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## 5770240821 : MAJOR CHEMICAL ENGINEERING

KEYWORDS: CARBON DIOXIDE CAPTURE / COMPOSITE MEMBRANE /
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PACHARAPORN YAISANGA: Carbon nanotube/polymer composite
membrane for CO. capture. ADVISOR: ASSOC. PROF. TAWATCHAI
CHARINPANITKUL, D.Eng., CO-ADVISOR: CHALIDA KLAYSOM,
Ph.D., 61 pp.

Membrane gas absorption (MGA) was applied for carbon dioxide capture
due to its unique potential, such as independent adjustment of gas and liquid, compact
equipment installation, and sizable module. However, a major issue of MGA is
membrane wetting, causing lower absorption efficiency and membrane damages.
Hydrophobicity is one of the key parameters to improve membrane property for
solving such problem. This thesis focused on using carbon nanotubes as the filler to
composite with polyacrylonitrile (PAN) or polyvinylidene fluoride (PDVF) via a
phase inversion technique to improve membranes hydrophobicity. In case of PAN, the
results showed that the addition of CNT exerted insignificant effect on membrane
properties and membrane hydrophobicity. Bare PAN and its composite membranes
were found to get wetted after the operation for 30 min, suggesting that they would
not be suitable for MGA with 3 M monoethanolamine (MEA). In case of PVDF,
CNT addition affected surface porosity and also enhanced water contact angle. The
best condition of CNT/PVDF composite membrane for CO, capture was 5 % by
weight of CNT in PVDF matrix, which could exert water contact angle above 97°,
uniform pore size distribution, and small pore size (254 + 10 nm). The CNT/PVDF
composite membrane could accommodate absorption flux of 7.12 mmol/m?s, namely
46 % higher than that of the bare one. Typical long-period operation (> 30 days)
showed that the CNT/PVDF composite membrane slightly swelled after contacted
with 3 M MEA for 30 days without surface chemical changes, resulted from chemical

resistance.
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1. Introduction

Carbon dioxide (CO) is one of greenhouse gases, which is emitted from
various sources, such as industry and transportation. Fossil-fuel power plant is
considered the major source of the CO. emission as flue gas. There are several
techniques employed to capture CO2 in the post-combustion process, such as
absorption, adsorption, and membrane gas separation. The advantages and
disadvantages of each post-combustion CO. capture techniques are summarized in
Table 1.1.

Table 1.1 Advantages and disadvantages of each CO> capture techniques

Techniques Advantages Disadvantages
Absorption - High efficiency of CO> - Solvent loss by evaporation
removal - Corrosion

- Absorbent regeneration

Adsorption - High selectivity (even ata | - Need an extreme pre-
low CO> concentration) treatment
- Adsorbent recycle

Membrane - High selectivity - Operational problems such
Gas - Compact device as low flux and fouling
Separation

Absorption is a conventional approach, which has been used in industry scale
due to its high efficiency. Alkanolamines, such as monoethanolamine (MEA) and
diethanolamine (DEA), were commonly used as absorbents in industrial CO capture.
The liquid absorbent could be also regenerate by heating and/or depressurizing.
However, solvent evaporation loss, corrosion, and environmental problems regarding
to its toxicity and degradation are still of concern [1].

Adsorption is another promising technique for CO2 capture because of its high
selectivity. Carbon dioxide could be adsorbed on the solid adsorbent surface even at

low CO; concentration. The commercial adsorbents include activated cabons, zeolites,



alumina, meso-porous silicates, and metal oxide [2]. The adsorbent could be also
recycled by swinging the pressure or temperature. Pressure swing adsorption (PSA) is
commercially used in the industry instead of temperature swing adsorption (TSA) due
to lower energy consumption [3]. However, there is a limitation in cyclic capacity in
commercial used [2].

In recent years, membrane gas separation has been developed for the CO2/N>
separation from flue gas [1]. The membrane is developed to select a specific gas
(CO2) by the selective thin film, which composite with the non-selective support
layer. The advantage of membrane device is its compact size when compared to
absorption or adsorption column. However, the efficiency of membrane gas
separation is strongly affected by flue gas conditions such as gas contaminants, CO>
concentration, and pressure. Gas contaminants, such as NOx and SOy, cause fouling
and membrane damage during the operation [2], while CO. concentration and
pressure affect CO. diffusion and separation efficiency [3]. Membrane for this
application is necessarily developed to achieved higher CO; flux and purity [2].

There is another alternative process to capture CO, that combines the
absorption technique with the membrane technique, so called “Membrane Gas
Absorption (MGA)”. This technique is different from membrane gas separation
technique because the membrane is only used as a barrier to separate gas and liquid
phase, so that their flows can be adjusted independently. Thus, CO: is not separated
by a membrane like in membrane gas separation but by an absorption of solvent [4].
MGA provide higher CO2 removal rate than membrane gas separation due to higher
driving force of CO2 concentration. The independent control of gas and liquid flow
rate results in the lack of entrainment, flooding, and foaming [2]. Porous membranes
are often used to minimize membrane resistance and provide higher CO> diffusion
flux [5]. The membrane device is more compact and easily scaled-up, compared to
absorption column [5]. Though, the biggest challenge of the MGA is wetting and the
stability of long-term operation. In MGA, membrane is commonly soaked with liquid
absorbent that gradually fills the pores of the membrane (wet) and causes membrane
swelling and the efficiency decline [6]. To prevent this problem, hydrophobic
membrane would be required for the MGA [7, 8]. Membrane is commonly fabricated

via phase inversion technique and several approaches have been applied to increase



membrane hydrophobicity such as adjusting membrane morphology [9-11],
conducting surface modification [12, 13], and adding hydrophobic additives [14-20].

The additive addition is the simplest and most effective method among all
attempts. Carbon nanotubes (CNTs) are one of popular additives, possessing high
mechanical strength, light weight, and superhydrophobicity [21]. Previous studies
have reported that incorporation of CNTs with polymeric materials could significantly
enhance the mechanical strength as well as hydrophobicity of the membranes [22-24].
However, there is still no report of developing CNT composite membranes for using
in MGA.

Polyvinylidene fluoride (PVDF) is one of the polymers mostly used in MGA
due to its high hydrophobicity and relatively lower cost compared to the higher
hydrophobic polytetrafluoroethylene (PTFE). PVDF also showed good potential in
MGA system [9, 16, 18, 20]. So, PVDF was selected to use in this research.
Polyacrylonitrile (PAN) is another interesting polymer choice. Polyacrylonitrile
(PAN) possesses good chemical stability, thermal stability, and mechanical strength
which is a good potential for MGA application [25]. Chemical resistance would
enhance membrane stability when the membrane expose to the absorbent, and
mechanical strength would enhance membrane durability when use under high flow
rate condition. Also, thermal stability would enhance membrane stability when use
under high temperature condition, such as CO> capture from flue gas. However, PAN
is quite hydrophilic (water contact angle, 40°) [26]; due to its high chemical resistance
which should be benefit for MGA system. Therefore, if its hydrophobicity could be
improved, it could be potentially used in MGA.

