-8 filler into
this novel combination. The PVA/PG/ZIF-8 membrane could thereby be considered as a
potential pathway for industrial CO, separation studies. This work is scientifically

published in the journal, “Journal of Membrane Science”.

5.1. Introduction

Polymer membranes which usually follow solution-diffusion mechanism are subject to
trade-off limitation between gas permeability and selectivity usually called the
Robeson’s upper bound limitation. To overcome these constraints, amino groups which
are introduced into the membrane improves the CO, permeation by following the
facilitated transport mechanism. However, in most cases, the lack of mobility in fixed
site carriers leads to lower CO, permeability compared to mobile carriers. Amines such
as alkalines and amino acid salts have been utilized as mobile carriers in CO, facilitated
transport membrane. Among them, the amino acid salts have advantages of high
diffusivity and negligible volatility [1]. Due to the fast reaction kinetics and high CO,
absorption capacity, amino acid salts have been intensively studied as CO, absorbents
[2]. Ho et al. [3] studied the effects of different amino acid salts on membrane transport
performance and found that piperazine glycinate (PG) amino acid salt as mobile carrier

performed better compared to potassium glycinate and lithium glycinate salts. Also, the
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high-performance of MMM is greatly influenced by the polymer-filler interface
compatibility in the absence of which non-selective voids at the interface is obtained.
This leads to comparatively higher diffusion of larger gas molecules thereby leading to
steep decline in overall selectivity. Thus, the good affinity between filler and polymer
material plays a major role in the formation of desired defect-free MMMs [4-5]. Among
the common fillers [6-16], metal-organic framework (MOF) is hugely preferred over
others for MMM fabrication. This class of hybrid organic-inorganic crystalline
nanoporous framework offers high porosity, adjustable pore size, specific surface area
and convenient synthesis process. When compared to zeolites, silica, or other porous
materials, MOFs offer advantages of large surface area making it an attractive candidate
for gas separation. In addition, the highly tunable physical and chemical characteristic
makes it a desirable filler material in MMMs [18-21]. Zeolitic imidazolate framework
(ZIFs), a subclass of MOFs consisting of transition metal ions (e.g., Zn, Co) linked by
imidazolate ligands to form tetrahedral frameworks resembling zeolite topologies exhibit
high thermal and chemical stability along with permanent porosity. ZIF-8 has a sodalite
(SOD) structure connected with a large pore size of 11.6 A and small pore size of 3.4 A
[22]. The ZIFs with the nanoporous structure could effectively serve as a potential
molecular sieving material for separation of gas molecules with small kinetic diameters
(such as CO,, H,) along with gas storage facility [23]. Also, the partial organic nature of
the imidazolate linkers in ZIF-8 when combined with the organic polymer matrix
improves the interfacial compatibility between the two phases [24, 25]. Thus we
envisage that the formation of intrinsically compatible defect-free polymer/ZIF-8 MMM
without any complex membrane modification technique will present a potential route for
effective CO; separation. Literature has reported an extensive application of ZIF-8 fillers
for CO, adsorption capacities and also its performance as fillers in MMMs for gas
separation [26]. Different polymers such as 6FDA-durene diamine, polyvinyl amine
(PVA,), PIM-1 embedded with ZIF-8 particle have been reported. However, the
noteworthy combination of polyvinyl alcohol (PVA) and ZIF-8 has not yet been
explored for CO, gas separation studies. Song et al. [27] studied the Matrimid /ZIF-8

membrane and reported CO, permeability at different ZIF-8 loading. It was observed that
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with the increase in ZIF-8 loading to 20 wt %, the CO, permeance increased 2 folds
compared to polymer membrane. Also, an increment in the N, permeance and overall
selectivity was observed. Nafisi and Hagg [28] reported 6FDA-durene diamine/ ZIF-8
membrane with improvement in CO, permeance by 50 % with the incorporation of 30 wt
% ZIF-8 into 6FDA-durene diamine matrix. Zhao et al. [29] studied the separation
performance of PVAm,/ ZIF-8 membranes and reported CO, permeance as high as 297
GPU along with a selectivity of 83. Chen and Ho [30] reported PVA,, / piperazine
glycinate (PG) membranes with CO, permeance as high as 1100 GPU and CO,/N,
selectivity of more than 140 at a flue gas temperature of 57 °C and 17 % water vapor
with a low active layer thickness of 100-200 nm. Bushell et al. [31] studied the
separation performance of PIM-1/ ZIF-8 membrane. Increased CO,/CH, selectivity
along with decreased CO, permeance was observed by incorporating 28 vol % ZIF-8 into
PIM-1. Zhang et al. [32] successfully incorporated ZIF-8 into polyimide and achieved
high-performance propylene/propane separation. Very recently, Kwon et al. [33] studies
showed improved propylene/propane separation by growing ZIF-67 on ZIF-8 seed
layers. Amirilargani et al. [34] reported poly (vinyl alcohol)/ zeolitic imidazolate
frameworks (ZIF-8) mixed matrix membranes and studied the pervaporation property of
isopropanol. The characterization analysis showed improved thermal, mechanical and
morphological results with the addition of ZIF-8 loading into the PVA polymer matrix.
Thus, the combination of the film forming ability of PVA along with the excellent
molecular sieving properties of the ZIF-8 to form defect-free PVA/ZIF-8 membrane is
expected to provide a new, innovative approach for improved CO; gas separation studies.
In this study, crosslinked poly (vinyl alcohol) of high molecular weight was used as the
base polymer. To the aqueous polymer solution, the synthesized piperazine glycinate
(PG) amino acid salt (Figure 5.1a) solution was added in a fixed stoichiometric amount.
The PG salts act as mobile carrier incorporating facilitated transport mechanism and
leading to a considerable enhancement in CO, transport as compared to pure PVA
membrane films. The PVA/PG membrane was further doped with ZIF-8 nano-fillers
(Figure 5.1b) and the changes in the separation results analysed. We envisage that the
inclusion of ZIF-8 nanoparticles interrupts the PVA/PG blend polymer chain packing

thus increasing the free volume and diffusion pathway for gas penetrants resulting in the
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upsurge in the CO, permeance. Also, the molecular sieving property of the ZIF-8 particle
is expected to separate the smaller CO, gas molecules through its interior cavity thereby
leading to the increment in CO2/N, selectivity. Literature has reported PVAL/ZIF-8
membrane and found good results for CO, transport. However, this work is an attempt to
synthesize facilitated transport novel membrane in a more economical way by
considering low-cost materials and tailoring it into high-performance mixed matrix
membranes. The novelty of the present work is in the incorporation of ZIF-8 filler into
the PVA/PG membrane, the combination of which has not been reported for gas
separation studies till date. The thermal and mechanical property enhancement with the
addition of ZIF-8 fillers and piperazine glycinate salt (PG) carriers was thoroughly
analysed and discussed. The PVA/PG/ZIF-8 membrane thereby is considered to provide

CO,-facilitated transport pathway for high CO, separation performance.

5.2. Materials

Poly (vinyl alcohol) (99 mol % hydrolyzed powder, M,, = 130,000), and 2-
methylimidazole (Hmim) [C4HsN,] were purchased from Sigma-Aldrich, USA.
Formaldehyde solution (37 wt % in H,0), glycine (Assay> 99 %), piperazine (99 %),
zinc nitrate hexahydrate [Zn (NOg3),.6H,0], and methanol were obtained from Merck,
India. All chemicals were used without any further purification. Poly (ether sulfone)
(PES) supports (thickness: 150 pm and pore size: 0.03 um) were provided by Sterlitech
USA. Binary feed gas (20 % CO, and 80 % N,) mixtures used for the gas permeation
analysis was supplied by Vadilal Pvt. Ltd., India.

0
H2N\/lko‘ H,N'  NH
__/

(a)

Figure 5.1 Structural formulas of (a) Piperazine glycinate (PG), and (b) ZIF-8

nanocrystal
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5.3. Experimental

5.3.1. Synthesis of piperazine glycinate salt

The piperazine glycinate salt solution was synthesized by a method reported by Chen and
Ho [30]. Stoichiometric amount of aqueous glycinate solution was prepared by
continuous stirring at ambient condition for 2 h. Thereafter, calculated amount of
piperazine was added to the glycine solution leading to the formation of amino acid salts.
The piperazine and glycinate salt was further mixed together and stirred continuously for
another 2 h until a homogeneous PG mobile carrier solution was formed which was

utilized for the MMM preparation.

5.3.2. Synthesis of crosslinked PVA/PG membrane

The PVA polymer solution was prepared as mentioned [35-37]. Here in, the dopant
solution was cast onto porous poly (ether sulfone) support (average pore size: 0.03 pm).
The PVA aqueous solution (10 wt % solid weight) was prepared by continuously stirring
at a temperature of 90 C maintained constant via oil bath. The PVA solution was in-situ
crosslinked with formaldehyde at a ratio already optimized through our previous studies.
Thereafter, the prepared PG salt solution was added fixed in the weight ratio of 70 and
30 to form the final crosslinked PVA/PG polymer solution. The prepared solutions at
high viscosity (~ 1200 cp) were then centrifuged (10000 rpm, 30 min) to remove any air
bubble or undissolved particle. The final centrifuged solution was then cast onto the
porous PES support kept over glass plate. The thickness of the polymer film was
maintained by a micrometre adjustable film applicator (GARDCO, Paul N. Gardner,

USA). The approximate dry coating thickness was assumed based on the equation:

l, xr,=05xc xn x|, (5.1)

where 1, is the dry thickness of the coated PVA/PG membrane, r, the dry membrane
density, c; the total solid weight concentration of the coating solution, r; the coating
solution density, and lgy the gap setting of the coating knife. The dense selective layer
thickness obtained by the above equation is comparable to the results obtained by
litematic digimatic measuring unit (Make: Mitutoyo, Model: VVL-50) with an accuracy of
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about + 0.5um, and FESEM images. The membrane was dried overnight in a laminar
flow chamber under ambient condition followed by heating in the oven at 120 °C for 10
hours. The thickness of the active layers was calculated to be around 4 pm. The

membrane effective area was considered to be 8.5 cm?.

5.3.3. Synthesis of ZIF-8 nanocrystal

ZIF-8 was synthesized following the procedure explained by Cravillon et al. [38]. A
fixed amount of precursor, Zn (NO3),.6H,O (2.933 gm) was added to 200 ml of
methanol to form zinc nitrate solution. The ligand solution was prepared by adding 6.48
gm of 2-methylimidazole (Hmim) into 200 ml of methanol. Both the solutions were then
mixed and the resultant solution was stirred vigorously for 1 h. The final milky solution
was allowed to rest for 12 h. It was then centrifuged at around 10,000 rpm for 35 min
and finally washed three times with methanol. This step was repeated several times until
the formation of ZIF-8 nanoparticles. The mechanism of ZIF-8 synthesis is depicted in
Figure 5.2.

n?*

Figure 5.2 Mechanism of ZIF-8 synthesis

5.3.4. Synthesis of crosslinked PVA/PG/ZIF-8 membrane

The MMM sample with ZIF-8 particle loading of 5 wt % was denoted by PVA/PG/ZIF-
8. The final centrifuged solutions were cast onto the porous PES support. The membrane
was dried overnight in a laminar flow chamber under ambient condition followed by
heating in the oven at 120 °C for 10 h. The thickness was maintained by a micrometer
adjustable film applicator (GARDCO, Paul N. Gardner, USA) calculated to be ~4 um.

