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ABSTRACT

'The morphology of asymmetric membrane strongly influences the performance of
membrane in removing CO, from CHs The understanding of mechanism of
asymmetric membrane formation is very crucial in order to produce desirable
morphology that leads to enhancement of the membrane performance. The objectives
of this work are to study the effect of various preparation conditions on the
morphologies of asymmetric polycarbonate (PC) membrane and its relation to

CO,/CH, separation characteristic.

Asymmetric PC membranes were fabricated using dry/wet phase inversion technique.
The effects of solvent — non-solvent pair, non-solvent concentration, evaporation time
and composition of water-MeOH mixtures in coagulation bath on membrane
morphologies were investigated. The mechanism of membrane morphologies
formation was explained using solvent and non-solvent evaporation, solubility
parameter and coagulation vaiue. Dichloromethane (DCM) and chloroform were
selected as more volatile solvents while ethanol (EtOH), propanol (PrOH) and butanol
(BuOH) were used as non-solvents. In addition, methanol (MeOH) and 1,1,2
trichlorethane (TEC) were used as the coagulant and less volatile solvent,
respectively. Membrane characterization was carried out by using SEM and DMA.

Gas permeation unit was used to evaluate the performance of membrane.

Expermmental results showed that high boiling point of BuOH was responsible in
forming highly porous substructure with macrovoid formation in the DCM and
chloroform-based membranes prepared using BuOH as non-solvent. Increasing BuOH
concentration from 0 to 10 wt.% in DCM casting solution produced macrovoids and a
more porous substructure. This is due to smaller coagulation value and solubility
parameter difference between solvent mixtures and MeOH. In addition, by increasing
the evaporation time for casting film from 0 to 60 seconds, and water content from 0
vol.% to 30 vol.% in MeOH coagulation bath, less porous and macrovoid-free
substructure were obtained. This is due to thicker skin layer formation and larger

solubility parameter difference between solvent mixtures and MeQH, respectively.
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The performance of asymmetric PC membranes was evaluated by measuring CO, and
CH, permeances as well as CO,/CH, ideal selectivity. The results showed that CO,
and CH4 were strongly dependent upon membrane morphologies formed during
fabrication. Highly porous membranes prepared from DCM-BuOH and chloroform-
BuOH pairs were found to give higher CO, and CH; permeance as compared to EtOH
and PrOH membranes. Increasing the BuOH concentration from 0% to 10 wt.% of
casting solution would increase the CO, and CH4 permeances as a result from highly
porous substructure and the existence of macrovoids. Lower CQO, and CH,
permeances obtained on asymmetric PC membranes prepared from the effect of
longer evaporation time of casting film and from the effect of higher water
concentration in MeOH coagulation bath were due to less porous substructure
formation. In term of selectivity, the highest CO,/CH, ideal selectivity of the
fabricated asymmetric . PC membrane is approximately 175. These results
demonstrated significant improvement in CO,/CHj separation as compared to other
membranes reported by previous researchers. In conclusion, asymmetric PC
membranes produced in this work show promising performance and have high

potential to be used for CO,/CH, separation.

Keywords: asymmetric PC membrane, macrovoid, porous substructure, CO, and CH,

permeance, CO,/CHy ideal selectivity
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ABSTRAK

Morfologi membran asimetri sangat mempengaruhi keupayaan membran dalam
menyingkirkan karbon dioksida daripada metana. Kefahaman mekanisma
pembentukan membran asimetri adalah sangat penting untuk menghasilkan morfologi
yang diingini yang menghasilkan peningkatan terhadap pencapaian membran tersebut.
Objektif utama kajian ini adalah untuk menyelidiki kesan penyediaan pelbagai kondisi
ke atas morfologi membran asimetri polikarbonat dan hubungannya dengan ciri-ciri

pemisahan gas karbon dioksida daripada metana.

Membran asimetri polikarbonat (PC) telah dihasilkan melalui teknik songsang fasa
kering/lembap. Kesan pasangan bahan pelarut-bukan pelarut, kepekatan bahan bukan
pelarut, masa penycjatan dan komposisi campuran air-metanol di dalam basin
pengentalan ke atas morfologi membran telah diselidiki. Mekanisma pembentukan
morfologi membran dapat dijelaskan melalui penycjatan bahan pelarut dan bukan
pelarut, parameter keterlarutan dan nilai kelikatan. Diklorometana (DCM) dan
klorofom telah dipilih sebagai pelarut lebih ruap manakala etanol (EtOH), propanol
(PrOH) dan butanol (BuOH) telah digunakan sebagai bahan bukan pelarut. Selain itu,
metanol (MeOH) dan 1,1,2 trikloroetana telah digunakan sebagai bahan pengental dan
bahan pelarut kurang ruap. Pencirian membran telah dijalankan dengan menggunakan
SEM dan DMA. Unit penyerapan gas digunakan untuk menilai tahap pencapaian

membran.

Keputusan. eksperimen menunjukkan bahawa, takat didih butanol yang tinggi
menyebabkan pembentukan sub-struktur berporos vang tinggi dengan pembentukan
liang-makro dalam membran berasaskan DCM dan klorofom menggunakan butanol
sebagal bahan bukan pelarut. Peningkatan kepekatan butanol dari 0 ke 10 wt.% di
dalam larutan DCM menghasilkan liang-makro dan sub-struktur yang lebih poros. Ini
adalah disebabkan oleh nilai pengenatalan yang rendah dan wujudnya perbezaan
parameter keterlarutan yang kecil di antara campuran pelarut dan metanol. Selain itu,
dengan meningkatkan masa penyejatan filem dari 0 ke 60 saat, dan peningkatan
kandungan air dari 0% ke 30 vol.% didalam basin pengentalan metanol, substruktur

kurang poros dan bebas dari liang-makro diperolehi. Ini adalah berpunca daripada
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pembentukan lapisan kulit yang tebal dan wujud perbezaan parameter keterlarutan

yang besar di antara campuran pelarut dan metanol keseluruhannya.