1.1 Objectives
The objectives of this study are as follows:
= Synthesis and Characterization of CNT composite polymeric
membrane: CNT/PAN and CNT/PVDF
= Investigation of the effects of CNT fillers on membrane morphology
and hydrophobicity
= Performance testing of the composite membrane in CO2 capture in

MGA process



1.2 Scope
Membranes were prepared by a phase inversion with controlled parameters
listed below.
e Polymer matrix: Polyacrylonitrile (PAN) and Polyvinylidene
fluoride (PVDF)
e Solvent: N,N-dimethylformamide (DMF)
e Polymer concentration: 12 — 28 % by weight

e CNT loading: 0 — 10 % by weight in polymer

1.3 Expected Outcomes
CNT adding would improve hydrophobicity of membrane surface and

enhance CO> capture efficiency in MGA system.



2. Background and Literature Review

The background knowledge of membrane gas absorption (MGA) and
membrane preparation via phase inversion technique were discussed below. Recent

developed membranes for the MGA were also discussed in detail in this chapter.

2.1 Membrane Gas Absorption (MGA)

Membrane employed for gas absorption is often called membrane contactor,
which allows gas phase to contact liquid phase without dispersing one to another.
Therefore, gas and liquid flow rate can be adjusted and manipulated independently
without flooding, foaming, and channeling, which are normally an obstacle in an
absorption column. Moreover, membrane device is more compact when compares to
the same operational volume of column, leading to less installation area and energy
consumption [5]. Different from conventionally absorption column, the mass transfer
in MGA occurs in 3 steps;

1) Gas diffusion from bulk to membrane surface

2) Gas diffusion through the membrane pores

3) Dissolution of gas into liquid phase

Membrane provides the main mass transfer resistance in this system. In MGA
system, CO> and other gases could diffuse through the membrane from gas-side to
liquid-side, but CO2 will be absorbed by the absorbent. In case of CO2, CO; could
diffuse through membrane porosity by Knudsen diffusion if the scale of pore diameter
is higher than CO2 mean free path (39 nm at 0 °C and atmospheric pressure) and
Fick’s law of diffusion due to the different of CO2 concentration. In the case of
membranes with finger-liked pore structure, CO> could easily diffuse through
membrane straight pore. While in case of sponge-like pore structure, the membrane
pores were more tortuous. The porosity (¢) and tortuosity (t) are the parameters
determining the mass transfer coefficient (km) [27]. In the case of thin film layer, CO-
may diffuse through the dense thin film by solution-diffusion, resulted from
concentration gradient [27]. However, the gas could diffuse through the chain of

polymer in random direction. Therefore, to minimize membrane resistance, the



membrane thickness should be minimized. In addition, membrane used in the MGA

are highly porous.

Fig 2.1 Membrane gas absorption principle

The instance of CO> capture by a MGA is shown in Fig 2.1. In a flat-sheet
membrane system with gas physical absorption, the over-all mass transfer coefficient
is calculated by the following equation [10]:

Q (C“ ‘. _C.’ ) )
Ki(m/s) = =52 (1.1)

where K; is over-all mass transfer coefficient, @, is the volumetric flow rate of

gas phase, 4,, is the area of the membrane and AC,, is the logarithmic mean driving
force based on gas phase concentration [10]:
AC, = (HCi gin — Crout) — HC; g our
In[(HCigin = Crout)/(HCigout)]
where C;4inand C; g4,y are the concentration of the gas inlet and outlet,

(1.2)

respectively. While C, ,,,; is the CO, concentration in the liquid outlet. And H is the
Henry’s constant of the interested gas in the liquid absorbent.
The CO: diffusional flux can be expressed by the following equation [9, 10]:

Jeo, = Ki(cg - Cl*) (1.3)
where J¢o, is the CO2 absorption flux (mol/m?s); cg is the concentration in gas

phase (mol/m®) and c; is the gas phase concentration in equilibrium with the bulk



liquid phase (mol/mq). Also, the CO2 removal efficiency (1) can calculate by using the
following equation [9]:

Ci,g,in - Ci,g,out

n= x 100 (1.4)

Ci g,in

Important operation parameters that influence CO, absorption are gas and
liquid flow rates, which could directly affect over-all mass transfer coefficient. The
higher the gas flow rate, the less the resistance of stagnant layer diffusion [28].
However, excessively high gas flow rate leads to excessively short residence time in
the membrane module, resulting in lower CO> removal [29]. Also, the higher liquid
flow rate leads to thinner liquid boundary thickness, resulting in higher over-all mass
transfer coefficient and CO> absorption flux [30]. Therefore, for each module, the gas
and liquid velocity should be adjusted to maintain enough residence time and CO:
absorption flux for CO, removal.

A hydrophobic membrane is normally required to keep the liquid flow along
membrane surface instead of filling in the pores, causing wetting. When the
membrane pore was filled and fully wet, its effective area reduces. The liquid solvent
could capture CO only in pore area and thus the mass transfer resistance of the
wetted membrane increases, leading to less CO. absorption flux [5]. Moreover,
membrane would be damaged by membrane-absorbent interaction, leading to a less
mechanical strength [31, 32].

In general, commercial liquid absorbent for CO. capture is an organic
compound, which possesses low surface tension [6]. Monoethanolamine (MEA) is
considered as one of the promising absorbents for the CO, capture. Higher MEA
concentration is required to highly remove CO> but it generates less surface tension
that make the MEA easily penetrate into membrane pores. Thus, the selection of
hydrophobic membrane and the adjustment of operational parameters should be
carefully applied to keep the liquid flow along membrane surface instead of filling in

the pores, causing wetting [5].



2.2 Membrane Preparation

Phase inversion, in which a polymer is transformed from a liquid to a solid
state in a controlled manner, is the most commonly technique in membrane
production in both commercial and laboratory scale [33]. Variety of characteristic
membrane structures is gained from this technique by adjusting phase inversion
parameters [34]. In general, polymers are dissolved in a solvent to form a
homogeneous polymer solution and cast on a plate or a non-woven support.
Afterwards, the cast polymer solution is left in the air or immersed in a non-solvent
coagulation bath (or both means) where polymer precipitation occurs to form a
membrane flat sheet by solvent evaporation or solvent/non-solvent exchange,
respectively [35]. In polymer/solvent/non-solvent ternary phase system, polymer-rich
and -lean phase occurs when the temperature of polymer solution was lowered [35].
Polymer-rich phase leads membrane structure formation, whereas polymer-lean phase
leads membrane void formation by liquid-liquid demixing process [36]. Demixing
process was divided into 2 paths: instantaneous demixing and delayed demixing,
leading to different membrane structures. Exchange rate of solvent and non-solvent is
the key to determine what kind of demixing process occurs. When the cast polymer
solution is immersed in a non-solvent coagulation bath, polymer nearby the polymer
solution and non-solvent interface firstly precipitates, leading to thin skin-layer
formation, which becomes a non-solvent in-flow barrier, while the amount of non-
solvent in-flow before skin-layer formation induces the diffusion of solvent at the sub-
layer [35]. For the sub-layer, solvent diffusion will also occur between polymer-rich
and —lean phase, called solvent imbibition [37]. If the solvent imbibition grows fast,
fast polymer precipitation will occur. This is referred to the instantaneous demixing,
in which the macrovoids and finger-like pore tend to form in membrane structure
[38]. Whereas in a delayed demixing, sponge-liked pore structure is formed because
polymer-lean phase seeds could not grow and polymer-rich phase slowly precipitate
[39]. Many preparation parameters such as solvent/non-solvent choice, type of
polymer, and polymer concentration have influences on membrane morphology.
Solvent/non-solvent pairs have direct impact on demixing time because their
miscibility takes action for exchange rate [26, 38]. The selection of polymer depends
on the required properties of the membrane such as hydrophobicity and thermal and



chemical resistance [26]. Moreover, adding additives as a third component of casting

solution may affect the demixing path way and the membrane structure [26].