96
TH-2301_136107039



Synthesis and Characterization of Novel PVA/PG and PVA/PG/ZIF-8 Membrane

5.4. Membrane characterization

The thermal effect of the polymer film was studied using TGA analysis (TGA4000,
Perkin-Elmer, USA). Heat treatment was carried out from 25 °C to 900 °C at the rate of
10 °C/min under N, environment. The glass transition temperature (Ty) was determined
by subjecting the sample to double heating-cooling system using 1/400 STARe system
(METTLER TOLEDO, Switzerland). The functional groups present in the ZIF-8
nanoparticle and the synthesized active layer were confirmed from the ATR-FTIR
(SHIMADZU, IRAffinity 1, and Japan) with wavenumber in the range of 4000 to 400
cm, 40 scans per sample and 4 cm™ resolution. The ZIF-8 particles are added with KBr
pellets for sample analysis. XRD analysis was performed using Bruke DS, for 20 angles
between 10° and 60° with Cu Ka radiation (30 kV-40 mA). The samples for BET were
degassed for 24 h followed by the analysis. The internal surface area was determined by
BET method and the micropore volume by the t-plot method. The surface property was
investigated by AFM, Innova, Bruker. It was processed using Windows-Scanning-x-
Microscope (WSxM) software at a scan rate of 0.7 Hz (tapping mode). The top and
cross-sectional image confirms the surface morphology and distribution of the ZIF-8
particles in the membrane by FESEM, ZEISS, USA and EDX analysis. The samples
were first fractured in liquid nitrogen for ease of analysis, fixed on a stub with a carbon
tape and then sputter coated with gold prior to imaging. XPS was conducted using
Thermo Scientific Escalab Xi* XPS spectrometer for quantitative and qualitative nalysis
of surface chemical state. The X-ray source was mono-chromated Al Ka radiation of pot
size 900 um. The analysis pressure was maintained at 7 x 10”° mBar and the data was

recorded using Avantage v5.984 software.
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5.5. Results and discussion

5.5.1. Thermogravimetric analysis (TGA)

Thermal stability of ZIF-8 nanoparticle, and dense selective PVA/PG, and PVA/PG-ZIF-
8 (ZIF-8 loading 5 wt %) layer was investigated using thermo-gravimetric analysis as
shown in Figure 5.3. The weight loss of ZIF-8 filler, PVA/PG and PVA/PG/ZIF-8 and its
effect on the thermal stability and phase transition was analysed. The samples showed
three distinct stages of weight loss. For synthesized ZIF-8 particles, a long plateau was
observed in the temperature range of 300-550 °C, indicating excellent thermal stability to
550 °C of the synthesized ZIF-8 particles. ZIF-8 showed no significant weight drop to
250 °C indicating hydrophobic pores [39]. At 250 °C, a negligible weight loss of 5 wt %
referred to the removal of the moisture physically absorbed during the synthesis process.
From 500-600 °C, the weight loss of around 10 wt % was due to the solvent loss and loss
of moisture entrapped in the ZIF-8 nanocrystal. For PVA/PG and PVA/PG/ZIF-8
membrane, the initial weight loss below 150 °C is due to the loss of moisture captured
from the atmosphere during membrane synthesis along with other volatile matters. The
weight loss in the second stage from 210-360 °C is due to the depletion of hydroxyl
groups and free amine groups from the polymer matrix. It was observed that the weight
loss in case of PVA/PG/ZIF-8 membrane is significantly less (30 %) when compared to
the pure PVA/PG membrane (60 %). This can confirm good interaction between the
polymer and ZIF-8 filler. The increase in polymer chain stiffness and backbone rigidity
with addition of ZIF-8 leads to an increment in the overall thermal behaviour [40, 41].
The final weight loss at 405 °C is attributed to the breakdown of the C-C polymer
backbone. The residual weight loss was 19.8 % for PVA/PG/ZIF-8 membrane which
reduced to 8.1 % for PVA/PG membrane. Thus it can be inferred that the PVA/PG/ZIF-8
membrane showed better thermal stability compared to PVA/PG membrane. Also, the
stable performance of the membranes to 150 °C as shown by TGA curve reinstates the
thermal stability of membrane for CO, separation performance study for a temperature
range of 25-90 °C.
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Figure 5.3 TGA curve of ZIF-8, PVA/PG and PVA/PG/ZIF-8 membrane

5.5.2. Fourier transform infrared spectroscopy analysis (FTIR)

The FTIR characterization of the synthesized ZIF-8 filler, PVA/PG and PVA/PG/ZIF-8
membrane was depicted in Figure 5.4. The peaks of the synthesized ZIF-8 filler were
similar to the reported data [42-44]. The synthesized material exhibited the adsorption
bands of the functional group of imidazole units. The peaks for ZIF-8 were derived from
the ligands of 2-methylimidazole. The sharp peak at 3620 cm™ is due to O—H bond
indicative of the presence of water molecule in the crystal. The absorption band at 3180
cm™ and 2920 cm™ was ascribed to the aromatic and aliphatic C—H stretch of the
imidazole. The C=N stretch mode was observed by the peak at 1630 cm*. The
wavenumber region of 1450-900 cm™* exhibited various bands assigned to the in-plane
bending of the imidazole ring. The bands below 800 cm™ were ascribed to the out-of-
plane bending of the rings. The functional groups present in the PVA/PG and
PVA/PG/ZIF-8 membranes were investigated. The broad peak around 3350 cm™ and
3280cm™ indicated the presence of hydrogen-bonded hydroxyl groups (O-H) in the
membrane and the shift in the peak indicated the presence of amino group with the N-H
stretch. The peak at 2970 cm™ refers to the presence of the alkyl groups. The intensity
around 1670 cm™ refers to the (C=C) stretching and at 1500 cm™ to the (C-H) bending,
respectively. The vibrational bands observed at around 1670 cm™ and 1360 cm™
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attributes to the CH, bending [45]. The peak at 1150 cm™ was assigned to C-O stretching
vibration. The FTIR spectra of PVA/PG/ZIF-8 film confirmed the presence of both ZIF-
8 nanoparticles and PVA film. The peak intensity of O-H bond increased with a slight
shift thereby confirming interaction with the ZIF-8 particles for PVA/PG/ZIF-8
membrane. The new peak at 1650 cm™ confirms to the N-H bending for PVA/PG/ZIF-8
membrane thereby confirming the interaction of PG amine with ZIF-8. Peak around 500
cm™ confirmed the formation of Zn-N bond present in the ZIF-8 nanoparticle. The
vibrations observed below 800 cm™ and 1350-900 cm™ were assigned to out of plane
bending and the in-plane bending of the imidazolate ring thereby confirming the
interaction with the functional groups of ZIF-8 particle [46, 47].

——PV/IPG
| —— PV/PG/ZIF8
| ——ZIF-8

. 2970
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Figure 5.4 FTIR curve of ZIF-8, PVA/PG and PVA/PG/ZIF-8 membrane

5.5.3. X-ray diffraction analysis (XRD)

The crystalline structure of as-synthesized ZIF-8 powder, PVA/PG and PVA/PG/ZIF-8
membrane was investigated by XRD analysis as demonstrated in Figure 5.5. It was
observed that the position and intensity of the diffraction peaks were in agreement with
the reported data as mentioned in the literature [46-48]. The XRD value of ZIF-8
nanoparticle depicts strong peak at 20 angle of 10.3° (002), 12.6° (112), 14.8° (022),
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16.2° (013), 18° (222), 24.6° (233), 26.9° (134) peaks respectively. This validates the
successful formation of the ZIF-8 particles. The broad peak observed at 20 of 19.8°
corresponding to (101) plane for PVA/PG and PVA/PG/ZIF-8 membrane confirms the
semi-crystalline structure of the membrane film. The slight relocation of the peak to the
right in case of PVA/PG/ZIF-8 membrane indicates the reduction in PVA chain distance
thereby indicating close interaction of the polymer-filler material.

——PVAPG
——PVA/IPG/ZIF-8
——ZIF-8

Intensity(a.u.)

2 Theta(degree)

Figure 5.5 XRD curve of ZIF-8, PVA/PG and PVA/PG/ZIF-8 membrane

5.5.4. Field emission transmission electron microscopy analysis (FETEM)

The FETEM image of the ZIF-8 filler and the PVA/PG/ZIF-8 mixed matrix membrane at
different ZIF-8 loading (5 wt % and 10 wt %) was depicted in Figure 5.6 (a-d). Figure
5.6(a) and (c) confirmed homogeneous dispersion of ZIF-8 in solution as well as
membrane at 5 wt % loading. With increase in loading to 10 wt %, some crowding was
observed as confirmed by Figure 5.6(b) and (d). The synthesized ZIF-8 exhibited
uniform particle size of ~100 nm of polyhedral shape thereby confirming the formation

of ZIF-8 particles.
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Figure 5.6 FETEM image of the ZIF-8 filler at loading of 5 wt % (a) and 10 wt % (b),
and the PVA/PG/ZIF-8 mixed matrix membrane at ZIF-8 loading of 5 wt % (c) and 10
wt % (d)

5.5.5. Field emission scanning electron microscope analysis (FESEM)

The FESEM analysis of the top and cross-sectional image of the synthesized membranes
was shown in Figure 5.7(a-d). The top surface image of pure PVA/PG membrane
confirms a smooth topography of the active layer. For PVA/PG/ZIF-8 membrane,
homogeneous dispersion of ZIF-8 in the matrix is observed thereby confirming the
exceptional compatibility and interaction between the polymer-filler interface. The cross-
sectional view for both PVA/PG and PVA/PG/ZIF-8 membrane confirmed the formation

of active dense layer of thickness 4um on the PES support. Also, no leakage of polymer
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solution was observed thereby having no effect on the overall resistance offered by the

membrane.
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Figure 5.7 FESEM image of top surface and cross-sectional image (a, b) PVA/PG/ZIF-8
membrane and (c, d) PVA/PG membrane

5.5.6. X-ray photoelectron spectroscopy analysis (XPS)

The XPS analysis of the PVA/PG/ZIF-8 film was performed at a temperature of 24 °C.
The survey scan (Figure 5.8) of XPS spectrum of the PVA/PG/ZIF-8 film sample
showed the existence of C 1s, N 1s, O 1s and Zn 2p peaks thereby confirming the

successful formation and integration of ZIF-8 MOF in the membrane sample.
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Figure 5.8 The XPS data profile survey scan of PVA/PG/ZIF-8 membrane

5.6. CO,separation performance study of the membrane

The binary gas mixture has been analysed for variation in temperature (60-110 °C) and

sweep side water flow rate (0.01-0.075 ml/min).

5.6.1. Effect of temperature on separation performance

The performance of PVA/PG and PVA/PG-ZIF-8 membrane for temperature variation

(range: 60 to 110 °C) was investigated in Figure 5.9 (a, b). The feed/sweep side pressure,

feed/sweep side water flow rates was maintained at 2.5 atm and 1.2 atm, 0.03 and 0.05

ml/min, respectively. It was observed that the CO, permeance for both PVA/PG and

PVA/PG/ZIF-8 membrane showed constant improvement with increment in temperature

to 80 °C with insignificant rise with further increase in temperature. At 95 °C, the