Pencapaian membran asimetri polikarbonat (PC) telah dinilai dengan mengira tahap
penyerapan karbon dioksida (CO;) dan metana (CH,) dan nilai pemilihan ideal kedua-
dua gas tersebut. Keputusan eksperimen menunjukkan bahawa CO, dan CH, sangat
bergantung kepada morfologi membran yang terhasil semasa proses pembentukan.
Membran yang mengandungi poros yang tinggi yang dihasilkan daripada pasangan
DCM-butanol dan klorofom-butanol, didapati memberi nilai penyerapan CO, dan
CH, yang tinggi berbanding membran yang terbentuk daripada etanol dan propanol.
Dengan peningkatkan kepekatan butanol dari 0% ke 10 wt.% di dalam larutan telah
meningkatkan kadar penyerapan CO, dan CHa, kesan daripada sub-struktur berporos
tinggi dan kewujudan liang makro. Tahap penyerapan CO, dan CH, yang rendah yang
diperolehi pada membran asimetri polikarbonat yang dihasilkan dari kesan masa
penyejatan yang lama dan dari kesan kandungan air yang tinggi di dalam basin
pengentalan adalah berpunca daripada pembentukan substruktur yang kurang poros.
Dari segi pemilihan pula, pemilihan ideal CO,/CH, yang tinggi pada membran
asimetri PC adalah sekitar 180. Kesemua keputusan yang diperolehi menunjukkan
peningkatan ketara dalam proses pemisahan CQ,/CH, berbanding membran-membran
lain sepertimana yang telah dilapurkan oleh penyelidik-penyelidik terdahulu.
Kesimpulannya, membran asimetri PC yang dihasilkan dalam kajian ini menjanjikan
pencapaian yang baik dan berpotensi untuk digunakan bagi memisahkan campuran

CO,/CHa.

Kata kunci: membrane asimetri PC, liang-makro, substruktur poros, tahap penyerapan

CO; dan CH4, pemilihan ideal CO,/CH,
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CHAPTER 1

INTRODUCTION

1.1. Carbon Dioxide Problem in Natural Gas Processing

Natural gas 1s very vital for the world’s energy supply. It is one of the cleanest, safest,
and most useful of all energy sources. There are wide ranges of natural gas
application such as feed stock for petrochemical plant or as fuel in power generation
plant. In addition, natural gas also can be used as fuel for vehicles. The various uses
of natural gas have increased the consumption of natural gas. Consequently, natural
gas production must be increased in order to meet the increasing demand of natural

gas.

As one of the natural gas producers in the world, Malaysia produces about 53.9 billion
cubic metres of natural gas from the total worldwide production of about 2691.6 cubic
metres in 2004 (BP, 2005). In addition, during the last decades, Malaysia’s proven
reserves of natural gas have increased quite significantly from 1.39 trillion cubic
metres m 1984 to 2.46 trillion cubic metres in 2004 (BP, 2005). This huge reserve of
natural gas is an important asset for Malaysian government to meet the growing

demand of natural gas in the future.

The composition of natural gas may vary from one source to another. Basically,
methane is the major component in natural gas, comprising typically 75-90% of the
total component (Baker, 2004). Natural gas also contains significant amount of
ethane, propane, butane and other higher hydrocarbons. In addition, natural gas may
also contain undesirable impurities such as carbon dioxide and hydrogen sulfide
(Baker, 2004). All of these impurities need to be separated from natural gas in order
to meet the pipeline specification for natural gas delivery. Typical impurities
composition allowed in US for the delivery of natural gas to the pipeline are shown in

the Table 1.1.



Table 1.1 Typical impurities composition allowed in natural gas for the delivery to

the U.S pipeline (Baker, 2004).

Component Specification
CO, <2 -mole %
H,O <120 ppm
- H,S <4 ppm
Total inerts ( Ny, He Arete.) | <4-mole %

One of these impurities that need to be separated from natural gas is carbon dioxide.
Carbon dioxide composition in natural gas varies between gas fields. Some gas fields
only has trace amount of CO; such as in Xinjiang, China while in other places such as
in Natuna, Indonesia, extremely high CO, content (71-mole.%) is discovered
(Suhartanto et al., 2001). It is well known that carbon dioxide in the presence of water
is highly corrosive that can rapidly destroy the pipeline and equipment system.
Specifically for LNG plant, the natural gas is cooled down to very low temperature
that can make CO, become solid. However for pipeline transportation, the
solidification of CO, must be prevented as it may block the pipeline system and cause
transportation problem. In addition, the presence of CO; will also reduce the heating
value content of natural gas and eventually the selling price of natural will be
lowered. Therefore, CO, removal from natural gas is necessary in order to mprove

the quality of natural gas produced.

1.2. Recent Technologies in Carbon Dioxide Removal from Natural Gas

A wide range of technologies are currently available for natural gas purification.
These include amine-based or hot potassium carbonate-based absorption process,
adsorption technology, and membrane technology. Fowever, each of these
technologies has some limitation for removing CO, from natural gas. Most
commercial processes to remove acid gas in bulk quantity involve the use of amine,
usually alkanolamines, as chemical solveni in absorption technology due to its

outstanding performance (Kohl and Reisenfeld, 1979).