2.3 Literature Review on Membrane Developments for MGA

Membrane mostly used in MGA for CO, capture is made of hydrophobic
polymers, such as polytetrafluoroethylene (PTFE) (water contact angle, 109.4°),
polyvinylidene fluoride (PVDF) (water contact angel, 86.0°), polyetherimide (PEI)
(water contact angle, 76.5%), and polysulfone (PSF) (water contact angle, 75.0°).

While hydrophobicity plays a role in maintaining membrane long-term
operation, pore size and porosity mainly determines the CO2 removal performances.
A good MGA membrane requires small pore size but high porosity to enhance CO>
diffusion and decrease the opportunity of absorbent wetting [10]. All properties and

performance data obtained from previous reports were summarized in Table 2.1.

Table 2.1 Properties and performance of membranes recently developed for MGA

system
Polymer Avg. CO2
Water y . .
Concentra o Porosity Pore Testing Absorptio
. Additives Contact - . Ref.
tion (%) Size Conditions n Flux
Angle (°)
(Wt%0o) (nm) (mol/m?s)
Polyvinylidene fluoride (PVDF)
20%CO02/N2-AMP
15-20 - 127.2 90 352 Qi =1500 ml/min N/A [9]
Qg = 3600 ml/min
20%CO2/N2-AMP
20 - 90 55 310 Qi = 2500 ml/min 420 [10]
Qg = 3600 ml/min
CO2-Water
1 wt% .
18 92 N/A 385 Qi =300 ml/min 7.7x10* [17]
SMM )
Qg =100 ml/min
CO2-Water
2 wit% .
17 96.2 N/A 200 Qi =80 ml/min 4.5x10* [14]
SMM )
Qg =100 ml/min
CO2-Water
6 wt% .
18 99 85 654 Qi =300 ml/min 5.4x10°3 [16]
SMM )
Qg =100 ml/min
18 1 wt%P° 90 N/A 28.7 CO2-Water 1x10°3 [18]
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Polymer Avg. CO2
Water . . .
Concentra o Porosity Pore Testing Absorptio
. Additives Contact . . Ref.
tion (%) Size Conditions n Flux
Angle (°)
(Wt%) (nm) (mol/m?s)
MMT Vi=3.1m/s
Qg = 140 mi/min
CO2-Water
5 wt%P .
18 99 N/A 21 Qi1 =200 ml/min 1.65x10° | [20]
MMT .
Qg = 1400 ml/min
Polyetherimide (PEI)
(Modified
with 2%
CO2-Water
16 Octadecyla 1115 N/A N/A 2.2x10°3 [11]
) Vi=0.1m/s
mine
solution)
(Dope with CO2-Water
14 Fluorinated 124 81 40 Vi=0.3m/s 1.6x1073 [12]
Silica) Qg =30 mi/min
CO2-Water
. 3x10°®
(Dope with Vg=0.12 m/s
14 Fluorinated 123.2 71.2 90 CO2-Sodium [13]
Silica) Tuarinate 2.1x10%2
Vg=0.8 m/s
1 wt%P CO2-Water
15 86 N/A 79 1.09x10° | [19]
MMT Vi=0.5m/s
Polysulfone (PSF)
CO2-Water
1 wt% .
15 73 83 568 Qi =300 ml/min 5.8x10* [15]
SMM .
Qg = 100 ml/min
Polypropylene (PP)
20%CO02/N2-MEA
N/A - 158 N/A 200 Qi =17 ml/min 1.9x104 [31]
Qg =200 ml/min

& maximum pore size

b o6 by weight in polymer

Hydrophobic property highly depends on membrane surface properties such as
pore size, porosity, roughness, and chemical properties [6]. So, there are many
attempts to improve membrane hydrophobicity for more effective usage. There are 3

main approaches to improve membrane hydrophobicity: adjusting membrane
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morphology, modifying membrane surface, and adding an inducing hydrophobic
additives [5].

Via /the first approach, non-solvent additives were added in polymer solution
during phase inversion step to adjust membrane morphology in the way that promotes
high contact angle. Non-solvent additives, such as ethanol and N-Methyl-2-
Pyrrolidone (NMP), were added into water coagulation bath for PVDF precipitation
step, resulting in membrane with smaller pore size and an increased water contact
angle of 88.8 - 127.2° [9, 10].

The second approach is modifying surface of membranes by doping
fluorinated silica on PEI [12, 13] or plasma treatment on PVDF [28], which resulted
in water contact angle of 124° and 155°, respectively. Surface roughness and fluoro-
compounds were modified on the membrane surface to improve membrane
hydrophobicity.

In the last approach, hydrophobic additives were directly mixed in polymer
solution to improve the hydrophobicity of the polymer matrix. 1 - 6 % by weight of
surface modifying macromolecules (SMM) were mixed in the polymer solution to
form a membrane through a wet spinning process, which resulted in water contact
angle of 92 - 99° for PVDF [14, 16, 17] and 70 - 73° for PSF [15]. SMM additive
provided fluoro-compounds on the membrane surface which improved membrane
hydrophobicity, even though membrane pore size and porosity was relatively higher
than those of the bare one. Another hydrophobic additive is montmorillonite (MMT),
which was used in a range of 1 - 5 % by weight in PVDF and resulted in water contact
angle of 90 - 99° for PVDF [18, 20] and 86° for PEI [19]. MMT addition caused
smaller membrane pore size and more surface roughness than those of the bare one,
leading to more membrane hydrophobicity. All 3 approaches mainly affected
membrane surface morphology, leading to the change in water contact angle and
hydrophobicity.

Membrane porosity and pore size also affect CO. absorption flux. High
surface porosity leads to preferable CO, removal efficiency [9, 16, 18], while small
membrane surface pore could prevent membrane wetting [18]. Thus, proper
membrane structure for MGA system should be high surface porosity with small pore
size [18].
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This thesis focused on a synthesis and characterization of a composite
membrane to be used in membrane gas absorption for CO. capture. The membrane
was synthesized by a phase inversion method. PAN and PVDF were used as the
polymer matrix and CNT as the filler. Their morphology, surface properties, and CO>

absorption performance were also investigated.
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3. Methodology

3.1 Materials

Polyacrylonitrile (PAN, average My = 150,000) and polyvinylidene fluoride
(PVDF, average My = 275,000) were purchased from Sigma—Aldrich® N,N-
dimethylformamide (DMF, AR Grade) and carbon nanotubes (CNTSs, baytubes® C
150 P) were supplied by QR&C® and Bayer Material Science, respectively.
Monoethanolamine (MEA, 99.5 %) was purchased from Dow Chemical Company

(Dow®). All chemicals were used as-received without further purification.

3.2 Fabrication of bare and composite membranes

Polymer was dissolved in solvent, DMF, in a range of 12 to 28 % by weight
under a stirring condition at 60 ‘C until the homogeneous solution was obtained.
Afterwards, the polymer solution was cooled down to the room temperature and was
cast on a non-woven support (novatexx 2470, viledon®) with a constant thickness of
250 um. The nascent cast film was immediately immersed in water to form a
membrane flat sheet.