TH-2301_136107039
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membranes showed optimal performance and the CO, permeance and CO,/N; selectivity
for PVA/PG membrane was found to be 45 GPU and 210 which increased to a
significant 82 GPU and 370 for PVA/PG/ZIF-8 membrane. This can be attributed to the
increase in the rate of reaction of CO, and amine with increasing temperature and
moisture content governed solely by the facilitated transport mechanism. However, at a
lower temperature, both solution-diffusion mechanism and facilitated transport
mechanism plays a substantial role in the CO, separation ability [49]. The reduction in
the water retention capacity at higher temperature (up to 110 °C) leads to a restriction in
the facilitated transport mechanism. However, for PVA/PG/ZIF-8 membrane, steep
increment in the CO, permeance and the CO,/N, selectivity is observed at higher
temperature. This could be due to the fact that for mixed matrix membrane exhibiting
molecular sieving effect, the gas transport is governed by solution-diffusion mechanism
along with facilitated transport mechanism. CO; gas transport occurs through solubility
due to the interaction between the gas molecule and polymer matrix. The small pore size
of ZIF-8 (3.4A) allows the passage of smaller CO, gas molecules (3.3A) and restricting
the passage of larger gas molecules (N;) thereby leading to an increment in the CO,
permeance [50, 51]. The N, gas transport on the other hand is governed basically by
diffusivity whereby the gas diffuses through the free volume in the polymer matrix. Also,
nitrogen diffusion coefficient is expected to be less affected by the incorporation of ZIF-
8 than CO, diffusion coefficient mainly due to the restricted geometry of nitrogen
molecules thereby impeding the diffusion inside the ZIF-8 pores [25]. Thus considering
the overall facilitated transport and molecular sieving effect, an impressive increment in
CO; permeance of 82 GPU and CO,/N, selectivity of 370 at 95 °C for PVA/PG/ZIF-8
membrane was observed. At temperature > 105 °C, reduction in the membrane flexibility
and increase in its stiffness impedes the easy passage of CO, gas molecules and hence
the CO,-carrier reaction rate leads to no significant increment in the CO, permeance and
CO./N; selectivity. The N, gas transport which follows the solution-diffusion mechanism
is not affected by this phenomenon. It only showed a marginal, very slow rate of increase

in the N, permeance with temperature. The CO, permeance and CO./N, selectivity
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increased by 82.2 % and 76.2 % for PVA/PG/ZIF-8 membrane compared to PVA/PG

membrane.
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Figure 5.9 Effect of temperature on (a) CO,/N; selectivity (b) CO, and N, Permeance
(GPU) for PVA/PG and PVA/PG/ZIF-8 membrane at feed absolute pressure = 2.5 atm,

sweep absolute pressure = 1.2 atm, and water flow rates = 0.03/0.05 ml/min (feed/sweep)
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5.6.2. Effect of sweep side water flow rate on separation performance

The effect of sweep side water flow rate (ml/min) on CO,/N; selectivity, CO, and N,
permeance (GPU) has been reported in Figure 5.10(a, b). The sweep water flow rate was
varied from 0 to 0.075 ml/min. The feed water flow rate, temperature and feed/sweep
absolute pressure was fixed at 0.03 ml/min, 100 °C, 2.5/1.2 atm, respectively. At no
water condition, the CO, permeance and CO,/N, selectivity showed inferior results for
both the membranes. However, with supply of moisture content, the water retention
capacity of the membrane increases thereby permitting the separation through facilitation
transport mechanism. The reversible reaction between CO, and amine was accelerated
leading to the formation of more CO,-carrier complex with increasing water flow rate.
Thus the CO2/N, selectivity and CO, permeance (GPU) showed superior performance
with increase in sweep side water flow rate. At higher sweep side water flow rate, the
CO; permeance and CO,/N; selectivity showed insignificant change and saturated at this
condition. The swelling increased the inter-chain spacing of the polymer network. This
allowed more N, molecules to pass through it [51-54]. The CO, permeance and CO,/N,
selectivity showed ~ 22 fold, ~ 18 fold and ~ 27 fold, ~ 28 fold improvements for
PVA/PG and PVA/PG/ZIF-8 membrane, respectively when the water flow rate (sweep)

was varied from 0 to 0.075 ml/min.
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Figure 5.10 Effect of sweep side water flow rate on (a) CO2/N, selectivity (b) CO, and
N2 permeance (GPU) for PVA/PG and PVA/PG/ZIF-8 membrane at 100 °C, sweep
absolute pressure = 1.2 atm, and feed water flow rate = 0.03 ml/min
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The bar diagram shows the comparative enhancement in selectivity and permeance
(GPU) results as depicted in Figure 5.11. The CO, permeance (GPU) and COy/N,
selectivity showed a significant 82.2 % and 76.2 % increment for PVA/PG/ZIF-8
membrane when compared to pure PVA/PG membrane. Thus it establishes that the
addition of ZIF-8 filler into the polymeric matrix leads to a remarkable augmentation in
CO; gas performance. The CO, permeability (Barrer) and CO,/N, selectivity for
different membrane materials are reported in Table 5.1. Comparison with the reported
values in literature showed that the PVA/PG and PVA/PG/ZIF-8 membrane exhibited
higher values of CO; permeability and CO,/N; selectivity [57-62]. However, the stability
issue and poor mechanical property at high humidity condition involved in PVAj

polymer makes our result comparative and liable to be utilized for further scale up [57].

A

iso M Permeance(GPU)
I selectivity
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Figure 5.11 Bar diagram for CO, permeance (GPU) and CO./N, selectivity for pure
PVA/PG membrane and PVA/PG/ZIF-8 membrane
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Table 5.1 CO, permeability (Barrer) and CO,/N, selectivity results for different

membrane material

Polymer CO, CO,/N; Thickness  Reference
permeability selectivity (um)
(Barrer)
Ultem/ZIF-8 11.1 28-44 63-92 [25]
Matrimid/ZIF-8 20 23 40-70 [27]
6FDA-durene/ZIF-8 1593 25 40-60 [28]
Polyvinyl amine(PVAR)/ ~100 72-83 0.38 [29]
ZIF-8(9.1-23.1 wt %)
Pebax1657[bmim][Tf;N] 104.9 83.9 70-90 [50]
@ZIF-8
PSf/ZIF-8(16 wt %) 11.8 115 90 [59]
PMPS/ ZIF-8(4.5 wt %) 827 7 20 [60]
SEBS/ZIF-8 (30 wt %) 454 10.6-12.0 - [61]
P1/Z1F-8 (7-30 wt %) 560-1437 12-20 - [62]
Crosslinked PVA/PG 180 210 4 This work
membrane
(No filler)
Crosslinked PVA/PG/ZIF-8 328 370 This work
membrane

ZIF-8 (5 wt %)
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5.7. Robeson’s curve

The permeation results obtained experimentally in this work were plotted in the famous
Robeson’s upper bound curve. The present work has been compared with literature
reported on different polymer/ZIF-8 MMMs for CO,/N, gas separation. The PVA/PG
membrane and PVA/PG/ZIF-8 membrane exhibited high values of CO, permeability and
CO2/N; selectivity well surpassing Robeson’s upper bound limit as compared to the

reported values in the literature (Figure 5.12).
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Figure 5.12 Robeson upper bound relationship of CO, permeability (Barrer) and CO,/N,

selectivity of high performing MMMs and comparison with the present work performed
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5.8. Conclusions

High-performance defect-free, thin PVA/PG MMMs (active layer thickness ~4um) with
different ZIF-8 loadings were synthesized on PES support by solution casting method.
The ZIF-8 nanoparticles were synthesized with a uniform size range of 100 nm. The
good compatibility between the PVA polymer and ZIF-8 filler was confirmed via
characterization techniques. TGA analysis of ZIF-8 nanoparticle showed excellent
thermal stability to 550 °C with negligible weight loss. This ability had enhanced the
thermal property in PVA/PG/ZIF-8 membrane when compared to PVA/PG membrane.
The FTIR profile validated the interaction of amine and ZIF-8 in the membrane. FESEM
study confirmed the homogeneous dispersion of the fillers in the polymer matrix. AFM
studies revealed the increase in the rough surface of the membrane with increase in the
ZIF-8 loading. The compatibility of ZIF-8 filler in the PVA/PG matrix resulted in
enhancement of CO, permeance and CO,/N, selectivity. The results depicted that
PVA/PG membrane loaded with 5 wt % ZIF-8 showed a CO, permeance of 82 GPU and
CO2/N; selectivity of 370 which was 82.2 % and 76.2 % higher when compared to pure
PVA/PG membrane. Thus ZIF-8 doped PVA mixed matrix membrane serves as a
potential candidate for industrial gas separation studies. Both PVA/PG and
PVA/PG/ZIF-8 membrane showed impressive gas separation properties very well
surpassing the results reported in the literature. Also, the membrane was tested over time
and was found to have no changes. Thus, it can be very well concluded that the thermal
and chemical stability as confirmed by TGA and XPS analysis suggests potential
application for CO, separation from flue gas.
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CHAPTER 6

Effect of Amino-Functionalized ZIF-8 Incorporated Mixed
Matrix Membrane for Enhanced CO, Separation

This chapter encompasses the preparation of mixed matrix membrane (MMM) by
incorporating zeolitic imidazolate framework (ZIF-8) MOF surface functionalized with
polyethyleneimine (PEI) amino-functional moieties into the PVA/PG matrix. In Chapter
5, the novelty and stability improvement of PVA/PG/ZIF-8 membrane for CO, separation
has been discussed in detail. To further improve the polymer-particle compatibility and
CO; transport performance, the ZIF-8 MOF is surface amino-functionalized with
polyethyleneimine (PEI). Detailed material characterization by XPS and ninhydrin assay
confirmed the successful grafting of the amino group on the silica surface. We thus
envision that this work will invigorate a potential and cost effective route for large-scale

CO; capture studies.

6.1. Introduction

ZIF-8 MOFs, a relatively new class of highly crystalline porous hybrid material
consisting of metal cluster bound to organic ligands have molecular sieving properties
that aids in gas separation application. It integrates the desirable high surface area and
pore size tunability of MOFs and the structural diversity of zeolites thereby showing
great potential in gas separation studies [1, 2]. The organic moiety of ZIF-8 provides
better compatibility with polymer matrix and hence preferred over other inorganic
particles as filler material. Also, it possesses unique characteristics of large surface area,
porosity, highly tailorable organic framework, regulated pore structure and tunable pore
sizes [3-5]. However, the fabrication of defect-free, thin selective layer MOF based
membrane with large surface area still remains a challenge due to its compatibility issue
with organic matrix and formation of voids in the interfaces and hence undergoes steps

such as grafting and surface modification to improve the MOF properties.

A versatile approach to improve the MOF efficiency and gas separation performance is
by substrate modification with various functional moieties [6]. Amino groups like 3-
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aminopropyltrimethoxysilane (APTMS) have been reported for performance
enhancement of MOF MMMs. The amine-modified MOF incorporated into MMM
exhibited enhanced performance and novel properties compared with their pristine
counterparts. The presence of amino groups in the MOF surface provides available
nitrogen sites and strong affinity towards CO, molecules thereby facilitating the CO,
uptake [7, 8]. One such technique of functionalization includes the post-synthetic
modification (PSM) approach wherein the pre-formed MOF undergoes chemical
modification. Zhang et al. [9] reported improvement in CO, adsorption with ZIF-8
modification with ethylene diamine (ED). Cho et al. [10] reported post synthetic amine-
functionalized ZIF-8 modification as potential platform for the ZIF-based materials
designed with specific functional group. Vankelecom et al. [11] reported that the
covalent bond between matrimid and amino group of MOFs (NH,-UiO-66) MMMs
enhanced the interfacial compatibility showing remarkable improved effects on the gas
performance. Yahya et al. [12] reported that the amino-impregnated ZIF-8 resulted in a
significant 199.6 % increment in the CO, adsorption capacity when compared to ZIF-8
alone. Yu at al. [13] studied the enhancement in compatibility with the addition of
amine-modified ZIF-8 (NH,-ZIF-8) and polyamide matrix thereby leading to high
separation performance for CO,/N,, CO,/NO and CO,/He gas pair which surpassed the

Robeson’s upper bound.

Polyethyleneimine (PEI), a sterically hindered amine is a promising functionalization
agent due to its high amine density and available primary amine sites on the chain ends.
The PEI amine is expected to access both the interior and exterior of ZIF-8 crystal,
thereby functionalizing it at both ends. However, very limited literature has been
reported on the MOF functionalization with PEI. Xian et al. [14] reported enhanced CO,
capacities and selectivity by 6.2 and 27 times with PEI loading on ZIF-8 as compared to
unmodified ZIF-8. In the presence of water vapour, only one amine group in PEI react
with the CO, molecules thereby promoting more CO, molecules to be adsorbed and
hence are preferable as functionalization agent. Poly (vinyl alcohol) (PVA), on the other
hand, a base polymer has excellent film forming ability, fabrication simplicity along with

excellent amine compatibility [15-17]. Also, amino acid salts as mobile carriers have
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advantages of high diffusivity, fast reaction Kkinetics, high CO, absorption capacity and
negligible volatility over other fixed amine carriers. The piperazine glycinate (PG) amino
acid salts as mobile carrier enhances the mobility of CO,-carrier reaction pathway [18,
19]. ZIF-8 as filler in MMMs is expected to interrupt the polymer chain packing thus
increasing the free volume and diffusion pathway for gas penetrants thus resulting in
increased CO, permeability [20, 21]. Also, the molecular sieving effect of ZIF-8 particle
separates the smaller CO, gas molecules through its interior cavity leading to improved

permselectivity [22].