1.2.1. Absorption

Monoethanolamine (MEA) and diethanolamine (DEA) are two types of
alkanolamines that have been most widely used to remove CO, from natural gas (Jou,
et al.,, 1994). Recently, methyldiethanoiamine (MDEA) was found to be a potential
chemical in separating acid gases from natural gas. The choice of type of amine
solutions used are primarily dependent on the partial pressure of CO; in the feed gas
stream and on the level of CO, desired in the treated gas (Sartorl and Savage, 1983).
MEA is normally required for low feed pressure gas stream and for stringent outlet
gas specifications. DEA 1s suitable for medium and high pressurc feed stream
treatment while MDEA has better interaction to IS than CQ,, which makes it
preferable to be used for high H,S content treatment (Kohl and Nielsen, 1997).

The removal of acid gases using aniines is usually carried out at elevated pressure and
lower temperature. The natural gas containing acid gases is contacted with amine
solution on an absorber column. Some set of chemical reactions will take place
between the amine solution and acid gases. If MEA (RNH,) or DEA (R,NH) is used
as absorbent, the absorption of CO; can not exceed 0.5 mol of CO»/motl of amine due
to formation of carbamic acid (R;NCOOH) (Sartorl and Savage, 1983). This is one of
the disadvantageous of using MEA or DEA in CO, removal from natural gas.
However, the formation of carbamic acid can be prevented by choosing MDEA to
strip off CO; from natural gas. Due to the absence of carbamic acid in the reaction,
one mol of CO; will react with one mol of MDEA following its stoichiometric

reaction (Polasek and Bullin, 1994).

MDEA has smailer enthalpy reaction that makes it favorable in terms of regeneration
cost as compared to MEA or DEA. However, MDEA reacts very slowly with CO,
which makes it less economical and less practical to remove high CO, concentration

as larger number of trays or an increased height of packing must be built.

In general, absorption technology has some disadvantages. Absorbents such as amines
are corrosive (Polasek and Bullin, 1994). Consequently, anti corrosion agent must be
frequently injected in order to avoid corrosion. In addition, disposal of used amine

solution can cause environmental issue (Bord et al., 2004). Even though amine



solutions are regenerated by steam stripping after being used to strip CO, or H,S, not
all of the amines can be recycled back to the absorber column. Consequently, some
amount of reused amine solution must be treated properly before being disposed into

the environment.

1.2,2, Adsorption

Adsorption process uses solid medium called adsorbent to remove CO, from the gas
mixtures. Typical adsorbents for this process are zeolites, carbon molecular sieve,
silica gel, and alumina (Scott, 1998). CO, is sorbed onto the adsorbent until it
becomes fully loaded and then it is regenerated to release CO, from the adsorbent.
The regeneration process is necessary in adsorption process as it will affect CO,

sorption capacity of adsorbent.

There are two types of adsorption processes in term of regeneration methods i.e.
Thermal Swing Adsorption (TSA) and Pressure Swing Adsorption (PSA). In TSA
process, desorption takes place at temperatures much higher than adsorption.
Increasing temperature is required to shift the adsorption equilibrium and cause the
regeneration of the adsorbent. The gas is passed through the adsorbent bed at
pressure, p;, and relatively low temperature until the bed is fully loaded, n;. BRed
temperature is then raised causing the adsorption equilibrium to change so that the
partial pressure of the gas increases, p,,. The differences in the gas partial pressure
between the adsorbent and fluid across the adsorbent creates the driving force for
desorption to occur. Once the desorption process stops, the bed temperature is cooled
down in which new equilibrium loading is attained,n,. The difference between
loading at low temperature, n;, and loading after desorption, n, represents the net
removal capacity or maximum loading that can be achieved by TSA at one cycle
(Perry, 1999). TSA process is primarily applicable for separation or purification of
small concentration of impurities on feed gas such as gas drying operation and natural
gas sweetening from H,S, mercaptans, organic sulfide, and disuldife (Kohl and

Nielsen, 1997; Perry, 1999).



PSA process is quite similar to TSA except the regeneration of adsorbent is done by
applying reduced pressure of system. Feed gas is passed through at relatively high
pressure until the bed is fully loaded at n;. By reducing the total pressure, the
adsorbed gas will be released until it reaches a new equilibrium, n,. The net removal
capacity of PSA bed is equal to the difference between loading at n; and n, (Perry,
1999). Major uses for PSA process are mainly for bulk separation where contaminants
are present at higher concentration. This process is widely used for hydrogen
separation, air separation and air drying (Kohl and Nielsen, 1997). New application

such as carbon dioxide removal from natural gas is still under development.

The selection of regeneration methods of absorption process depend on economical
and technical factor. TSA needs long cycle time as time required to heat, desorb, and
cool a bed is usually in the range of a few hours to over a day. Therefore, TSA is
exclusively used to remove small concentrations of impurities from feeds due to this
cycle time limitation (Keller, 1987). Besides long cycle time, TSA also requires high
cnergy supply and suffer from large heat loss. On the contrary, PSA has short cycle
time as time required to load, depressurize, regenerate, and repressurize a bed is
usually a few minutes and can in some cases be only a few seconds. This short cycle
time makes PSA become attractive for bulk removal of impurities from feeds (Keller,
1987). However, PSA has some disadvantages due to high pressure and vacuum

pressure requirement which contribute to the high operating cost.