CNT content was varied in a range of 0 - 10 % by weight in polymer to
fabricate composite membranes. The CNT was first dispersed in DMF by using
sonication bath for 30 min. Then, polymer was dissolved in the suspended solution at
60 °C under a stirring condition until the solution became homogeneous. Afterwards,
sonication was further applied for 90 s to ensure a good dispersion of CNT. The
mixed solution was then cast on a non-woven support with the same thickness and
then immersed in the water bath to form a composite membrane. Carbon black (CB,
conductive carbon black, ENSACO®) was also used to composite with polymeric
membrane (at 5 % by weight) for a comparison whether different carbon material
affects membrane hydrophophobicity. All the conditions synthesized in this thesis

were summarized in Table 3.1.



Table 3.1 Summary of all experimental compositions used in this thesis
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Polymer CNT Content
Name Concentration (% by weight in
(% by weight) polymer)
PAN Membranes
12 wt% PAN 12 -
14 wt% PAN 14 -
16 wt% PAN 16 -
18 wt% PAN 18 -
Composite PAN Membranes
0.5 wt% CNT/PAN 12 0.5
1 wt% CNT/PAN 12 1
5 wt% CNT/PAN 12 5
10 wt% CNT/PAN 12 10
5 wt% CB/PAN 12 5*
PVDF Membranes
22 wt% PVDF 22 -
24 wt% PVDF 24 -
26 wt% PVDF 26 -
28 wt% PVDF 28 -
Composite PVDF Membranes
0.5 wt% CNT/PVDF 26 0.5
1 wt% CNT/PVDF 26 1
5 wt% CNT/PVDF 26 5
10 wt% CNT/PVDF 26 10
5 wt% CB/PVDF 26 S5*

*Carbon Black (CB) was used instead of CNT
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3.3 Characterization
3.3.1 Structure and Morphology

Microscopic structure and morphology of the synthesized membranes were
investigated by using a scanning electron microscopy (SEM, S-3400N, Hitachi) at
their top surfaces and cross-sectional areas. Moreover, particle shape and size of
CNTs and CB, as an additive, were also investigated by using a field emission
scanning electron microscopy (FE-SEM, JSM-7610F, JEOL) and a transmission
electron microscopy (TEM, JEM-2100, JEOL).

3.3.2 Pore Size, Pore Size Distribution, Surface Porosity, and Thickness

Average pore size, pore size distribution and surface porosity of the fabricated
membranes were also estimated from SEM micrographs by an image processing
program (ImageJ 1.50i, National Institutes of Health, USA) to investigate the effect of
polymer concentration and CNT content on membrane morphology. Thin top layer
thickness of the fabricated membranes was also measured by using an image
processing program (SemAfore 5.21, JEOL, Sweden). Also, the whole membrane
thickness was measured by using a digital caliper (101-2601, TLEAD).

3.3.3 Porosity

Liquid replacement method was used to investigate membrane porosity. Flat
synthesized membranes were cut into the dimension of 3 x 1 cm and weighed as the
mass of dry membrane. Then the membranes were storing in 1-octanol (99%,
PanReac AppliChem) and deionized water for 2 h and wet membrane weight was
recorded. Membrane porosity was calculated by using the following equation [9]:

g=—"/n o 1000 (3.1

mp/pn+mp/pp
where ¢ is the porosity of the membrane, m,, is the mass of the absorbed liquid
(wet membrane weight — dry membrane weight), m, is the mass of the dry
membrane, p,, is the density of liquid, and p, is the density of polymer. (Noted that
there was an error from a non-woven support weight and density change of composite

membrane.)
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Different liquids were used to investigate their absorption ability. The organic
liquid representing low surface tension liquid was 1-octanol, which possesses surface
tension of 27.60 mN/m at 20 °C. The liquid representing high surface tension was

water, which possesses surface tension of 72.80 mN/m at 20 °C.

3.3.4 Hydrophobicity
To determine hydrophobicity, water contact angle of the fabricated

membranes was measured by using contact angle meter (OCA 40, Data Physics).

3.3.5 Surface Roughness

Surface roughness of the fabricated membranes was measured by atomic force
microscopy (AFM, NanoScope® 1V). The surface roughness could represent how
polymer precipitated and often relates to surface hydrophobicity.

3.3.6 Surface Chemicals

Surface chemicals of membranes were examined by using attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Nicolet™ 6700,
Thermo Scientific). Surface chemical changes of membranes before and after being

contacted with the solvent (3 M MEA) up to 30 days were also investigated.

3.3.7 Thermal Resistance

Thermal resistance of the fabricated membranes was further estimated to
investigate the effect of carbonaceous additives on membrane thermal stability. The
thermal resistance of the fabricated membranes was analyzed by using a
thermogravimetric analysis (TGA, TGA/DSC1 STAR® System, METTLER
TOLEDO).

3.4 Performance Test

Performance of the membranes in MGA system was tested in the assemble
module shown in Fig. 3.1 with 3 M MEA as an absorbent. The experiment was

conducted at ambient temperature and pressure. The gas and liquid flow rate were
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adjusted to avoid gas bubble in the liquid channel. Pure CO2 (99.995 %, Praxair) was
fed into the gas-side of the module through a mass flow meter (SLA5800 Series,
BROOKS®) at 320 ml/min and 3 M MEA was circulated into the liquid-side of the
module through a peristaltic pump at 157 + 6 ml/min. Due to the limitation of
membrane contacted area and CO. detection, the CO> captured MEA was collected
after 30 min of the operation and then the CO> captured amount was measured by a
titration method. CO; absorption flux was calculated by the following equation:

NAbsorbed COy
tX A

Jco, = (4.1)

where Jco, is CO2 absorption flux (Mol/m?S), Napsorbed co, Was the amount of
absorbed CO., measured and calculated from titration method, t was the operation

time (1800 s), and A,, was the contacted area of membrane in the module (0.0024

m2).

Mass Flow Meter 320 ml/min Gas Channel ———— 1
Membrane Module
Liquid Channel

157 ml/min

;{ Peristaltic Pump |
co, ===
3MMEA
(300 mI)

Fig 3.1 Performance test diagram
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4. Results and Discussion

In MGA system, membrane is used as a barrier, which adds the resistance to
gaseous and liquid mass transfer. To minimize the membrane resistance, membrane
with thinner layer, more porous structure, and more surface porosity are required.
Moreover, smaller pore size is also required to reduce membrane wetting when the
membrane is exposed to liquid absorbent in long-term operation.

In this thesis, two types of membranes, namely PAN and PVDF, were
fabricated to investigate their feasibility in MGA application. The results of those

membranes were explained and divided into 4 sections as follows.