A novel PVA/PG/ZIF-8 mixed matrix membrane exhibiting high CO, separation
performance along with enhanced mechanical properties has been discussed in detail in
Chapter 5 [42]. Further improvement in the membrane compatibility and separation
performance is envisioned to be achieved with incorporation of PEI amino functional
moieties into the surface of ZIF-8 nanoparticle. The novel combination of PVA/PG blend
and PEI-functionalized ZIF-8 into a unique mixed matrix membrane could thus pave the
path for efficient CO, separation. Also the role of uniformly distributed amine-modified
ZIF-8 on the overall thermal and mechanical property of the membrane has been

critically analysed.

6.2. Materials

Poly (vinyl alcohol) (99 mol % hydrolyzed powder, Mw = 130,000), and 2-
methylimidazole (Hmim) [C4 Hg N], polyethyleneimine (average My = 25,000) were
procured from Sigma-Aldrich, USA. Formaldehyde solution (37 wt % in H,0), glycine
(Assay> 99 %), piperazine (99 %), zinc nitrate hexahydrate [Zn (NO3),6H,0], and
methanol were purchased from Merck, India. The chemicals were used without any
further purification. Poly (ether sulfone) (PES) support with thickness of 150 um and
pore size of 0.03 um were acquired from Sterlitech USA. Binary feed gas (20 % CO, and

80 % N,) mixture for gas permeation analysis was supplied by Vadilal Pvt. Ltd., India.
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6.3. Experimental

6.3.1. Synthesis of ZIF-8@PEI nanocrystal

ZIF-8 nanocrystals were synthesized as explained [23]. The PEI modified ZIF-8
nanoparticle was prepared by the room-temperature rapid synthesis method [14]. The
ZIF-8 nanoparticle was first activated by overnight drying at 150 °C for 8-10 h. A
stoichiometric amount of polyethyleneimine (PEI) was dissolved in methanol solution
and gradually activated ZIF-8 was added. The mixture was refluxed at 110 °C for 20 h.
The solution was then centrifuged (10,000 rpm, 20 min) and finally washed with
methanol several times for removal of excess unreacted reagents and finally dried at 50
°C. The schematic representation of PEI amine-functionalized ZIF-8 nanocrystal is

shown in Figure 6.1.

Figure 6.1 Schematic representation of PEI amine functionalized ZIF-8 (ZIF-8@PEI)
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6.3.2. Synthesis of PVA/PG/ZIF-8@PEI mixed matrix membrane

For the synthesis of PVA/PG/ZIF-8@PEI membrane, the cross-linking agent, weight
ratio of amine was considered in a ratio as fixed [23]. The prepared solution was kept at
high viscosity (~ 1200 cp) to ensure no penetration of the coating solution on the porous
substrate. It was further centrifuged (10000 rpm, 30 min) to remove any air bubble or
undissolved particles. The final centrifuged solution was cast on to the porous PES
support (average pore size: 0.03um) kept over glass plate. The thickness of the polymer
film was maintained by a micrometer adjustable film applicator (GARDCO, Paul N.
Gardner, USA). The dense selective layer thickness result is comparable to that obtained
by litematic digimatic measuring unit (Make: Mitutoyo, Model: VL-50) with an accuracy
of about + 0.5um, and FESEM images. The average thickness of the active layer was
calculated to be ~4 um. The membrane was dried overnight in a laminar flow chamber
under ambient condition followed by heating in the oven at 120 °C for 10 h.

6.4. Membrane characterization

The thermal effect of the polymer film was studied using TGA analysis (TGA4000,
Perkin-Elmer, USA). Heat treatment was carried out from 25 °C to 900 °C at the rate of
10 °C/min under N, environment. The functional groups were confirmed from the ATR-
FTIR (SHIMADZU, IRAffinity 1, and Japan) with wavenumber in the range of 4000 to
400 cm™, 40 scans per sample and 4 cm™ resolutions. The ZIF-8 particles were added
with KBr pellets for FTIR sample analysis. XRD analysis was performed using Bruke
D8, for 20 angles between 10° and 60° with Cu Ka radiation (30 kV-40 mA). The top
and cross-sectional image established the surface morphology and distribution of ZIF-8
particles in the membrane by FETEM and FESEM, ZEISS, USA. The samples were first
fractured in liquid nitrogen for ease of analysis. Thereafter, it was fixed on a stub with a
carbon tape and then sputter coated with gold prior to imaging. The samples for BET
were degassed for 24 h followed by analysis. The internal surface area was determined
by Bruner-Emmett-Teller (BET) method. X-ray Photoelectron Spectroscopy (XPS) was
conducted using Thermo Scientific Escalab Xi* XPS spectrometer with mono-chromated
Al Ka radiation as the X-ray source of pot size 900 pum. The analysis pressure was

maintained at 7 x 10° mBar and the data was recorded using Avantage v5.984 software.
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6.5. Results and discussion

6.5.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (Figure 6.2) of PVA/PG/ZIF-8 and PVA/PG/ZIF-8@PEI
film investigated the influence of ZIF-8 and ZIF-8@PEI inclusion in the thermal stability
of MMM. The excellent ZIF-8 particle intrinsic thermal behaviour and its close
interaction with the polymer matrix enhanced the MMM thermal stability to ranges high
enough for gas separation performance. The synthesized ZIF-8 nanocrystals exhibited
excellent thermal stability (~550 °C) as already reported [23]. It is consistent with the
data reported in literature [24]. Both the membranes showed three distinctive weight loss
steps. The initial weight loss < 150 °C was attributed to the depletion of absorbed water
molecules captured during the synthesis procedure. The second weight loss (210-360 °C)
corresponds to the reduction in —OH and —NH, groups in the polymer matrix. The amine-
modified ZIF-8 (ZIF-8@PEI) mixed matrix membrane (PVA/PG/ZIF-8@PEI) showed
slightly lower weight loss (~25 %) than PVA/PG/ZIF-8 membrane (~30 %). This could
be attributed to enhanced interaction between the amine-modified ZIF-8 and polymer
matrix [24]. For both samples, the organic framework collapsed at temperature > 405 °C
corresponding to the decomposition of the polymer backbone and imidazolate linker of
the carbon species. The residual weight loss for PVA/PG/ZIF-8@PEI membrane (~23.7
%) reduced when compared to PVA/PG/ZIF-8 membrane (~19.3 %). Thus it can be
inferred that the ZIF-8@PEI particle further improved the thermal stability of membrane
when compared to unfunctionalized ZIF-8 particle.
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Figure 6.2 TGA curve of PVA/PG/ZIF-8 and PVA/PG/ZIF-8@PEI membrane

6.5.2. Fourier transform infrared spectroscopy (FTIR)

The FTIR study was conducted on the PVA/ZIF-8 and PVA/ZIF-8@PEI film to confirm
the integration of PEI amino groups on to the ZIF-8 nanocrystal (Figure 6.3). For the
PVA/ZIF-8@PEI membrane, the sharp peak intensity at 3280 cm™ correspond to the
symmetric vibration of the —~NH, group. The formation of new peak at ~1645 cm™ for
PVA/ZIF-8@PEI membrane is ascribed to the presence of amino group. The absorption
band at 920 and 850 cm™ correspond to the N-H bending and wagging vibration. These
new peaks thereby confirm the presence of amino groups and hence the successful

attachment of PEIl amino functionalities on the surface of ZIF-8 nanocrystals.
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Figure 6.3 FTIR curve of PVA/ZIF-8 and PVA/ZIF-8@PEI membrane

6.5.3. Field emission transmission electron microscopy analysis (FETEM)

The FETEM image of the ZIF-8 and ZIF-8@PEI filler in PVA/PG membrane with ZIF-8
loading of ~5 wt % was depicted in Figure 6.4(a, b). The ZIF- and ZIF-8@PEI particles
showed homogeneous dispersion in the polymer matrix and polyhedral-like shape.
Uniform particle size with average particle diameter of ~100 nm was observed thereby

confirming no change in the ZIF-8 particle morphology with amine-functionalization
[25].
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Figure 6.4 FETEM analysis of (a) ZIF-8 and (b) ZIF-8@PEI nanocrystal

6.5.4. Field emission scanning electron microscopy analysis (FESEM)

The FESEM analysis showed the top surface morphologies of PVA/PG/ZIF-8 and
PVA/PG/ZIF-8@PEI membrane (Figure 6.5(a, b)). The top surface image of both the
membranes established the homogeneous dispersion of ZIF-8 and amine modified ZIF-8
in the polymer matrix. The formation of distinct and uniform dense active layer
confirmed no leakage of polymer solution into the porous substrate and formation of
defect-free membrane [25, 26]. No visible voids were observed indicating good adhesion
between the matrix and ZIF-8 and ZIF-8@PEI nanocrystals.

.~
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Figure 6.5 FESEM of top surface morphology of (a) PVA/PG/ZIF-8 and (b)
PVA/PG/ZIF-8@PEI membrane
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6.5.5. Surface area analysis

The BET analysis confirms high specific area of 1083 m%gm for synthesized ZIF-8
particle which reduced for ZIF-8@PEI powder (850 m?/gm) (Figure 6.6 and Table 6.1).
The polyethyleneimine (PEI) accessed the interior of ZIF-8 crystal and functionalized
both the interior and exterior of the material. The partial pore blocking by the amine
groups is expected to result in decrement in BET surface area. These phenomena could

be contributed to the interaction of the polyethylenemine (PEI) amine with ZIF-8.
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Figure 6.6 N, adsorption-desorption isotherm of ZIF-8 and ZIF-8@PEI

Table 6.1 BET surface area and total pore volume of the synthesized ZIF-8 and ZIF-
8@PEI nanoparticles

Sample BET surface area Total pore volume
(m?/gm) (cm®gm)
ZIF-8 1083 0.58
ZIF-8@PEI 855 0.45
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6.5.6. Mechanical strength analysis

The tensile strength of PVA/PG, PVA/PG/ZIF-8 and PVA/PG/ZIF-8@PEI film was
determined by the stress-strain curve as shown in Figure 6.7. The mechanical stability
increased with incorporation of ZIF-8 which further increased with amino-modification
of ZIF-8 into the polymer material. This positive effect could be attributed to the strong
interfacial interaction between ZIF-8 and the PVA matrix thereby leading to better

tensile strength compared to pristine PVA/PG matrix.
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Figure 6.7 Typical stress-strain curve of PVA/PG, PVA/PG/ZIF-8 and PVA/PG/ZIF-
8@PEI membrane

6.5.7. Ninhydrin assay

The standard Kaiser test with ninhydrin solution was performed to investigate the
presence of PEI amine and confirm the surface amine-modification of the ZIF-8
nanoparticle [27-30]. About 1 mL of ninhydrin solution was added to fixed amount of
PEI amine-modified ZIF-8 (ZIF-8@PEI) which was sonicated for ~30 mins followed by
heating at 80-90 °C for 20 min. A purple-blue Ruhemann’s complex was formed due to
the reaction between ninhydrin solution and amino groups attached to the surface of ZIF-
8. Thus the test established the successful attachment of PEI amine to the surface of the
ZIF-8 filler.
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6.5.8. X-ray photoelectron spectroscopy analysis (XPS)

The survey scan XPS analysis of PVA/ZIF-8 and PVA/ZIF-8@PEI film was shown in
Figure 6.8(a). The survey scan of both samples confirmed the existence of C 1s, N 1s, O
1s and Zn 2p peaks corresponding to binding energies of 285 eV, 400 eV, 532 eV and
152 eV, respectively. The deconvulated N 1s peak (Figure 6.8(d)) represented a new
peak at ~ 401.5 eV indicative of the amide bond formed between amine-modified ZIF-8
(ZIF-8@PEI) and the poly (vinyl alcohol) (PVA). The formation of new peak established

the successful incorporation of PEI amino group onto the ZIF-8 surface [13].
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Figure 6.8 The XPS data profile of (a) survey scan of PVA/ZIF-8 and PVA/ZIF-8@PEI,
de-convoluted (b) C 1s peak, (c) O 1s peak and (d) N 1s peak of PVA/ZIF-8@PEI

sample
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6.6. CO, separation performance study of membrane

The effect of CO, permeance (GPU) and CO,/N; selectivity was analysed for amine-
modified ZIF-8 MOF embedded into the PVA/PG matrix by mixed gas permeation
analysis. The CO, separation performance was analysed for temperature (60-110 °C),
and water flow rate change of sweep side (0-0.075 ml/min). Binary feed gas mixture and

sweep gas (Argon (Ar)) was considered for mixed gas permeation study.