1.2.3. Membrane Technology

Existing CO; removal technologies such as amine stripping, PSA and TSA are still
suffering from several shortcomings. Those technologies consume large space, high
capital and operating cost. Since the last two decades, membrane technology has been
developed to face these challenges. This technology is based on the ability of CO, and
other components of natural gas in passing through a thin membrane barrier. The
mixture of gases will be separated into permeate and retentate stream. The highly
permeating component will diffuse through the membrane and separated from the
non-permeable component. Membrane process in removing CO, from natural gas can

be illustrated in Figure 1.1.
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Figure 1.1 Schematic representation of membrane process (Mulder, 1996).

Membrane technology offers some advantages over other conventional CO, removal
technologies which are environmental friendly, lower capital cost, low energy
consumption, space efficiency and also suitable for remote location application,
However, the application of membrane for gas separation, particularly for CO,
removal, is relatively new as compared to other existing technologies. Unlike other
gas separation using membrane technology such as hydrogen separation from
methane and nitrogen or nitrogen enrichment from air, CO, removal using membrane
technology still requires much improvement in term of stability and separation
performance in order to be able to compete with current CO, removal technologies.
Table 1.2 shows the current status for gas separation membrane including CO,

removal,

From Table 1.2, it can be seen on that the application of membrane, particularly for
CO; removal from natural gas is still under developing process. A few membrane
companies such as UOP and ProSep Technologies, Inc. have installed cellulose
acetate and polyimide membrane unit for CO; removal at gas processing plant in
several countries such as Pakistan and Egypt (Dortmund et al., 1999). UOP company
with their commercial membranes namely Separex have been successfully installed in
Qadirpur and Kadanwari, Pakistan to remove CO; from natural gas. In Kadanwari,
two stage-unit of UOP’s Separex cellulose acetate membranes are designed to treat
210 MMSCEFD of feed gas at 90 bar with the CO; content to be reduced are from 12%
to less than 3%. In addition, the largest membrane-based natural gas plant in the world
is Separex membrane system installed in Qadirpur, Pakistan, It is designed to process
265 MMSCFD of natural gas at 59 bar. The CO; content is reduced from 6.5% to less
than 2% (Dortmund et al., 1999).



Table 1.2 Status of membrane for gas separation process.

Process Applications Comments References
% 0,/N, Nitro g;rr; It;nzlic;hment
= Processes are all well
Z H,/CH, Hydrogen recovery deyeloped, Baker, 2004
e only incremental
o Hy/N, Ammonia purge gas Improvement
8 . . in performance
2 [1,/CO, Synth§s1s gas ratio
adjustment
- Carbon dioxide Better membranes Nunes and
¢ | CO»/CH; | removal from natural | need to be developed :
< : Pemmemann, 2001
2 gas for high CO, content
3
=3 Several applications
s are being developed,
§ . Air pollution significant growth Baker,2004
& | VOC/air o
v control application expected as the
5 process becomes
accepted
Niche applications,
difficult for
H,S/CH,4 | Natural gas treatment membranes to Baker,2004
? compete with
g existing technology
% Oxygen purity is
5 . : limited to less than Nunes and
.= O/ Oxygen-enriched air 30 % produced from Pememann, 2001
& high flux membrane
3
5, Requires better
Q . .
a Oreanic Separation of organic membranes and
o vag or mixtures in refineries | modules. Potential Baker,2004
7ap and petrochemical | size of application is
mixtares
plants large

In addition, some gas fields with smaller feed flow rate have been using Grace

cellulose acetate and Medal Polyimide membrane from ProSep Technologies, Inc. to

remove CO, from natural gas (ProSep, 2006). Grace cellulose acetate membranes

from ProSep, Inc have been reported successful to remove 3.1 % CO, content on

natural to pipeline gas specification (less than 2 % of COj3). The Grace CA membrane

1s designed to process 60 MMSCFD of natural gas without hydrocarbon losses.

Another commercial membrane from ProSep namely Medal Polyimide membranes

are also used to remove 50% CO, content to below 10% CO, (ProSep, 2006).




Recently, some companies are interested to develop membrane for gas separation
especially for CO; removal from natural gas. Table 1.3 provides an overview of the

industrial membranes for CO, separation from several major membrane companies.

Table 1.3 Industrial membranes for CO, separation from natural gas

Commercial Material Companies References
Membrane
Cellulose Dortmund et al.,
Separex acetate voP 1999
Cynara Cellulose NATCO NATCO, 2002
acetate group
Cellulose ProSep
(Grace membrane
acetate Tech.Inc
ProSep ProSep,2000
Medal membrane Polyimide Tech. Inc

Even though some membrane units have been used commercially, membrane
technology is still a minor player in CO, removal from natural gas. Low stability for
long-term usage and highly sensitive to the presence of impurities other than CO,
and/or H,S in natural gas become major problems when membrane is used for this
application. In addition, single stage of membrane unit is not economically applicable
to be applied for large flow rate of feed gas ( greater than 30 MMscfd) as high loss of
desired product such as methane may be taken place (Baker, 2004). Two stage or even
three-stage of membranes unit are commonly required to reduce loss of methane.
However, it will add more complexity of membrane plant and increase the operating
cost as recompression cost must be considered. Generally, current membrane
technology to rembve high concentration of CO, ( more than 10%) form natural gas to
meet the pipeline specification ( CO; content lower than 2% ) is still too expensive to
compete head-to-head with amine plants (Baker, 2004). Therefore, further
improvement is required to enhance the performance of gas separation using

membrane so that membrane becomes a viable technology in future.