4.1 PAN Membranes
4.1.1 PAN Membrane Morphology Screening

PAN concentration was varied from 12 to 18 % by weight to fabricate
polymeric membranes. Structure of the fabricated membranes consisted of thin top
layer and finger-liked pore. The thin top layers of all fabricated membranes were
dense with no measurable pores as shown in Fig. 4.1. Macrovoids (finger-liked pore
structure) were grown by imbibition of solvent diffusing from polymer-rich phase to
polymer-lean phase. Then the polymer-rich phase could precipitate as the wall of
macrovoids [35]. The whole membrane thickness of PAN membrane with 12, 14, 16,
and 18 % by weight was 275 £ 5, 227 £ 8, 217 £ 9, and 197 + 8 pm, respectively.
While the thin top layer thickness was 1.00 + 0.20, 2.92 + 0.56, 3.18 + 0.52, and 3.35
+ 0.34 um, respectively. The whole membrane thickness decreased with an increase
in PAN concentration but the thin top layer was thicker with an increase in PAN
concentration. As a result from PAN membrane morphology, the thin top layer
showed the main mass transfer resistance when using in MGA system due to its dense
skin. Membrane porosity could be determined by the amount of displacement liquid
(1-octanol or deionized water) in the pore. The result showed a narrow range of
porosity at 52 - 60 % for 1-octanol and 41 - 54 % for deionized water for all
membranes (see Fig. 4.2).
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Cross-section Top Surface

12 wt%

14 wt%

16 wt%

18 wt%

Scale Bar - 100 pm 20 pm 50 um 5um

Fig. 4.1 SEM images of PAN membranes
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PAN Concentration (wt%o)

Porosity (%)

Fig. 4.2 Porosity of PAN membranes
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Fig. 4.2 also showed that 1-octanol could more easily penetrate into membrane
pore than water due to its lower surface tension (27.60 and 72.80 mN/m, for 1-octanol
and water, respectively). However, the difference in liquid surface tension could not
make a much difference in membrane liquid absorption. The porosity of PAN
membranes from water absorption was closely high to that from 1-octanol absorption,
which showed that PAN membranes were hydrophilic [6].

Water contact angle measurement results also confirmed that all PAN

membranes were hydrophilic with contact angle below 90° as shown in Fig. 4.3.

60.00 -
50.00 ~
30.00 -
10.00 ~
0.00 . . .
12 14 16 18

PAN Concentration (wt%o)

Water Contact Angle (Degree)
S =
=] =]
=] =]
=] =]

Fig. 4.3 Water contact angle of PAN membranes

All of these results showed that typical PAN membranes fabricated from
different polymer concentration exhibited indifferent properties. To minimize
membrane resistance in MGA, 12 wt% PAN membrane was selected to composite

with CNTSs because it possessed the thinnest top thin layer.
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4.1.2 CNT/PAN Composite Membranes
PAN membrane with 12 % by weight was composite with varied carbon

nanotube content from 0.5 — 10 % by weight in PAN. Morphology of CNT/PAN
composite membrane was found to be the same as bare PAN membrane as shown in
Fig. 4.4.

Cross - section Top Surface

0 wt%

0.5wt%

1 wt%

5 wt%

10 wt%

1 2
Scale Bar - 00 pm 0 pm 50 um 5um

Fig. 4.4 SEM images of CNT/PAN composite membranes

CNT/PAN composite membranes consisted of thin top layer and finger-liked
pore structure similar to the bare PAN membranes. Also, the top surfaces of all
membranes were dense. These results showed that the addition of CNT (0.5 - 10 % by
weight in polymer) has no significant effects on membrane morphology. Furthermore,
the whole membrane thickness of CNT/PAN composite membranes was in the range

of 194 — 275 um, and the thin top layer of all CNT/PAN composite membrane was

lower than that of the bare one (< 1 um).



22

Porosity of CNT/PAN composite membranes was measured and plotted in Fig

4.5. Narrow range of porosity measured from two different solvents, 54 - 61 % for 1-

octanol and 51 - 54 % for deionized water, was observed. This implied that the

CNT/PAN composite membrane was still hydrophilic.

100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

Porosity (%)

Fig. 4.5 Porosity of CNT/PAN composite membranes

i —#—99% 1-Octanol

i —#—Deionized Water

Ne—— =

0 2 4 6 8 10
CNT Content (wt%)

Water contact angle of all CNT/PAN composite membranes was showed in

Fig. 4.6. All CNT/PAN composite membranes exhibited hydrophilicity with water

contact angle below 90°. The addition of small amount of CNT only slightly improved

membrane hydrophobicity. The dense and smooth surface of the composite

membranes was the key parameter for regulating water contact angle and

hydrophilicity [25].
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Fig. 4.6 Water contact angle of CNT/PAN composite membranes

4.2 PVDF Membranes
4.2.1 PVDF Membrane Morphology Screening

PVDF concentration was varied from 22 to 28 % by weight to prepare
polymeric membrane. The synthesized membranes consisted of 3-layer structure; thin
top layer, finger-liked middle layer, and sponge-liked bottom layer. The top surfaces
of PVDF membrane were porous as shown in Fig. 4.7. The whole thickness of PVDF

membranes was in a range of 142 — 154 um.
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Cross-section Top Surface
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24 wt%
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28 wt%
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Fig. 4.7 SEM images of PVDF membranes
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Fig. 4.8 Surface porosity of PVDF membranes



25

Typical SEM images showed that the top surface of PVDF membrane became
more porous with an increase in PVDF concentration. Dependence of PVDF
membrane surface porosity on PVDF concentration was plotted in Fig. 4.8.
Representative size of the surface pores was normally determined by seed size of the
polymer-lean phase, which was dispersed in the polymer solution. The seeds would be
different by the solution system, especially the difference of polymer concentration
[39]. The finger-liked middle layer was formed by the influence of non-solvent inflow
from the surface pores, resulting in the growth of macrovoids [37, 40]. The sponge-
liked bottom layer was formed by solvent imbibition taking place between the
polymer-rich and -lean phase. The seeds of polymer-lean phase were dispersed over
the solution bottom layer and the seeds could not grow as macrovoids, leading the
sponge-liked forming at the bottom layer [39].

Surface porosity was estimated by using an image processing technique and
showed in Fig. 4.8. The pore size distribution of surface pores was also estimated and
plotted in Fig. 4.9. Pore size distribution plots showed that surface pore size of PVDF
membrane from the SEM images in Fig. 4.7, 26 and 28 wt% PVDF membranes
showed pore dispersion with normal distribution and standard deviation of 8 and 11
nm, respectively, which was more uniform than others.

As shown in Fig. 4.10, porosity of PVDF membranes exposed to 1-octanol
was varied in a range of 46 — 54 %, whereas exposing P\VDF membranes to deionized
water could provide PVDF membrane with very low porosity in a range of 0 — 2 %.
The much lower porosity of PVDF membranes when it was exposed to deionized
water might be due to the hydrophobicity of the PVDF that could expel water in the
controlled experimental time.

Water contact angle was measured as shown in Fig. 4.11. The water contact
angle increased with an increase in polymer concentration. It is well-known that
contact angle depends on surface properties and chemical properties of material. In
this case, the enhance of surface porosity when PVDF concentration increased from
24 % by weight of PVDF (4.39 %) to 26 % by weight of PVDF (9.94 %) seemed to

promote the water contact angle.
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Fig. 4.9 Pore size distribution of PVDF membranes
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Fig. 4.10 Porosity of PVDF membranes
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4.2.2 CNT/PVDF Composite Membrane

As mentioned earlier, suitable membrane for MGA should possess high
porosity but small surface pore size. In this thesis, the PVDF membrane prepared
from 26 % by weight was selected due to its high surface porosity and moderated pore
sizes. More importantly, PVDF membrane with 26 % by weight was quite easy to be
fabricated into a membrane sheet unlike PVDF membrane with 28 % by weight that
was found too viscous and more difficult to get a uniform membrane.

PVDF membrane with 26 % by weight was composite with various CNT
contents at 0.5, 1, 5, and 10 % by weight in PVDF. The structure of the prepared
CNT/PVDF composite membranes was changed only slightly but the top surface was
clearly affected by CNT loading as shown in Fig. 4.12. The whole membrane
thickness of CNT/PVDF composite membranes was in a range of 139 — 204 um, and
the thin top layer of all CNT/PVDF composite membranes was less than 1 pm.