6.6.1. Effect of temperature on CO, performance

The effect of temperature plays a crucial role in determining the long-term application of
membrane for gas separation. As observed in Figure 6.9(a), the CO, permeance and
CO2/N; selectivity showed a gradual increase with temperature. The increment in CO,
permeance was evidently visible up to 100 °C after which it showed a decline. This could
be contributed by the amalgamated effect of the following conditions: increased CO,
solubility and diffusivity, enhanced CO,-amine reaction rate contributed by the mobile
carrier along with the additional amines attached to ZIF-8 nanocrystal and also by the
molecular sieving ability of the desired gas molecules through the pores of the ZIF-8
nanocrystals [56]. Compared to CO, diffusivity, the diffusion ability of N, gas molecules
through the ZIF-8 pore is largely restricted by its geometrical constraint. The increased
CO; solubility contributed by the interaction between the CO, molecule and polymer
matrix along with its high diffusivity leads to an uptrend in the gas transport
performance. These effects along with the facilitated transport and molecular sieving
effect thus contribute to impressive CO, permeance and CO,/N; selectivity results of 109
GPU and 385. These results were obtained for optimum conditions at temperature of 100
°C, feed and sweep side absolute pressure of 2.5 atm and 1.2 atm and feed and sweep

side water flow rates of 0.03 ml/min and 0.05 ml/min, respectively.

133
TH-2301_136107039



Chapter 6

120 800
4 — i
100 - - 700
- L 600
DS god ™ | 2
o =
9 - 500 g
S 60 I S
c L 400 ¢
: o £
§ 4 F300 <
o - 3 O
o - O
o 20 - 200
& L
L 100
0- !
T : T . T T T . 0
a0 60 80 100 120
Temperature (°C)

Figure 6.9(a) Effect of temperature on CO, permeance (GPU) and CO,/N; selectivity at
feed absolute pressure = 2.5 atm, sweep absolute pressure = 1.2 atm, sweep/feed water

flow ratio = 1.67

6.6.2. Effect of sweep water flow rate on CO, performance

The change in CO, permeance and CO,/N; selectivity with variation in sweep water flow
rate was analysed as shown in Figure 6.9(b). As has been confirmed by zwitterion
mechanism, the COj,-amine reversible reaction is facilitated only in the presence of
moisture. Augmentations in CO, transport performance occurred when the water flow
rate in the sweep side surpassed the feed side water flow rate. Thus, it was observed that
the CO, permeance and CO,/N; selectivity showed noticeable and substantial rise with
the introduction of moisture content into the membrane. The swelling inside the
membrane increased the fractional free volume allowing more gas molecules to pass
through the membrane leading to high CO, gas permeance along with CO./N;
selectivity. However, at sweep water flow rate exceeding 0.05 ml/min, the CO,

permeance showed no significant change. The increased fractional free volume at higher
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flow rate (> 0.05 ml/min) allows the larger N, molecules to pass through thereby slightly

impeding the CO,/N; selectivity results at sweep water flow rate > 0.05 ml/min.
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Figure 6.9(b) Effect of sweep water flow rate (ml/min) on CO, permeance (GPU) and
CO,/N; selectivity at temperature of 100 °C, feed and sweep absolute pressure of 2.5 and
1.2 atm

The effect of PVA/PG, PVA/PG/ZIF-8 and PVA/PG/ZIF-8@PEI membrane sample on
the CO, permeance (GPU) and CO,/N; selectivity has been depicted (Figure 6.10).
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Figure 6.10 Effect of CO, permeance (GPU) and CO,/N, selectivity on PVA/PG,
PVA/PG/ZIF-8 and PVA/PG/ZIF-8@PEI sample at temperature=100 °C, feed/ sweep
water flow rate= 0.03/0.05 ml/min, and feed/sweep side pressure= 2.5/1.2 atm,

respectively

6.7. Robeson’s curve

The permeation results obtained experimentally in this work well surpassed Robeson’s
upper bound curve (Figure 6.11). This result discussed the effect of amine impregnation

on ZIF-8 filler on the CO, performance and mechanical property of the membrane.
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Figure 6.11 Robeson’s upper bound curve of PVA/PG, PVA/PG/ZIF-8 and
PVA/PG/ZIF-8@PEI membrane

6.8. Conclusions

ZIF-8 MOFs were surface functionalized with polyethylenimine (PEI) amine-moieties
and its effect on the CO, permeance (GPU) and CO,/N; selectivity was analysed. High-
performance defect-free, thin PVA/PG MMMs (active layer thickness ~4um) with ZIF-
8@PEI loading were synthesized on PES support by solution casting method. The
amine-functionalized ZIF-8 material (ZIF-8@PEI) showed improved tensile strength and
uniform distribution in the PVA/PG matrix with negligible change in the membrane
morphology (uniform size ~100 nm). The thermal stability improved with the addition of
ZIF-8 which further increased with PEI functionalized ZIF-8 (ZIF-8@PEI). This ensured
good interaction and compatibility between the PVA matrix and ZIF-8 filler. The FTIR
and XPS analysis confirmed the successful interaction of PElI amine into ZIF-8
nanocrystal. The decline in the BET surface area confirmed the filling of the nanofiller
pore with the PEI amine and hence its subsequent interaction between the amine and the
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ZIF-8 pore. For a temperature of 100 °C, feed/sweep water flow rate of 0.03/0.05 ml/min
and feed/sweep side pressure of 2.5/1.2 atm, respectively, the PVA/PG/ZIF-8@PEI
membrane showed CO,/N, selectivity and CO, permeance results of 385 and 109 GPU.
The CO,/N; selectivity and CO, permeance showed 4.05 % and 33 % increment when
compared to PVA/PG/ZIF-8 membrane and by 83.4 % and 142.2 % when compared to
PVA/PG membrane. This result could be attributed to the molecular sieving properties of
the amino-functionalized ZIF-8 and the presence of amino groups in the ZIF-8 filler
thereby facilitating the reversible CO,-amine reaction. The amine groups enhanced the
overall CO,-philicity thereby increasing the CO, permeance along with selectivity. This
was further confirmed by Robeson’s curve wherein the PVA/PG, PVA/PG/ZIF-8 and
PVA/PG/ZIF-8@PEI films showed impressive gas separation surpassing the Robeson’s
upper bound limitation. Thus, it could be well established that this membrane could serve

as prospective material for large-scale CO, separation from flue gas.
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CHAPTER 1

Overall Conclusions and Recommendation for Future Work

This chapter summarizes the salient achievements and major conclusions based on the
investigations carried out in the present study. It also highlights the major

recommendations for future work in the relevant field.

7.1. Major conclusions

This work has been studied systematically to understand the gas transport behaviour and
applicability of CO,-selective membrane. The experimental results provide a good data
base for rational design of membrane process. The results obtained in this work suggest
that CO,-selective polymer and mixed matrix membranes have a very good potential for

industrial large-scale CO, separation from flue gas.

The major conclusions are summarized below:

¢ Novel crosslinked PVA membrane with PEG as blend polymer, PEI and TETA
amine as carriers and hydrophilic SiO, nanoparticles synthesized by in situ sol-gel
technique were prepared by solution casting methodology. The dispersion and
interaction of the filler into polymer matrix were confirmed by TGA, FTIR, XRD,
FETEM and FESEM analysis. FESEM analysis of the synthesized membranes
established the homogeneous dispersion of the filler in the polymer matrix. The
increased compatibility between the polymer-filler group and the thermal and
mechanical behaviour of the membrane. Compared to pristine PVA/PEG membrane,
PVA/PEG/Sil membrane with 3 wt % silica loading showed pronounced
improvement in CO, transport performance with 78 % and 36 % improvement in
CO; permeance and CO,/N; selectivity for fixed conditions pertaining to sweep side
water flow rate of 0.04 ml/min and 100 °C temperature.
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% The silica prepared by Stober’s process was amino-functionalized with 3-
aminopropyltrimethoxysilane (APTMS) coupling agent to form the amino-
functionalized silica (APTMS-Sil). This was further added to the PVA/PEG matrix to
form a novel PVA/PEG/APTMS-Sil mixed matrix membrane. Detailed
characterization studies revealed the impact of amine-functionalization on the
mechanical strength of the membrane. The successful impregnation on to the silica
surface were confirmed by XPS analysis and ninhydrin assay. The transport
properties of the binary gas mixture (CO2/N,) for PVA/PEG/APTMS-Sil membrane
for temperature and sweep water flow rate variation revealed enhancement in
selectivity and permeance with silica functionalization. The PVA/PEG/APTMS-SIl
membrane exhibited optimal CO, permeance of 36 GPU and CO,/N, selectivity of
325 at sweep water flow rate of 0.04 ml/min and temperature of 100 °C. The
performance beyond the Robeson’s curve opens up possibility of the material as a

prospective contender for large-scale carbon capture studies.

% Zeolitic imidazolate framework-8 (ZIF-8) having regular pore size (~0.35 nm) were
synthesized and embedded into the poly (vinyl alcohol) (PVA)/ piperazine glycinate
(PG) polymer solution coated on to polyethersulfone (PES) support and utilized for
CO,/N, separation studies. Detailed characterization studies and the effect of
temperature and sweep water flow rate on the membrane performance were
evaluated. The excellent compatibility of ZIF-8 filler in the PVA/PG matrix resulted
in enhancement of CO, permeance and CO,/N, selectivity. The results depicted that
PVA/PG membrane loaded with 5 wt % ZIF-8 (PVA/PG/ZIF-8) showed high CO,
permeance of 82 GPU and CO,/N, selectivity of 370 which was 82.2 % and 76.2 %
higher compared to pristine crosslinked PVA/PG membrane. Thus ZIF-8 doped PVA
mixed matrix membrane serves as a potential candidate for industrial gas separation

studies.

K/
°e

Zeolitic imidazolate framework (ZIF-8) MOF surface functionalized with
polyethyleneimine (PEI) amine-functional moieties was prepared for successful
fabrication of robust high-performance PVA/PG/ZIF-8@PEI mixed matrix
membrane. Detailed characterization studies and the effect of sweep water flow rate

and temperature for the binary gas mixture (CO,/N,) was analysed. The
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PVA/PG/ZIF-8@PEI membrane exhibited CO, permeance of 109 GPU and CO,/N,
selectivity of 385 which showed an appreciable 142.2 % and 83.4 % increment
compared to PVA/PG membrane. The appreciable molecular sieving properties of
the fine-tuned amino-functionalized ZIF-8 allowing selective passage of gas
molecules and the amino groups in the highly branched polyethyleneimine (PEI)
facilitating the CO,-amine reaction mechanism demonstrated a potential and novel

mixed matrix membrane for CO, separation.