1.3. Problem Statement

Basically, the performance of a membrane is assessed according to permeability and

selectivity. High permeability leads to higher productivity and lower cost while high



selectivity contributes to more efficient separation and higher recovery. One of the
lmmitation in gas separation membrane technology is that the difficulty to achieve both
high permeability and selectivity at the same time. High permeability is usually

followed by low selectivity and vice versa.

Asymmetric membrane has been extensively studied for gas separation process. It
consists of a thin-skin layer supported by porous sub-layer in which both layers are
composed of the same material. This type of membrane is developed usually to
increase flux or permeability of gas and to obtain high selectivity at the same time.
The thin-skin layer of the asymmetric membrane functions as a selective barrier while
the porous sub-layer serves only for mechanical strength with negligible effects on
separation. Consequently, transport phenomena that occurs on thin-skin layer is
greater than those of sub-layer. Therefore, the permeability of gas through this
membrane is greatly affected by the thickness of thin-skin layer and not on the entire

thickness of membrane (Ismail, et al., 2004).

The asymmetric membrane morphologies and properties are influenced by the process
condition applied upon fabrication stage. There are some parameters involved in
controlling the membrane morphology during fabrication stage such as polymer
concentration, non-solvent concentration, solvent/non-solvent pair, humidity,
evaporation time, etc (Mulder, 1996). As the morphology of membrane formed could
vary greatly due to different condition of the fabrication process, it is crucial to
understand the effect of these preparation 'parameters on the mechanism of
asymmetric membrane formation in order to produce desired morphologies and its
relation to the performance in removing CO,. Hence, a comprehensive study of
fabrication process is necessary in order to produce asymmetric membrane suitable

for gas separation.

In this study, polycarbonate was selected as membrane forming material. This is
becaunse certain properties of polycarbonate are found suitable for the application of
CO; removal from natural gas such as high glass transition temperature (Ty),
relatively polar and low rigidity but with free space available due to the presence of

aromatic ring. In addition, polycarbonate is relatively cheap as compared to other
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polymers-based membranes such as polyethersulfone (PES), polyimide and
polysulfone.

Some works have been carried out in the past to study polycarbonate-based membrane
for gas separation. It focused on sorption and transport properties of dense
polycarbonates membrane (Koros, et al., 1977; Wonders, 1979; Jordan and Koros;
1990; Chen et al., 2000) and gas permeation properties of asymmetric polycarbonate
(Pinnau, 1992). However, no works have been reported on the effect of various
preparation parameters on the morphology and CO, separation performance of
asymmetric polycarbonate membrane. Therefore, study on the effect of preparation
parameter to produce desired morphologies of asymmetric membrane using
alternative material such as polycarbonate (PC) for the application of CO, removal

from CHy is important.

1.4. Objective of Research

The main objectives of this research are:
1. To fabricate asymmetric polycarbonate (PC) membrane at various preparation
parameter using dry/wet phase inversion method
2. To investigate the effect of preparation parameter on the morphologies and glass
transition temperature, T, of asymmetric PC membrane
3. To evaluate the performance of asymmetric PC membrane in term of CO, and

CH, permeance as well as CO,/CH, ideal selectivity.

1.5.  Scope of Study

The scope of this research is divided into the following section:

1.5.1. Fabrication of Asymmetric Polycarbonate Membrane

Polycarbonate (PC) would be used as membrane forming material during asymmetric
membrane fabrication. Dichloromethane (DCM) and chloroform were selected as

main volatile solvent while ethanol (EtOH), propanol (PrOH) and butanol (BuOH)
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were used as non-solvent. In addition, methanol (MeOH) and 1,1,2 trichloroetane
(1,1,2 TEC) were used as coagulant and less volatile solvent, respectively. Fabrication
of asymmetric PC membrane would be carried out via dry/wet phase inversion
process by varying preparation parameters such as solvent — non-solvent pair, non-
solvent concentration, evaporation time and coagulation bath composition. In
addition, solubility parameter and coagulation value of phase separation process were

also determined in order to understand the mechanism of membrane formation.

1.5.2. Characterization of Asymmetric PC Membrane

Characterizations of asymmetric PC membranes were carried out by using some
characterization tools such as SEM and DMA. SEM was used to study the sub-
structure beneath as well as surface layer of all asymmetric PC membranes prepared
at various preparation parameters while the thermal properties of menbrane would be

studied using DMA.

1.5.3. Evaluation of Asymmetric PC Membrane Performance

The performance of asymmetric PC membrane would be evaluated by determining
the CO, and CH; permeance as well as CO»/CHy ideal selectivity at various feed
pressure ranging from 1 to 5 bar. Downstream pressure and operating temperature
were assumed constant at 1 bar and room temperature, respectively. The volume of
permeate collected would be used to determine the gas permeance and CO,/CHy ideal

selectivity.

1.6.  Organization of This Thesis

This thesis is divided into following chapters. Chapter 1 describes the research
background related to common problems in natural gas treating process with regard to
the presence of acid gases particularly for CO,. The advantages and disadvantages of
existing CO, separation technology such amine-based absorption, adsorption and
membrane technology were also presented in this chapter. This chapter also presents

problem statement, objectives of research and scope of study of this work.
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Chapter 2 reviews the past and current research work pertaining to membrane
development. It covers information on membrane definition and classification,
development of asymmetric membranes, membrane characterization technique and

various membrane materials for CO,/CH,4 separation,

Chapter 3 describes in detail on the phase inversion method for making asymmetric
membranes. This chapter also presents some factors affecting membrane
morphologies, solubility parameter, polymer properties and transport phenomena on

asymmetric membrane.