Surface porosity of the CNT/PVDF composite membranes was estimated and
plotted in Fig. 4.13. It showed that surface porosity dropped when 0.5 % by weight of
CNT loading was added and then rose again after increasing CNT loading. Pore size
distribution was calculated and plotted in Fig. 4.14. The finger-liked middle layer was
formed by the influence of non-solvent inflow and the sponge-liked bottom layer was
formed by solvent imbibition as proposed in the previous section. From SEM images
of cross-section (Fig. 4.12), the wall of macrovoids and sponge-liked layer were
precipitated in nodule-liked. This nodule formation was expected to be due to the fast
precipitation of polymer with the presence of CNTs. Due to its hydrophobicity, the
addition of CNTs in the polymer solution could enhance the precipitation by
enhancing solvent outflow from the polymer-rich phase [41]. More investigation in
quaternary phase system should be determined to learn how phase separation occurred

and to investigate surface porosity behavior.
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Fig. 4.12 SEM images of CNT/PVDF composite membranes
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Fig. 4.13 Surface porosity of CNT/PVDF composite membranes
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Porosity of CNT/PVDF composite membranes was measured and illustrated in
Fig. 4.15. It showed that CNT/PVDF composite membranes were hydrophobic which
could not absorb deionized water (0 - 2 %) in limited time. However, for 1-octanol,
they could absorb and showed the narrow range of porosity by 42 - 49 % for all
CNT/PVDF composite membranes.

Hydrophobicity of CNT/PVDF composite membranes was confirmed by water
contact angle measurement as shown in Fig. 4.16. These results showed that CNT
adding could slightly improve membrane hydrophobicity with the limited dose of
CNT not over 5 % by weight. After CNT content reached 10 % by weight, the water
contact angle dropped to 79° which was lower than the bare one. It is worth to
mention that this water contact angle was affected by several parameters besides the
effect of chemical composition, such as membrane morphology, surface roughness,
and porosity. More systematic investigations were suggested. For instance, to
eliminate the effect of membrane morphology on membrane hydrophobicity, a dense
film from different composition of CNT and polymer should be fabricated to measure
water contact angle.

The roughness of CNT/PVDF composite membrane surface was also
determined to investigate its effect in membrane hydrophobicity. Two-dimension
AFM micrographs were showed in Fig. 4.17 and the roughness (Ra) of CNT/PVDF
composite membrane surface was plotted in Fig. 4.18. The results showed that surface
roughness average (Ra) was enhanced with an increase in CNT content. It is well-
known that membrane hydrophobicity relates to membrane surface roughness, but it
showed the different result in case of CNT/PVDF composite membrane with 10 % by
weight of CNT loading. It might be due to its large surface porosity and pore size,

leading to easily liquid penetration.
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Fig. 4.15 Porosity of CNT/PVDF composite membranes
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Fig. 4.17 Two-dimension AFM micrographs of CNT/PVDF composite

membranes
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Fig. 4.18 Roughness average (Ra) of CNT/PVDF composite membranes

4.3 Comparison of Carbon Additives

To investigate the effect of carbonaceous filler types, carbon nanotubes
(CNTSs) and carbon black (CB) were composited with PAN or PVDF membrane at 5
% by weight in polymer.

4.3.1 Carbon Additives Properties

Carbon nanotubes and carbon black were characterized to investigate their
pristine properties. SEM micrographs (see Fig. 4.19) and TEM micrographs (see Fig.
4.20) showed that CNTs were long tube shape and CB was sphere particles. Carbon
particle size was measured by using an image processing and BET surface area
(Belsorp-minill, MicrotracBEL) was also measured, which were summarized in
Table 4.1. CNT and CB were different in particle shape, size, and surface area. The
aspect ratio of CNT was lower than 0.01 due to its elongated tube with small
diameter, while the aspect ratio of CB was 0.82 which was closely spherical.

Moreover, the surface area of CNT was 3.6 times higher than that of CB.
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Fig. 4.19 SEM micrographs of (a) CNT and (b) CB
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Fig. 4.20 TEM micrographs of (a) CNT and (b) CB

Table 4.1 Summary of carbon additives properties

Properties CNT CB

Average Particle

Diameter (nm)

BET Surface area

226.43 63.25
(m?fg)

4.3.2 Carbon/PAN Composite Membrane

Morphology of the composite membranes from different carbonaceous fillers
was found alike as shown in Fig. 4.21. Carbon/PAN composite membranes consisted
of thin top layer and finger-liked pore structure as the same as that of bare PAN
membrane. The top surface of CB/PAN composite membrane was dense but there
was a crease on the surface unlike CNT/PAN composite membrane. Both CNTs and
CB fillers insignificantly affected membrane morphology.
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Fig. 4.21 SEM images of carbon/PAN composite membranes at 5 % by weight

in polymer

Porosity of CNT/PAN and CB/PAN composite membranes was also compared
in Fig. 4.22. The results revealed that the filler type has no significant influence on the
membrane porosity. Water contact angle was also measured and showed that
CNT/PAN and CB/PAN composite membranes were hydrophilic with water contact
angle of 66.09 + 2.54° and 63.61 £ 3.20°, respectively.

100.00
90.00 - ECNT
80.00 - =CB
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1-Octanol Deionized Water
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Fig. 4.22 Porosity of carbon/PAN composite membrane at 5 % by weight in

polymer
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Moreover, TGA analysis of PAN, composite CNT/PAN, and composite
CB/PAN membranes showed that carbon addition did not significantly change

thermal property of the bare and composite membranes, as shown in Fig. 4.23.
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Fig. 4.23 TGA analysis of PAN, composite CNT/PAN, and composite
CB/PAN membranes

4.3.3 Carbon/PVDF Composite Membrane

The main structure of carbon/PVDF composite membranes was consisted of
three-layer structure; thin top layer, finger-liked middle layer, and sponge-liked
bottom layer as same as that of bare PVDF membrane as shown in Fig. 4.24. The
addition of different filler types resulted in a membrane with a difference in surface
pore size. CB/PVDF composite membrane possessed smaller pore size than the
CNT/PVDF composite membrane as it can be clearly noticed from Fig. 4.25. The
pore size of CB/PVDF composite membrane was 207 £ 5 nm while the pore size of
CNT/PVDF composite membrane was estimated to be 254 + 10 nm. Surface porosity
of the CNT/PVDF and CB/PVDF composite membranes was estimated to be 9.65 +
0.63 % and 10.58 + 0.31 %, respectively.

Porosity of CNT/PVDF and CB/PVDF composite membranes was also

measured using 1-octanol and deionized water as the pore filling solution. The results
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were compared in Fig. 4.26. Similar trend found in PAN series was observed in
PVDF series; the different carbonaceous filler types had no effect on the membrane

porosity.

Cross - section Top Surface

CNT/PVDF

CB/PVDF

Scale Bar : oUW/ 20pm 10 um

Fig. 4.24 SEM images of carbon/PVDF composite membranes at 5 % by

weight in polymer
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Fig. 4.25 Pore size distribution of carbon/PVDF composite membranes at 5 %

by weight in polymer
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Fig. 4.26 Porosity of carbon/PVDF composite membranes at 5 % by weight in
polymer

Water contact angle was also measured and showed that the results were
97.49° £+ 2.34 for CNT/PVDF composite membrane and 88.70° £+ 3.48 for CB/PVDF
composite membrane, respectively. These results also showed that CNTs could
improve PVDF membrane hydrophobicity better than CB could do.