This study was undertaken to improve the CO, separation performance by employing
facilitated transport polymeric and mixed matrix membranes. Poly (vinyl alcohol)
(PVA) was chosen as the base polymer based on its suitability for gas separation. To
achieve high separation efficiency, three different approaches was considered. The
first approach consisted of considering various combinations of amines such as PEI,
TETA, PG salt by engaging into the PVA polymer blend. It was observed that the
PEI, TETA and PG addition initiated the CO, facilitated transport with impressive
performance. In the second approach, with encouraging results obtained using the
polymer facilitated transport membrane, inorganic fillers such as silica and ZIF-8
MOF were utilized and embedded into the membranes. The prepared novel
PVA/PEG/Silica and PVA/PG/ZIF-8 membrane improved the membrane properties
and showed outstanding results with increment in CO, permeance and CO,/N;
selectivity by many folds compared to its polymeric counterparts. This was achieved
owing to the outstanding compatibility between the silica and ZIF-8 particle interface
with the polymer backbone. The increased interaction between the polymer-particle
interface increased its mechanical and thermal behavior along with its gas transport
performance. In the third and final approach, to further increase the membrane
compatibility and separation behavior, the silica and ZIF-8 particle were surface
functionalized with PEI and APTMS amino-functional groups. Interesting results
were achieved with encouraging improvement in the gas transport performance and
membrane properties. This is attributed to the increased facilitated transport
mechanism with the increment in the overall amine groups present in the polymer
chain. All the membranes considered in this work showed good performance with

results surpassing Robeson’s upper bound limit as depicted in Figure 7.1. The
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comparison table of CO;, permeability and CO,/N, selectivity results for different

membrane material with the results obtained in this thesis work has been shown in Table

7.1.

The crosslinked PVA/PG with PEI amine-functionalized ZIF-8 (PVA/PG/ZIF-8@PEI)
membrane showed optimum CO; permeance and CO,/N, selectivity of 109 GPU and
385 for uniform active layer thickness of 4um, respectively. Overall, it can thus be
concluded that the work undertaken here forwards an innovative route for utilization of
the test polymers for CO, separation with an effort to convert waste to wealth along with

positive impact on energy and environment.
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Figure 7.1 The upper bound relationship of CO, permeability (Barrer) and CO2/N,

selectivity of different polymeric membrane

146
TH-2301_136107039



Conclusions and Recommendation for Future Work

Table 7.1 CO, permeability and CO,/N; selectivity results for different membrane
material
_Corr_lposition Polymer CO, CO,/N, Ref
in Figure 7.1 permeability selectivity
(Barrer)
1 Pure PVA without carrier 7.8 40 [1]
2 Cross-linked PVA without 145 12.4
carrier
3
Poly[bis(2-(2- 250 62.5
methoxyethoxy)ethoxy)
phosphazene]
4 PIM-7 1100 26.2
5 Modified 2000 34.2 [2]
poly(dimethylsiloxane)
PIM-1 2300 25
Poly(trimethylgermylpropyne 14000 14
)
8 Poly(trimethylsilylpropyne) 29000 10.7
9 Crosslinked PVA/PEG 400 220
membrane
10 Crosslinked PVA/PEG/silica 710 300
membrane
This
11 Crosslinked 963 325 Work
PVA/PEG/APTMS-silica
membrane
12 Crosslinked PVA/PG 180 210
membrane
13 Crosslinked PVA/PG/ZIF-8 328 370
membrane
14 Crosslinked PVA/PG/ZIF- 436 385
8@PEI membrane
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7.2. Recommendations on future directions

This work presents a systematic and detailed investigation to understand the reactive
membrane based separation characteristics with different amine carriers and inorganic

fillers. There are certainly several areas which merit further research attention.

o Different filler materials and also ionic liquid could be explored into PVA based
MMM s for study of CO, separation.

e Effect of impurities from industrial flue gases like SOx and NOx on the gas

performance and stability of the membrane can be studied.

e Economic assessment of the synthesised membranes should be considered for scale-

up for industrial application.

e Functionalization of the nanomaterials with different moieties could be explored to

study the gas transport behaviour.

¢ The stability of the membranes has been tested for 18-20 days. The stability could be
tested for even longer time period to be deemed useful for large-scale commercial

application.

e Preparation of thinner membranes (< 4 um) may be considered to achieve a high
CO; permeance as it is needed for CO, capture from flue gas for reducing the capture

cost.

e Equilibrium data to study the improvement in solubility and diffusivity could be
included as future scope of study. Also, rigorous model may be developed for the

successful design of the membrane transport process.
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APPENDIX 1

Detailed Experimental Protocol Followed for Gas Permeation
Measurement

Al.1 Experimental protocol
A.1.1.1 Membrane cell

The membrane module was custom made by stainless steel 316 in spherical shape. The
module divided into two part: upper section is called the feed side and the lower section
is called permeate side. A porous stainless steel membrane was used as a support for
polymer composite membrane. The porous stainless steel support was kept at the
permeate side of the membrane module. The polymer composite membrane was placed
carefully on the top of the metal support. Finally, both parts of the module were sealed
by two silicones O-rings with the help of six allen key socket head screw.

A.1.1.2 Feed gas control and regulatory system

The mixed gas supplied to the feed side of the membrane module consist of 20 % CO,
and 80 % N,. A two stage pressure regulator was used to control outlet pressure from the
cylinder (1-25 bar). The feed gas then flows through the mass flow controller (MFC) at
feed side whereby the gas flow rate is controlled. The outlet connection of the MFC
(flow range: 0-250 ml/min, maximum pressure limit: 1000 psi) flows to the feed side of
the membrane module through a humidifier. The pressure at the feed side of the
membrane module was maintained by the back pressure regulator (0-20 bar) connected
to the outlet of the feed side membrane module. Finally, the outlet of the back pressure

regulator was connected to the G.C for composition analysis.
A.1.1.3 Permeate gas control and regulatory system

The permeate section supplies pure argon (Ar) gas as a carrier to the permeate side of the
membrane module. Other connections of the permeate side were similar to the feed side

with separate MFC (flow range: 0-250 ml/min, maximum pressure limit: 1000 psi).
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A.1.1.4 HPLC pump

Two HPLC pumps were used to supply moisture to the feed and carrier gas. Automated
program controller helps to maintain very low water flow rate (0.01-0.1 ml/min) against

pressure.

A.1.1.5 Temperature controlled hot-air oven

The membrane module and two humidifiers were kept inside the oven through which the
temperature of the system was maintained. Automated program controller was used to
control temperature along with heating rate. Also it had been observed that the

temperature fluctuation against set temperature was around + 1 °C.

A.1.1.6 Gas chromatograph with gas sampling valve (GSV)

During the permeation experiment, gas sampling valve was used for automatic sample
gas injection with 100 micro liter sample loop. Initially the G.C was calibrated with five
known concentration of CO; and N, gas mixture. (4 % CO, + 4 % N, balance Argon), (8
% CO;, + 8 % Ny, balance Argon), (12 % CO; + 12 % N, balance Argon), (20 % CO,,
balance N,) and (40 % CO,, balance N,) were used as calibration gas. The calibration
gas purity list is shown in Appendix A3.3 (Table A3.1). The chromatograph was
equipped with Thermal Conductivity Detector (TCD) and CP7430 capillary column
(Agilent Technologies, Palo Alto, CA) which was the combination of two different
capillary columns, one being the CP-Molsieve 5A and the other CP-PoraBOND Q. CP-
PoraBOND Q (length = 25 m, I.D = 0.32 mm and df = 7 micron) is highly sensitive and
accurate for the measurement of CO, concentration and CP-Molsieve 5A (length = 50 m,
I.D = 0.53 mm and df = 50 micron) is capable for the separation of N, and Ar (argon).

He (helium) was used for the G.C carrier gas.
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Al.2 Permeation setup operational protocols

A.1.2.1 Inherent leak testing

The leak rate of the feed and permeate section observed by using transparent cellophane
paper as a membrane and pressurizing the entire set-up for one day. The pressure
increment in the two sections was then monitored for a day. Finally, the experiment was
repeated with another cellophane paper to confirm the leak rate and the proper sealing of

the membrane cell.

A.1.2.2 Operational protocols

The proper placement of the polymer composite membrane in the module is important to
prevent membrane damage and accurately define the surface area of the membrane
available for permeation. The module was carefully installed in the oven with the help of
stainless steel gasket at room temperature (25 °C).

After the membrane installation, test was conducted to check for any membrane defects,
such as stress fracture or pin-holes. For that reason, pressure at feed side was increased at
a certain set point and kept for some time to observe the gas flow rate at permeate side.
Then the temperature was slowly increased and the gas flow rate was observed at
permeate side to check the membrane damage against temperature. The carrier gas (Ar)
was injected at the permeate side of the module and the HPLC pump was then switched-

on for both sides with particular water flow rates.
The experimental protocol can be divided into the following sections:

(1) Sample loading

e The membrane module is properly cleaned before placing the membrane in the
module.
e The membrane is properly placed in the module and sealed with the help of O-

rings and carefully installed inside the oven.
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(2) Leak test

e After proper installation of the membrane, membrane defect such as stress
fracture or pin-holes were checked by increasing pressure in the feed side and
consecutively the gas flow rate at the permeate side was observed. If with
pressure, the gas flow rate in the permeate side showed abnormal increase or the
flow was also observed in the retentate side, then it could be established that the
membrane showed leak and is not suitable for permeation study. Similar test was
conducted to check the membrane behaviour with increase in temperature.

Thereafter, the carrier gas (Ar) was injected and permeation analysis conducted.
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Generalized Calculation of Dry Membrane Compositions

A2.1 General calculation procedure

The amount of the materials considered for membrane formation can be calculated by the

generalised formula given below:

Amount of PVA taken as basis =2 gm

Mole of PVA taken = 2/44 = 0.045 mole

[Molecular weight of one repeating unit of PVA = 44 gm / mole]

Amount of (OH) groups of PVA reacting :

= 0.045 x wt% of PVA x
mole% of degree of crosslinking
X

=0.045 x — x i mole
100 100

= 0.0000045 x X x N mole

Amount of HCHO required:

30.03
0.37

= (0.0000045 x X xN)x(=—) gm

[Molecular weight of HCHO = 30/0.03 gm/ mole and HCHO solution concentration = 37
wt %]

Weight of PVA increased after reaction:

- 0.045 x N x 2 (30.03-18) gm
100100

[Molecular weight of H,O =18 gm/ mole]
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Membrane weight after reaction:
N X
=[0.045 x—x——x (30.03-18)] + 2 gm
100 100

Total membrane weight increased after reaction:

N X 100
=[(0.045 x—x——x (30.03-18)) +2] x ——gm
[( e N+2lx =g

Now, Amount of KOH required:

N X 100
= {[(0.045 x——x——x (30.03-18)) + 2] x —} x
il ™ N +2] < ==}

Amount of amine required:

100

Z
—) am
(100)9

= {[(0.045 x—-x 2 x (30.03-18)) + 2] 1% () gm

100 100
Amount of PEG required:

N X 100
={[(0.045 x—x—x (30.03-18)) + 2] x —1} x
{I( . ( ) + 2] X}
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APPENDIX 3

Gas Transport Parameters Calculation and Gas
Chromatography Data

(The calculation procedure adapted here was originally taken from PhD thesis of Arijit

Mondal, reference given at the end of the Appendix)

A3.1 Gas transport parameters (CO, and N, fluxes, CO, and N,

permeability, CO,/N, selectivity) calculation

PV

Ilr (mol/min) = retentate molar flux per unit area = RT (A3.1)

Where, Atmospheric pressure at which the retentate gas is emitting (P) = 1atm.
Volumetric flow rate of mixed gas at retentate side (V) = 30 cc/min = 30 x 10°® m*min.
Temperature at ambient condition (°K) = 298.15 °K

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

—06
Tk (Mol/min) = 1XBOX_1OS =1.21x10"* mole/min
8.205746x107" x 298.15
. . ) PV
I)ar (mol/min) = Carrier gas molar flux per unit area = ta (A3.2)

Atmospheric pressure at which the carrier gas is emitting (P) = 1 atm
Volumetric flow rate of carrier gas at permeate side (V) = 27 cc/min = 27 x 10" m*min.
Temperature at ambient condition (°K) = 298.15 °K

Universal gas constant (R) = 8.205746 x 10> m® atm/ mol °K
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1x27x107%

8205726 % 10 % 20815 =1.09%10™ mole/min
. X X .