Chapter 4 discusses the material, preparation and fabrication technique applied in this
study in order to produce asymmetric polycarbonate membrane. It also describes in
detail on procedure to determine coagulation value and in setting up some analytical
tools such as SEM and DMA. This chapter covers the testing procedure to study gas
separation performance in terms of CO,,CH, permeance and CO,/CHy ideal selectivity

at various feed pressures.

Chapter 5 discusses all the experimental results obtained in this work. Tt includes the
relationship between solubility parameter of casting solution and coagulation value on
the SEM images of membrane produced. DMA results related to glass transiton
temperature of membranes are also discussed in this chapter. Finally, the different
morphologies of asymmetric PC membranes formed were correlated with the
membrane performance in term of CO,, CH; permeance and ideal selectivity of

CO,/CH, at various feed pressure.

Chapter 6 contains concluding remarks along with the recommendations for future

work.
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CHAPTER 2

LITERATURE REVIEW

2.1. Membrane Definition and Classification

Membrane is defined as selective barrier between two phases that has ability to
transport one component than the other (Mulder, 1996). There is a broad range of
membrane applications such as for sea water desalination, waste-water treatment,
ultrapure water production for semiconductor industry and nitrogen enrichment from
air. BEach of these applications requires specific type of membrane morphology to

ensure the effective separation. Figure 2.1 shows a classification of membrane

morphologies.
Membrane
morphologies
Symmetric Asymmetric
Membrane membrane
Dense,. Pc‘}rou-s, Porous., Porous top I.ntegra] ly Composite
homogendus cylindrical sponge-like layer skinned layer

Figure 2.1 Classification of the typical membrane morphologies.

Generally, membrane morphologies can be classified into symmetric and asymmetric
membrane (Mulder, 1996). Symmetric membrane refers to the membranes that have
essentially same structure and transport properties throughout its thickness (Koros, et
al., 1996). Symmetric membrane is divided into three categories as shown in the

Figure 2.2.
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Symmetric membranes

Cylindrical porous
membrane

Sponge-like perous
membrane

Homogenous dense
membrane

(a) ® (c

Figure 2.2 Schematic representation of cross-section of symmetric membranes.

a) Cylindrical porous membrane. This membrane consists of finger-like
structure that is usually used in small size laboratory experiments such as
enzyme and DNA separations from dilute solutions.

b) Homogeneous dense membrane. This membrane consists of a dense film
structure through in which permeants are transported by diffusion under the
driving force of a pressure, concentration or electrical potential gradient
(Baker, 2004). This membrane is often used to study gas separation and
pervaporation application ( Chen, 2002)

c) Sponge-like porous membranes. This type of membrane has sponge-like
closed structure and is usually used for microfiltration. It has normally an

average pore size of 0.2 - 5 pm (Chen, 2002).

Asymmetric membrane is a membrane constituted of two or more structural planes of
non-identical morphologies (Koros, et al., 1996). It can be classified into three groups

as 1llustrated below:

Asymmetric
Membranes

Dense top
layer

Porous
substucture

£t e LD

L

Porous asymmetric
membrane

(a)

Composite membrane

(e)

Integarally skinned
asymmeric membranes
with dense top layer

(b)
-«+—— Dense top

layer

Porous
substucture

Figure 2.3 Schematic representation of cross-section of asymmetric membranes.
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a) Porous top layer membrane. This membrane consists of increasing pore size
from top to bottom. Typical applications for these membranes are in
microfiltration and ultrafiltration field (Chen, 2002).

b) Integrally skinned and dense top layer membranes which are usually used for
gas separation (Chen, 2002). These membranes consist of dense thin layer
with a thickness 0f 0.1 to 0.5 um supported with the porous substructure with
a thickness of about 50 to 150 pm.

¢) Composite membrane is a development of asymmetric membrane in which
dense layer is placed on top of a support membrane. Both dense layer and
support membrane are made from different materials. This membrane is often

used for gas separation and pervaporation (Chen, 2002).

Morphology of membranes plays a major role in determining the performance and
application of membrane. High total flux and selectivity is highly desired. Symmetric
membrane has advantages in term of selectivity but it is low in total flux of product.
In order to enhance total flux with sufficient selectivity, asymmetric membrane is
preferred. Therefore, asymmetric membrane has been used commercially at various
applications in industry. However, symmetric membrane is commonly prepared and

researched in laboratory scale.

2.2. Membrane Fabrication

There are some methods to fabricate membrane, either symmetric or asymmetric type
of membrane. Fabrication of symmetric and asymmetric polymer membrane is

described on the following section:

2.2.1. Dense Symmetric Membranes

Dense symmetrical membrane is usually used in laboratory to perform separation
process. This membrane is rarely used in industrial application because low flux
produced is too low for practical purposes (Baker, 2004). In laboratory, this type of

membrane is prepared by solution casting method.
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Based on solution casting method, polymer solution is cast on the glass plate. Casting
knife or drawdown bar is used to spread film across the plate with the appropriate
thickness. After casting is finished, film is left to stand and solvent evaporates to form

uniform polymer membrane.