Two-dimension AFM micrographs was also investigated and showed in Fig.
4.27. Roughness average of CNT/PVDF and CB/PVDF composite membranes was
60.49 + 3.19 nm and 62.17 = 5.58 nm, respectively, which was insignificantly
different. This could imply that at the same loading CNT has stronger influence on

membrane surface energy than CB.



40

5wt% CNT/PVDF 5 wt% CB/PVDF

500.0 om

0.0 nm

Fig. 4.27 Two-dimension AFM micrographs of carbon/PVDF composite

membranes at 5 % by weight in polymer

Unlike the results from PAN series, the TGA analysis (Fig. 4.28) showed the
change in weight reduction profile. CB/PVDF composite membrane could maintain
the weight until 400 °C, while PVDF and composite CNT/PVDF membranes started
to lose their weight from 80 °C. This result showed that CB could improve thermal
resistance of the composite membrane, while CNT addition did not change thermal

property of the composite membrane.
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Fig. 4.28 TGA analysis of PVDF, composite CNT/PVDF, and composite CB/PVDF

membranes
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4.4 Performance Test

The fabricated membranes were tested in MGA system to investigate their
performance in CO2 capture. CO> absorption flux was determined. For membrane
stability in a long-term operation, the changes in morphology and surface chemistry
were investigated after contacting the fabricated membrane with 3 M MEA for 30
days.

Typical experiments of CO> capture were conducted in MGA system using the
fabricated membranes based on both PAN and PVDF. Moreover, CB/PVDF
composite membrane was also compared with bare PVDF and composite CNT/PVDF
membrane to investigate the effects of carbonaceous additive types on CO:

absorption.

4.4.1 PAN and CNT/PAN Membranes

The fabricated PAN and composite CNT/PAN membranes were tested in
MGA system. After 30 min of the operation, both bare and composite membranes
were wetted. The droplets of liquid absorbent (3 M MEA) were observed at the gas-
side of the membrane. In the case of CB/PAN composite membrane, the absorbent
droplets were also found at the gas-side of the membrane. This result was expected as
bare and carbon composite PAN membranes were not suitable for MGA system due
to its hydrophilicity. As it was concluded from the previous section, CNT and CB

addition could not enhance hydrophobicity of the PAN membrane.

4.4.2 PVDF and CNT/PVDF Membranes

CO: capture was successfully achieved for PVDF and composite CNT/PVDF
membranes in MGA system. The CO absorption flux was calculated and plotted in
Fig. 4.29.
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Fig. 4.29 CO; absorption flux of CNT/PVDF membranes

It showed that CNT/PVDF composite membranes provided a higher CO>
absorption flux than that of the bare one, even though its surface porosity was lower
in the case of 0.5 - 1 % by weight of CNT loading. Membrane hydrophobicity could
play a role in less partially membrane wetting, leading to an enhanced CO; absorption
performance in the composite membranes. In the case of 5 wt% CNT/PVDF
composite membrane, CO2 absorption flux could reach 7.12 mmol/m?s with 46 %
improvement compared to the bare one. Even though surface porosity of 26 wt%
PVDF membrane and 5 wt% CNT/PVDF composite membrane was relatively equal
(see Fig. 4.13), COz absorption flux of CNT/PVDF composite membrane with 5 % by
weight of CNT loading was much larger than that of the bare one due to its more
hydrophobicity. In the case of 10 wt% CNT/PVDF composite membrane, CO>
absorption flux could reach 15.1 mmol/m?s, which was 209 % increment compared to
the bare one. In this case, CNT/PVDF composite membrane with 10 % by weight of
CNT loading possessed highest surface porosity, leading to higher effective
membrane area. However, liquid penetration could occur and damaged membrane in a

longer operation time.
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4.4.3 Effect of Carbonaceous Filler Types on Membrane Performance

Bare PVDF membrane and its composite membrane with 5 % by weight of
CNT and 5 % by weight of CB were also tested in MGA system. Their performances
were compared in Fig. 4.30. The results showed that both CNT/PVDF and CB/PVDF
composite membranes provided higher CO; absorption flux than that of the bare one

due to their higher membrane hydrophobicity.
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Fig. 4.30 CO; absorption flux of the bare PVDF, composite CNT/PVDF, and
composite CB/PVDF membranes

The potential of the fabricated membranes for long-term operation was also
investigated. The membranes were contacted with 3 M MEA for 30 days and then
their morphology and surface chemicals were investigated. SEM micrographs (see
Fig. 4.31) showed that surface porosity of all membranes was reduced after contacted
with 3 M MEA for 10 days. Pore size distribution changed and average membrane
pore size was also reduced, which were confirmed in Fig. 4.32. Fouling was also
found on the membrane surface after contacted with 3 M MEA in 26 wt% PVDF
membrane and 5 wt% CNT/PVDF composite membrane.

For the bare PVDF membrane, some membrane pores were enlarged by liquid

penetration and the membrane surface were cracked after being used for 30 days.
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CNT/PVDF and CB/PVDF composite membranes seemed to get smaller after 30 days
of MEA exposure. The reasons for this unexpected pore shrinkage remained unclear.

It might be due to solvent-shrinkage, leading to membrane swelling [42].

Day 0 Day 10 Day 20 Day 30

26 wt%

PVDF

5 wt%

CNT/PVDF

5 wt%

CB/PVDF

10pum
Scale Bar ;| s—

Fig. 4.31 SEM micrographs of 26 wt% PVDF, 5 wt% CNT/PVDF, and 5 wt%
CB/PVDF membranes after contacted with 3 M MEA at day 0, 10, 20, and 30
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Membrane surface chemicals were also investigated. There was no chemical
change on the membrane surface after being contacted with 3 M MEA as shown in
Fig 4.33. The main peak that was found at wavenumbers of 2800-2900 cm™* was the

peak of C-H bond, and there was no other significant peak in the region.
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Fig. 4.33 FTIR spectrum of (a) 26 wt% PVDF — Day 0, (b) 26 wt% PVDF —
Day 30, (c) 5 wt% CNT/PVDF — Day 0, (d) 5 wt% CNT/PVDF — Day 30, (e) 5 wt%
CB/PVDF — Day 0, and (f) 5 wt% CB/PVDF — Day 30

For long-term stability, the composite PVDF membrane of CNT and CB
possessed the ability to use in MGA system. Though the composite membranes were
slightly swelled after being exposed to the absorbent for 30 days, their surface did not
change due to their chemical resistance. CNT and CB addition improved both wetting

resistance of the PVDF membrane and CO- absorption performance in MGA system.
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5. Conclusion

Two types of polymer, namely PAN and PVDF, were used to fabricate bare
and composite membranes for CO> capture in MGA system. The effects of CNT as

filler on the resultant composite membranes were summarized below.

5.1 PAN and CNT/PAN

PAN membranes consisted of finger-liked porous bottom layer and thin top
dense layer. CNT addition (0.5 — 10 % by weight in PAN) exerted insignificant effect
on membrane morphology and membrane hydrophobicity. As a result, PAN based
membranes could not resist liquid penetration and got wet after used in MGA system

for only 30 min.