I ar (Mol/min) =

I]r (mol/min) = permeate molar flux per unit area =

€9, (Pec ) + (N, mole fraction x N;(Pec )]
CO,(Fec N, (F)oc

Ar molar flux (mol/min) (A3.3)

€O, Plec ) - (N, mole fraction x N, Pec )]
CO,(Fac N, (Fec

[(CO, mole fraction x

X

[1- (CO, mole fraction x

Where,

CO3,(P)c.c = CO, mole fraction at permeate side from G.C analysis (Figure A3.1)
CO,(F)s.c = CO, mole fraction at feed side from G.C analysis (Figure A3.1)
N2(P)s.c = N2 mole fraction at permeate side from G.C analysis (Figure A3.1)
N2(F)s.c = N2 mole fraction at feed side from G.C analysis (Figure A3.1)

CO;, mole fraction = 0.2

N2 mole fraction = 0.8

Ar molar flow rate = 1.09 x 10 mol /min.

Np (Mol/min) = permeate molar flow rate = 3.1 x 10 mol/min.

Pcoz (R, psi) = CO;, partial pressure at retentate side =

14.7
BP.+ P, oy X —— ] X
[ F Ambient 101325 ]
[ng- 0.5 x n,] x CO, mole fraction x [0.5 + 0.5 x €O, R)ec (A3.4)
CO,(Fsc

[0.5xH,0.]+[05%xH,0
18

X(HZOF + HZOS)

distribution

[ﬂR' 0.5 x T]p]+

Where, BPr = Back pressure (psig) at feed side of the membrane module = 22 psig
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Pambient = Ambient pressure (kPa) = 101.6 kPa

CO4(R) c.c = CO; concentration at retentate side from G.C analysis (Figure A3.1)
CO; (F) c.c = CO; concentration at feed side from G.C analysis (Figure A3.1)
H,Or = Feed side water flow rate (ml/min) = 0.03 ml /min

H,0s = Sweep side water flow rate (ml/min) = 0.04 ml /min

H2Ouistribution = Total water distribution (ml/min) =

Retentate side water knockout volume

=0.24

Retentate side water knockout volume+ Sweep side water knockout volume
Ik = Retentate molar flux per unit area (mol/min) = 1.21x10 **mole / min

I]» = Permeate molar flux per unit area (mol/min) = 3.1 x 10™ mol/min

CO; mole fraction = 0.2

Pcoz (R, psi) = CO, partial pressure at retentate side (psi) = 2.742 psi

Pcoz (P, psi) = CO; partial pressure at permeate side =

14.7
BP, + Py X X
[ S Ambient 101325]
CO,(P)sc
CO,(F)c

) X (HZOF ¥ HZOS)

[N - 0.5 xn,] % CO, mole fraction x [0.5 + 0.5 x (A3.5)

distribution

L [0.5xH,0,]+[05x%(1-H,0
18

[nAr + 05 X nP]

Where,

BPs = Back pressure (psig) at sweep side of the membrane module = 4 psig

Pambient = Ambient pressure (kPa) = 101.6 k Pa

CO; (P) c.c = CO; concentration at permeate side from G.C analysis (Figure A3.1)

CO; (R) c.c = CO, concentration at feed side from G.C analysis (Figure A3.1)
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H,Or = Feed side water flow rate (ml/min) = 0.03 ml /min

H,0s = Sweep side water flow rate (ml/min) = 0.04 ml /min

H2Ouistribution = Total water distribution (ml/min) = 0.24

Nar (Mole/min) = Carrier gas molar flux per unit area (mol/min) =1.09x10 **mole / min
I)r = Permeate molar flux per unit area (mol/min) = 3.1 x 10™> mol/min

CO, mole fraction = 0.2

Pcoz (P, psi) = CO, partial pressure at permeate side (psi) = 0.074 psi

Pn2 (R, psi) = N, partial pressure at retentate side =

14.7
BP. + P, ... X %
[ F Ambient 101325]
[n; - 0.5 xn,] x N, mole fraction x [0.5 + 0.5 x m]
NZ(F)G.C
[n -0.5 % n ] | [05 X HZOF] * [05 X Hzodistribution & (Hzop + Hzos)]
R P 0 (A3.6)

Where,

BPr = Back pressure (psig) at feed side of the membrane module = 22 psig
Pambient = Ambient pressure (kPa) = 101.6kPa

N2 (R) c.c = N2 concentration at retentate side from G.C analysis (Figure A3.1)
N2 (F) c.c = N, concentration at feed side from G.C analysis (Figure A3.1)
H,Or = Feed side water flow rate (ml/min) = 0.03 ml/min

H,Os = Sweep side water flow rate (ml/min) = 0.04 ml/min

H2Oistribution = Total water distribution (ml/min) = 0.24

Ik = Retentate molar flux per unit area (mol/min) = 1.21x10**mole / min
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I]r = Permeate molar flux per unit area (mol/min) = 3.1 x 10™> mol/min
N2 mole fraction = 0.8

Pn2(R, psi) = N, partial pressure at retentate side (psi) = 14.38 psi
Pn2 (P, psi) = N, partial pressure at permeate side =

14.7

BP, + Py X ——
[ S Ambient 101.325

] x

N, Plec
NZ(F)G_C
[05 & HZOS] - [05 i (1 B HZOdistribution) - (HZOF gl HZOS)

18 (A3.7)

[N, +0.5 xn,] x N, mole fraction x [0.5 + 0.5 x

Ma +0.5xm, ]+

Where,

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

N2 (P) c.c = N2 concentration at permeate side from G.C analysis (Figure A3.1)
N2 (F) c.c = N2 concentration at feed side from G.C analysis (Figure A3.1)
H,Or = Feed side water flow rate (ml/min) = 0.03 ml/min

H,0s = Sweep side water flow rate (ml/min) = 0.04 ml/min

H2Ouistribution = Total water distribution (ml/min) = 0.24

TNar= Argon molar flux per unit area (mol/min) = 1.09 x 10*mole/min
I)» = Permeate molar flux per unit area (mol/min) = 3.1 x 10™ mol/min
N2 mole fraction = 0.8

Pnz (P, psi) = N, partial pressure at permeate side (psi) = 0.0028 psi

Vo2 (cm®/sec) = Permeate volumetric gas flow rate of CO, =
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M * CO, (P)sc x CO, mole fraction x 8.314 x 273.15 x 1000000

CO,(F)sc x 101325 x 60 x [1-(CO, mole fraction x %)— (N, mole fraction x M)}
CO,(F)sc N, (F)ec (A3.8)

V¢o,(cm?/sec) = permeate volumetric gas flow rate of CO, = 1.12 x 10~%2cm?>/sec

V2 (cm®/sec) = permeate volumetric gas flow rate of N, =

7 ¥ N, (P)oc x N, mole fraction x 8.314 x 273.15 x 1000000

N,(F)ec x 101325 x 60 x [1-(CO, mole fraction x %)— (N, mole fraction x M)]
CO,(F)s.c N,(F)sc (A39)

Vy,(cm3/sec) = permeate volumetric gas flow rate of N,=4.19 x10~%*cm3/sec

CO, Flux (10% cm?® (STP)/cm?sec), CO, Permeability (Barrer), CO, Permeance
(GPU) and COy/N, Selectivity

(Ap) o, at psi = partial pressure difference at psi = p.q, (R, psi) - Peo, (P, psi)

(4p)co,at psi = 2.67 psi

(AP)cop ALPSI o

(Ap)co, at cmHg = partial pressure difference at cmHg = 147

(4p)co, =13.79 cm Hg

Vo, (cm®/sec)

CO, flux (cm®(STP)/cm?’s) = :
membrane area (cm®)

(A3.10)

Where
Vo2 (cm*/sec) = permeate volumetric gas flow rate of (cm*/sec) = 1.12 x 10~°2¢m3/sec

Area of membrane = 49.5 cm?

CO, flux = 226 x 10° in cm® (STP) / cm?s
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CO, permeability (10"°cm® (STP) cm /cm?s cmHg) =

V., (cm®/sec) x thickness (cm) (A3.11)
Membrane area (cm?®) x (Ap).o, at cmHg

Where,
Vcoz (cm®/sec) = permeate volumetric gas flow rate of CO, = 1.12 x 10~%2¢m?3/sec

Area of membrane = 49.5 cm?

Thickness = 0.0027 cm = 27 micron
(4p)co, atcm Hg = 13.79 cm Hg

CO, Permeability = ~442 x 10™ cm® (STP) cm/cm?s cmHg = 442 Barrer

CO, permeability

CO, permeance (GPU) =

Thickness 442 (Barrer)
= = =~16 GPU
1GPU=10"°cm?*(STP)/cm?s cmHg

(A3.12)

CO,(P)ec 0.04

i N, (P) 0.001
2 Selectivity = —2--25¢— - e i =200 A3.13
, Y= 20, R 0 1674 -

N,(R)sc '

N, Flux (10° cm® (STP)/cm?sec), N, Permeability (Barrer), N, Permeance (GPU)
and CO,/N; Selectivity

(Ap),, at psi = partial pressure difference at psi = p,,(R, psi) - p, (P, psi)

(4Ap)n, (psi) = 14.37 psi
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(Ap)y, atpsi o

(Ap),, at cmHg = partial pressure difference at cmHg = 147

(4dp)n, =74.36 cm Hg

V,, (cm®/sec)
membrane area (cm?)

N, flux (cm*(STP)/cm?s) =
(A3.14)
Vi, (cm®/sec) =4.19 x10~*cm®/sec

Area of membrane = 49.5 cm?

N, flux = ~ 8.13 x 10° cm* (STP) / cm?s

N, permeability (10*°cm® (STP) cm/cm®’s cmHg) =

V,,, (cm®/sec) x thickness (cm) (A3.15)
Membrane area (cm?®) x (Ap),, at cmHg

where

V2 (cm®/sec) = permeate volumetric gas flow rate of N, = 4.19 x10~%*cm3/sec
Area of membrane = 49.5 cm?

Thickness = 0.0027 cm = 27 micron

(Ap)y, atcm Hg = 74.36 cm Hg

N, Permeability = 3.0 x 10™° cm® (STP) cm/cm?s cmHg = 3 Barrer

N2 Permeability 3
thickness - 27

N, permeance = =0.11 GPU (A3.16)
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A3.2 Gas Chromatography Operating Protocol

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

operating protocols are mentioned below:

Injector programing: Heater (ON) at 120 °C

Time (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

Column pneumatics: (pressure program)
Rate (psi/min) Pressure (psi) Time(min) Total time (min)
Initial 15 10.00 10.00

Total time 10.00
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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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A3.3 Detail Purity Percentage of all Calibration Gases

Table A3.1 Detail purity percentage of all calibration gases

Name

Purity compositions

4 9% CO,+ 4 % N, balance
Argon

CO2 (99.999 %), N2 (99.999 %), Ar (99.999 %),
H,0O (<2 ppm) and CO (< 0.5 ppm)

8% CO,+ 8 % N, balance
Argon

CO; (99.999 %), N2 (99.999 %), Ar (99.999 %),
H,0 (< 2 ppm) and CO (< 0.5 ppm)

12 % CO, + 12 % N,, balance
Argon

CO; (99.999 %), N, (99.999 %), Ar (99.999 %),
H>0 (< 2 ppm) and CO (< 0.5 ppm)

20 % CO», balance N»

CO; (99.999 %), N2 (99.999 %), H,O (< 2 ppm)
and CO (< 0.5 ppm)

40 % COy, balance N»

CO; (99.999 %), N2 (99.999 %), H,O (< 2 ppm)
and CO (< 0.5 ppm)

TH-2301_136107039
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A3.4 Gas

chromatography data of

crosslinked

PVA/PEG,

PVA/PEG/SIl, PVA/PEG/APTMS-Sil (Permeation experiment)
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Figure A3.1 GC peaks of PVA/PEG membrane at 100 °C and absolute pressure =

2.5/1.2 atm (feed/sweep) having water flow rate of 0.03/0.04 ml/min (feed/sweep)
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amoﬁ CO: = 19.9%
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Figure A3.2 GC peaks of PVA/PEG/Sil membrane at 100 °C and absolute pressure =