2.2.2. Microporous Symmetric Membranes

Microporous membranes contain pores within range 0.1-10 g m in diameter (Ruthven,

1997). It was developed in order to obtain higher flux than dense symmetrical
membrane. Application such as microfiltration, inert spacers in battery and fuel cell
are some areas in which these microporous symmetrical membranes were fabricated
for. Several techniques such as track-etching, expanded film and template leaching
can be used to prepare microporous membranes. Each of these methods is presented

as follows:

a) Irradiation
This method consists of two-step preparation process, irradiation polymer film
with charged particle and immersion polymer film in etching solution. Irradiation
of polymer film with charged particle will break polymer chain or damaged
tracks. The film is then immersed into etching solution to etch the damaged track.
Length of time film exposed to radiation determines the number of pores and

etching time determines the pore diameter.

b) Expanded Film
The first step of this process is by extruding the polymer at close to its melting
point. After cooling, the film is stretched. This elongation will produce slit-like
voids 20 to 250 nm wide between crystallites. This type of membrane was firstly
developed by Hoechst-Celanese (Gollan, 1987) and sold under commercial name,
Celgard

c) Template Leaching
This technique is an alternative preparation method for insoluble polymer. A

homogenous film is prepared from a mixing between mairix materials with
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leachable component. Leachable component is then removed with the suitable
solvent and microporous membrane is formed. The leachable component could be
a soluble low molecular weight solid or liquid or even a polymeric material such

as poly(vinyl alcohol) or poly(ethylene glycol).

2.2.3. Asymmetric Membranes

Asymmetric membrane is developed to reach higher flux than that of symmetric

membranes. This type of membrane is a breakthrough to industrial application as it

combines high selectivity and high permeation rate in common (Mulder, 1996). These

membranes have thin, perm-selective layer supported on a more open porous

substrate. Some processes to prepare the asymmetric membrane are explained as

follow:;

a)

b)

Interfacial Composite Membrane

In this method, an aqueous solution, such as polyamine, is coated onto the surface
of microporous support membrane typically polysulforne and then immersed into
the water-immiscible solvent solution containing a reactant e.g. a hexane-acid
chloride solution. This hexane-acid chloride will react with amine at the interface

of the two solutions to form a densely cross-linked, extremely thin layer.

Membrane prepared by this method is extremely thin, in order of 0.1 zm or less

so that higher flux is obtained. As the polymer is highly cross-linked, its
selectivity is also high. Unfortunately, this method is less applicable for gas
separation because of water swollen hydrogel that fills the pores of the support
membrane. The gel will become rigid when dried in oven and glassy polymer fills
the membrane pores and as result the composite membrane have low fluxes

(Ruthven, 1997).

Solution-Cast Composite Membranes
A dilute polymer solution in a volatile water-insoluble solvent is spread over
surface of a water-filled trough (Ruthven, 1997). Thin polymer produced on the

water 1s then coated onto a microporous support. Membrane thickness produced
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by this technique can reach 0.5 — 2 gm thick of thin permselective layer
{Ruthven, 1997).

c) Phase Inversion (Solution Precipitation)
In this process, casting solution is precipitated into two phase: a solid polymer-
rich phase that forms the matrix of the membrane and liquid polymer-poor phase
that forms membrane pores. Adjustment of these two phases is necessary to get
desired structure of membrane. Polymers precipitation from solution can be
achieved through several ways such as cooling, solvent evaporation and

precipitation by immersion in water (Gollan, 1987).

From all these fabrication techniques that can be used to prepare asymmetric
membrane, phase inversion method is widely applied to fabricate asymmetric
membrane as it allows all kind of morphologies to be obtained (Mulder, 1996). More

detail about phase inversion techniques are presented in chapter 3.

In gas separation application, an outstanding asymmetric membrane must consist of
very thin and defect-free surface layer supported by porous substructure. To obtain
this kind of structure is not a simple task. Numerous efforts and studies on fabrication
techniques had been carried out in order to obtain asymmetric membrane suitable for

gas separation application.

2.3. Development of Ultra-Thin and Defect-Free Skin Layer of Asymmetric

Membrane

It is still a challenge to fabricate a membrane with high selectivity and permeability
particularly for gas separation application. One way to increasc the gas separation
| performance is to fabricate defect-free and very thin skin layer asymmetric
membrane. In mid 1960s, the collaboration between Sydney Loeb and Srinivasa
Sourirajan had successful introduced the first fabrication technmique to produce
asymmetric membrane for reverse osmosis application. In their method, the casting
solution was prepared by dissolving 20 to 25 wt% cellulose acetafe into a water-

miscible solvent and then was cast as thin film on a glass plate. The cast film was
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evaporated for 10 to 100 s. After evaporation, a coagulation medium containing water
was used to precipitate the film. The membranes were usually post-treated by

annealing in a bath of hot water (Baker, 2004).

Loeb-Sourirajan’s technique is the most versatile, economical and reproducible
formation process for polymeric asymmetric membrane (Ismail and Lai, 2003). A
great deal of work has been devoted to rationalizing the factors affecting the
properties of asymmetric membranes prepared by I.oeb-Sourirajan’s technique.
Various preparation parameters such as polymer concentration, solvent ratio,
evaporation time and shear rate have been investigated in order to understand the
formation of asymmetric membrane. The effect of those preparation parameters are

discussed in the following sections.

2.3.1. Effect of Polymer Concentration on Asymmetric Membrane

Morphologies and Transport Properties

The optimum membrane preparation parameters are very crucial in order to obtain a
defect-free and ultra-thin skin layer asymmetric membrane. One way of optimizing
the membrane preparation parameters is by varying the polymer concentration of
casting solution during fabrication. Varying the polymer concentration may lead to
different membrane morphology and performance (Brown et al., 2002). Pesek and
Koros (1993) had reported that the addition of more polymer into casting solution
tend to produce more selective but less productive membrane. In their work,
polysuifone (PS) was used as membrane forming material to produce defect-free and
ultra-thin asymmetric membrane. Higher cbncentration of PS on casting solution
increased the Oz/N; ideal selectivity but lowered the permeance of Q5. Similar results
werc also observed by Ismail and Lai (2003). They fabricated asymmetric membrane
using PS by varying the concentration of polymer and they found that increasing the
PS concentration on casting solution resulted in higher Hy/N, ideal selectivity with

lower H; permeance.