5.2 PVDF and CNT/PVDF

Typical PVDF membranes consisted of 3-layer structure; thin top layer,
finger-liked middle layer, and sponge-liked bottom layer. The membrane surface was
porous and exhibited hydrophobic property with contact angle of 91°. CNT addition
affected membrane surface porosity. Surface porosity dropped when 0.5 % by weight
of CNT loading were added but increased with a further increase in CNT loading.
CNT loading also affected membrane pore size distribution. Membrane pore size
increased with an increase in CNT loading. Water contact angle became higher with
an increase in CNT loading, except in the composite membrane with 10 % by weight
of CNT loading. Water contact angle of CNT/PVDF composite membrane with 10 %
by weight of CNT loading dropped due to its large pore size, leading to higher liquid
penetration.

When the fabricated membranes were tested in MGA system, CNT/PVDF
composite membrane with 10 % by weight of CNT loading showed the highest CO-
absorption flux at 15.1 mmol/m?s, but its large pore size could result in higher liquid
penetration and damaged the membrane in a longer operation. Thus, CNT/PVDF
composite membrane with 5 % by weight of CNT loading was considered to be the

best condition for MGA system, which possessed highest water contact angle and
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uniform pore size distribution with small pore size (CO: absorption flux = 7.12

mol/m?s).

5.3 Effect of Carbonaceous Filler Type

Two types of fillers, namely CNTs and CB, were compared by dispersing in
PVDF matrix at 5 % by weight of carbon loading. The structure of CNT/PVDF and
CB/PVDF composite membranes were alike. The CB/PVDF composite membrane
exerted smaller surface pore size than that of CNT/PVDF composite membrane, while
water contact angle of CNT/PVDF composite membrane was higher than that of
CB/PVDF composite membrane.
CO. absorption flux of CNT/PVDF and CB/PVDF composite membranes was also
higher than that of the bare one, resulted from higher hydrophobicity and surface
porosity. Pore size reduction was found in CNT/PVDF and CB/PVDF composite
membranes after contacted with 3 M MEA for 30 days, resulted from membrane
swelling due to solvent penetration. In case of bare PVDF membrane with 26 % by
weight, surface crack and enlarged surface pore were observed. Both CNT and CB
fillers were proved to enhance hydrophobicity and wetting resistance of the composite
membranes and would enhance their stability in a long-term operation. To further
investigate the effect of different carbon additive particles on membrane morphology,
more type of carbon particles with different aspect ratio should be used to fabricate

composite membrane.

5.4 Recommendation

In this thesis, CNT/PVDF composite membrane was successfully fabricated to
use in MGA system for CO> capture. Some composite membrane showed the good
performance and stability. However, all composite membrane was fabricated in flat
sheet which would lead to a limitation of lab-scale MGA application due to its low
surface area per unit volume. The hollow fiber membrane would be suggested to form
CNT/PVDF composite membrane and investigated their properties. Also, operational
parameter effects should be investigated for more feasibility in CO. capture from flue
gas, such as gas and liquid flow rate, CO: inlet concentration, and operating

temperature.
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Moreover, CB/PVDF composite membrane also showed good characteristics
in this thesis. More investigation in CB/PVDF composite membrane for MGA

application would be suggested.
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Appendix A : Image Processing

Al Membrane Surface Porosity and Pore Size Distribution

Membrane pore size distribution was measured and calculated by using an
image processing, ImageJ 1.50i, National Institutes of Health, USA, following the
steps below.

1) Selected the SEM micrograph and opened with the program
2) Set the scale according to the scale bar in micrograph (Analyze >> Set Scale)
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4) Measured the filled area to determine membrane surface porosity (Analyze >>
Measure)
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5) Analyzed membrane pore size (Analyze >> Analyze Particles)
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6) Saved the data to calculate pore size distribution by using area base

A2 Carbon Particle Size

TEM micrographs of carbon particle were used to measured their size by using
an image processing, SemAfore 5.21, JEOL, Sweden. After set the scale according to
the scale in the micrograph (in um), “measure mode” was used to measure particle

size as shown in Fig. A2.1. The measured particle size was collected and calculated.

100

Fig. A2.1 Measured particle size of (a) CNT and (b) CB
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Appendix B : CO2 Absorption Flux Calculation

Three molar of monoethanolamine (MEA, 300 ml) was used as an absorbent
in membrane performance test for 30 min. Captured carbon dioxide (CO;) was
measured by titration method which 2 ml of CO> absorbed MEA (3 M) was titrated

with 1 M HCI and the gas was collected and measured in U-tube as shown in Fig B.1.

1

1MHC |

I

R

CO, Absorbed MEA
Fig. B.1 CO2 loading analyzer

The CO; absorption flux was calculated as shown below;

Veo, (mi) = Uaes~ Ve , 30 (B.1)

(1 atm)x Vco,

R(303 K) ;R =82.057 (ml - atm/K -mol)  (B.3)

Napsorbed €O, (mol) =

NAabsorbed CO,
tX A,

J co, — (B.4)

which V¢, is CO2 absorbed volume in 300 ml of 3 M MEA, V,, is collected

gas in U-tube (ml), Vi, is added volume of HCI (ml), n4ps0rpea co, 1 Mole of CO2
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absorption (mol), J¢o, is CO2 absorption flux (mol/m?s), 4,, is membrane contacted
area (0.0024 m?), and t is operation time (1800 s). The membrane was tested at
ambient pressure and temperature (30 C and 1 atm). The raw and calculation data

were collected and shown in Table B.1.

Table B.1 Membrane testing conditions and calculations

Jcoz
I Vgas | VHal | Vcoz Nco2

Membranes (ml?niin) (ml?min) e | by | i | mon (m(;')’mz
320 158 | 144 | 12 | 360 | 0.0145 | 0.0034

26 W%
o 320 158 | 156 | 12 | 540 | 0.0217 | 0.0050
320 153 | 165 | 12 | 675 | 0.0271 | 0.0063
- 320 155 | 144 | 12 | 360 | 0.0145 | 0.0034
o2 | a0 150 | 162 | 12 | 630 | 0.0253 | 0.0059
320 152 | 162 | 12 | 630 | 0.0253 | 0.0059
o 320 164 | 144 | 12 | 360 | 0.0145 | 0.0034
B A 7T 150 | 171 | 12 | 765 | 0.0308 | 0.0071
320 150 [ 168 | 12 | 720 | 0.0290 | 0.0067
 on 320 160 | 156 | 12 | 540 | 0.0217 | 0.0050
ot |20 174 | 17.7 | 12 | 855 | 0.0344 | 0.0080
320 152 | 180 | 12 | 900 | 0.0362 | 0.0084
0w 320 158 | 246 | 12 | 1890 | 0.0760 | 0.0176
g |20 152 | 222 | 12 | 1530 | 0.0615 | 00142
320 164 | 21.6 | 12 | 1440 | 0.0579 | 0.0134
o 320 160 | 162 | 12 | 630 | 0.0253 | 0.0059
oot | 320 160 | 174 | 12 | 810 | 0.0326 | 0.0075
320 160 | 168 | 12 | 720 | 0.0290 | 0.0067
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Appendix C : List of Publication

P. Yaisanga, C. Klaysom, K. Maneeintr, and T.Charinpanitkul, Fabrication of carbon
nanotube/polyacrylonitrile composite membrane for CO, capture, Proceeding of Pure
and Applied Chemistry International Conference, 2016: p. 707-711.
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