2.5/1.2 atm (feed/sweep) having water flow rate of 0.03/0.04 ml/min (feed/sweep)
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Feed Side
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Figure A3.3 GC peaks of PVA/PEG/APTMS-Sil membrane at 100 °C and absolute

pressure = 2.5/1.2 atm (feed/sweep) having water flow rate of 0.03/0.04 ml/min
(feed/sweep)
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A3.5 Gas chromatography data of crosslinked PVA/PG,

8, PVA/PG/ZIF-8@PEI (Permeation experiment)
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Figure A3.4 GC peaks of PVA/PG membrane at 100 °C and absolute pressure = 2.5/1.2

atm (feed/sweep) having water flow rate of 0.03/0.05 ml/min (feed/sweep)
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Appendix 3

Figure A3.6 GC peaks of PVA/PG/ZIF-8@PEI

pressure = 2.5/1.2 atm (feed/sweep) having water flow rate of 0.03/0.05 ml/min

(feed/sweep)
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This work reports the synthesis of zeolitic imidazolate framework-8 (ZIF-8) having regular pore size (~0.35 nm)
embedded to the poly (vinyl alcohol) (PVA)/piperazine glycinate (PG) solution. High performance mixed matrix
membranes (MMMs) prepared by solution coating of PVA/PG/ZIF-8 solution onto a polyethersulfone (PES)
support were utilized for CO,/N, gas separation studies. Detailed thermal, structural and microscopic analysis of
the synthesized ZIF-8 particles was conducted. The characterization studies and the performance evaluation tests
were performed for the prepared MMMs. The excellent compatibility of ZIF-8 filler in the PVA/PG matrix re-

sulted in enhancement of CO, permeance and CO,/N, selectivity. The results depicted that PVA/PG membrane
loaded with 5 wt% ZIF-8 (PVA/PG/ZIF-8(5)) showed a high CO, permeance of 82 GPU and CO,/N, selectivity of
370 which was 82.2% and 76.2% higher when compared to pure PVA/PG membrane. Thus ZIF-8 doped PVA
mixed matrix membrane serves as a potential candidate for industrial gas separation studies.

1. Introduction

CO,, separation from flue gas is of considerable importance due to its
regressive implication on the environmental ecology. The application of
traditional CO, separation technique is restricted by its aggravated
solvent regeneration cost and high energy intensity [1]. The two main
constraints of CO, capture are restriction of huge amount of flue gas
emitted from industrial plants and the separation of CO, present in a
very low concentration (around 12-13%) in the flue gas [2]. Mem-
brane-based technology has been formulated as a potential alternative
to conventional techniques owing to its advantages of low cost, com-
pact module, process flexibility and operational simplicity [3]. Polymer
membranes have advantages of easy processing, low cost and high
membrane flexibility [4-6]. However, its long-term usage is restricted
by the permeability and selectivity restraint of the Robeson curve along
with restricted long term stability [7,8]. Multistage process is required
to obtain high purity leading to high CO,/Nj selectivity which increases
both the capital and operating cost [9]. Cross-linking, blending and
carrier meditated transport are introduced to tackle this low gas
transport performance. Also, it has been observed that the large-scale
application of thermally stable inorganic membranes having high che-
mical stability and prolonged stability is restricted by its brittle nature
and the high cost [10].

To tackle these constraints, mixed matrix membranes (MMMs)

* Corresponding author.

comprising of inorganic particles embedded into the polymer matrix
has been largely considered in the recent times [11,12]. Common in-
organic fillers such as zeolite [13,14], silica nanoparticle [15,16],
carbon nanotube [17-19], carbon molecular sieve [20,21], graphene
oxide [22], and metal-organic framework [9,23] used for the MMMs
fabrication has been extensively studied. The high-performance of
MMM is achieved by the combination of excellent transport perfor-
mance of the fillers along with the processability of the polymers.
However, the major challenge is in the improvement of polymer-filler
interface compatibility which otherwise leads to the occurrence of non-
selective voids at the interface of the two phases. This leads to the high
diffusion of gas molecules thereby leading to a steep decline in the
overall selectivity of the membrane. Also, the good affinity between
filler and polymer material during the fabrication process plays a major
role in the formation of desired defect-free MMMs [24].

Recently, metal-organic frameworks (MOFs), a class of hybrid or-
ganic-inorganic crystalline nanoporous framework serve as potential
filler material due to its high porosity, adjustable pore size, specific
surface area and convenient synthesis process. When compared to
zeolites, silica, or other porous materials, MOFs offer advantages of
large surface area making it an attractive candidate for gas separation
application. In addition to this, the highly tunable physical and che-
mical characteristic makes it a desirable filler material in MMMs
[25-28]. Zeolitic imidazolate framework (ZIFs), a subclass of MOFs
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ABSTRACT: This article focused on segregation of low concentration CO, from CO,/N, mixture gas by implementing high-
performance facilitated transport mixed matrix membranes (MMMs) in large-scale carbon capture techniques. These advanced, novel
CO;-selective membrane materials were developed by embedding silica nanoparticles at different loading into the poly(vinyl alcohol)
(PVA)/poly(ethylene glycol) (PEG) matrix using solution casting. In situ sol-gel technique was applied for the synthesis of the hydro-
philic SiO, nanoparticles. The compatibility of filler-polymer matrix plays a crucial role in the optimization of the membrane perfor-
mance. The dispersion and interaction of the filler into the polymer matrix were confirmed by thermogravimetric analysis,
differential scanning calorimetry, Fourier transform infrared spectroscopy, X-ray diffraction, field emission scanning electron micros-
copy, contact angle tests, and swelling ratio analysis. Field emission scanning electron microscopy analysis of the synthesized MMMs
established the homogeneous dispersion of the fillers in the polymer matrix. Owing to its good compatibility with PVA/PEG matrix,
the inclusion of fillers significantly increased the overall separation efficiency of CO, within the membrane. Compared to pristine
PVA/PEG membrane, PVA/PEG/silica membrane with 3.34 wt % silica loading showed pronounced improvement in its gas separation
properties with 78% augmentation in CO, permeability and 45% enhancement in CO,/N, selectivity for fixed conditions pertaining
to sweep side water flow rate of 0.04 mL/min and 100 °C temperature. © 2018 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 46481.
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and reported that gas separation membrane with selectivity of
at least 200 makes it a potential competitor with the conven-
tional separation techniques. Thus, the separation of CO,/N,
mixture becomes a technique of commendable importance.

INTRODUCTION

The capture and subsequent sequestration of carbon dioxide, a
principal greenhouse gas, has been a major concern in recent
times owing to its unparalleled contribution to global warming.
The unprecedented increase in anthropogenic CO, emissions
basically from industrial fossil fuel reserves has imposed a seri-
ous threat to the environmental ecology. As has been predicted,
tackling the huge increase in the CO, concentration to about

To tackle the restriction of low CO, permeability by glassy poly-
mers, rubbery polymers containing CO,-philic group are pre-
ferred for CO, separation.” Different modifications utilized for

) improved CO, transport performance include incorporation of
800 ppm by 2100 would be a major challenge for researchers

across the globe. To handle this, development of energy effi-
cient, environmental friendly, and cost-effective membrane-
based gas separation technology has been a major breakthrough

suitable amine carriers into the polymer backbone, crosslinking,
blending of polymer matrix, and mixed matrix membrane
(MMM) composition and so forth.>® The challenge imposed by
the long-term usability of polymer membrane for industrial

THR Y aNGRR039

study in the recent years.'

The capture of CO, from flue gas, produced by combustion of
fossil fuel, by postcombustion techniques has been a study of
great importance. The low CO, concentration of about 3-5 mol
% in gas plants and 13—-15 mol % in coal plants is the major
challenge.® Sluijs et al’ studied the feasibility of post-combus-
tion CO, separation using polymer gas separation membranes

application is restricted by the instinctive trade-off limitation
between permeability and selectivity as depicted by Robeson’s
curve.” On the other hand, the high separation properties of
inorganic membranes even at high temperature is restricted by
its high cost and lack of processability.'® To address these issues,
MMMs which combine the advantages of inorganic filler and
polymer matrix have been extensively studied. In the synthesis

Additional Supporting Information may be found in the online version of this article.
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This article reports effect of different single and blended amine carriers on binary gas (20% CO, balance
N, ) separation using novel CO,-selective crosslinked thin-film poly(vinyl alcohol) composite membranes.
The characterization of the thin-film active layer had been carried out by Thermogravimetric analysis
(TGA), Differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR) and X-
ray diffraction (XRD). The transport properties of CO, (CO; and N; fluxes, CO, and N, permeability, and
CO, /N, selectivity) across the membrane were examined using counter flow flat sheet membrane module.
The effects of active layer thickness (41 to 84 micron), feed absolute pressure (1.7 to 6.2 atm), temper-
ature (90 to 125°C), and sweep side water flow rate (0.02 to 0.075cm?/min) on transport properties of
CO; across the membrane were analyzed. The dense layer containing amine carrier displays both high
selectivity and permeability. It has been seen that the composite membrane of 25 wt% poly(allylamine)
and 15 wt% 2-amino-2-hydroxymethyl-1,3-propanediol with 44 micron active layer thickness is having
maximum CO3/N; selectivity of 434 and CO, permeability of 1826 Barrer at 2.8 atm feed side absolute

Keywords:

CO, /N, separation
Formaldehyde cross-linking
PVA membrane

Blended amine

pressure and 100 °C temperature.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

CO, emission has been a major environmental concern owing to
the drastic climatic change in the recent times (Merkel et al., 2010).
Its capture has wide applications like mitigating greenhouse gas
effects, production of fuel with enhanced energy content, gas purifi-
cation with the prevention of corrosion problems etc. (Zou and Ho,
2006). Conventional matured technologies such as amine absorp-
tion has large scale implementations. However, limitations of such
technologies include high cost and are energy intensive. New
advanced technologies like polymeric membrane based CO, sep-
aration is one of the most potential methods due to its low energy
consumption, compact membrane module leading to enhanced
weight and space efficiency. It is also an efficient environment-
friendly alternative compared to other processes (Xing and Ho,
2009; Peters et al., 2011). Polymer membranes such as cellulose
acetate, cellulose triacetate or polyimide are used industrially for
CO, removal. These membranes are normally affected by low CO,

* Corresponding author. Tel.: +91 361 2582256; fax: +91 361 2690762.
E-mail addresses: a.mondal@iitg.ernet.in (A. Mondal), mridusmita@iitg.ernet.in
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permeability as well as low CO, /N, selectivity. Wind et al. (2004)
reported the CO, permeability of 4 Barrers and CO,/N, selectiv-
ity of 26 for cellulose acetate membranes with the thickness of
50-75 micron at 35 °C temperature and 25 atm pressures. The per-
meability and selectivity of this membrane is quite low. Most of the
industrially useful polymer membranes are made of common poly-
mer materials and separation is governed by solution-diffusion
mechanism. The selectivity of conventional polymeric membrane
is limited by relative solubility and diffusivity of the components in
the gas mixture. Blending of suitable amine carriers into the poly-
mer matrix can enhance the CO, transport property by reacting
reversibly with the targeted compound. Improvement of thermal
stability of polymeric membrane is also important for high tem-
perature application. Crosslinking as well as blending of thermally
stable polymer matrix may improve thermal stability of polymer
hydrogel. There are several investigations reported in the literature
for improvement of thermal stability of polymers (Elashmawi and
Abdel Baieth, 2012; Abdelrazek et al., 2010; Cassu and Felisberti,
1997, 1999; Qiao et al., 2010) as well as use of amine carrier to
enhance CO, transport through the membrane (Cai et al., 2008;
Deng et al.,, 2009a,b; Francisco et al., 2007; Kim et al., 2004a;
Matsuyama et al., 1999a; Shen et al., 2006, 2008; Ward et al., 1976;
Wau et al.,, 2006; Yegani et al., 2007; Mandal and Ho, 2007). In our
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