However, contradictory results on the effect of polymer concentration were reported

by other researchers (Kurdi and Tremblay, 1999; Buonomenna et al.,2004). Kurdi and
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Tremblay (1999) developed defect-free asymmetric membrane for gas separation
using polyetherimide (PEI) as membrane forming material. They fabricated three
different membranes prepared from three different concentration of PEIL Each of these
membranes was subjected to the permeation test in order to determine the separation
performance. From their work, it was found that highest O»/N, ideal selectivity
resulted from lower PEI concentration. Interestingly, high selectivity of O./N,
followed by higher O, permeance was obtained from membrane prepared at lower
PEI concentration. Buonomenna et al, (2004) also studied the influence of
polyetheretherketone (PEEKWC) concentration on membrane performance and
morphologies. They applied various test gas such as O, and N; on the PEEKWC
asymmetric membrane. Their results showed that O,/N, ideal selectivity was reduced
if high concentration of PEEKWC was present in casting solution. Table 2.1
summarizes the influence of polymer concentration on the asymmetric membrane

performance for gas separation applications.

Table 2.1 Performance of asymmetric membrane for different polymers at various

polymer concentrations.

Operating | (P/L)o, | (P/L},
1] T 1
Polymer | wt.% conditions | (GPU) | (GPU) Ao, 1w, | Cuy i, Ref.
14 37.5 - 2.3 -
PSF 1R T =24°C 24.6 - 53 - Pesek and
22 P=3.4 bar 19.3 ~ 6 _ KOI‘OS, 1993
26 10.9 - 59 -
23 om0 0.7 - 3.5 - Kurdi and
PEI 25 1;_ 22°C 0.52 - 3 - Tremblay,
P=12.8 bar
26.5 0.4 - 2.5 - 1998
15.2 - 130 - 19
PSF 19 T =30°C - >0 - 33 Ismail and
22 P =1 bar - 30 - 42 Lai, 2003
26 - 22 - 55
29.7 - 19 - 73
15 T =25°C 0.055 - 4.8 - | Buonomenna
PEEEWC 19 P=1 bar 0.31 j 4.4 ] et al.,2004
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In general, increasing the polymer concentration would affect the viscosity of casting
solution. Highly viscous solution is essential in obtaining less defective outer skin
layer hence resulting in higher selectivity. Unfortunately, thicker skin layer tend to be
formed from highly viscous solution in which significant reduction of gas permeance
occur as observed by Pesek, et al., (1993) and Ismail et al.,(2003). However, Kurdy
and Trembaly (1998) showed that both higher gas permeance and selectivity could be
obtained at lower polymer concentration. It is due to thinner skin layer and higher
porosity membrane substructure prepared at lower polymer concentration, which has
less resistance for oxygen to permeate leading to higher O/N; selectivity ( Kurdy and

Tremblay, 1998).

2.3.2. Effect of Solvent Ratio on Membrane Morphologies and Transport

Properties

Membrane formation process through dry/wet phase inversion process involves
solution processing method that includes solvents and non-solvents additives in
controlling the membrane structures and properties. In phase inversion method,
casting solution is prepared by dissolving a polymer into solvents that consist of a
primary more volatile solvent and a secondary less volatile solvent. The ratio of less
volatile solvent and more volatile solvent is one of the important factors in
determining the structure and properties of asymmetric membrane (Pesek and Koros,
1993). Controlling the ratio of more volatile solvent to less volatile solvents allows
finer adjustment of solvent evaporation and polymer coagulation rates (Pesek and
Koros, 1993; Ismail and Lai, 2003). Peinemann (1988) explored the effect of the
solvent ratio for asymmetric polyethersulfone (PES) membrane. They showed that
increasing the fraction of less volatile solvent enables substantial increases in the gas
permeance without loss in selectivity. Better performance due to higher solvent ratio
was also studied by Pesek (1993) and Ismail (2003). They prepared asymmetric
membrane using polysulfone by varying the solvent ratio and showed that a reduction
of solvent ratio caused a decrease in the gas permeance but higher selectivities were
obtained. On the other hand, higher gas permeance and lower selectivities were
obtained at higher solvent ratio. Table 2.2 shows the effect of solvent ratio on the gas

separation performance,
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The differences in gas permeance and selectivities of the membrane fabricated at
various solvent ratio are due to the different morphologies between the membranes
prepared from low solvent ratio and high solvent ratio. Increasing the solvent ratio
will cause a decrease in the effective skin. Consequently, this morphology contributes
to the higher gas permeance but lower selectivities. Ismail and Lai (2003) showed that
the morphology of asymmetric PS membrane prepared from low solvent ratio is
composed of relatively thick skin layer and a finely porous substructure with porosity
gradually progressing from top to bottom of the membrane. These membranes showed

higher selectivities but lower gas permeances.

2.3.3. Effect of Evaporation Time on Asymmetric Membrane Morphologies and

Transport Properties

High gas separation performance is predominantly controlled by structures and
properties of skin layer of asymmetric membrane. Basically, skin layer of asymmetric
membrane is generated due to a selective loss of highly volatile solvent from
outermost surface of nascent membrane during evaporation step (Ismail and Lai,
2003). Introducing the evaporation step before immersing casting solution into
coagulation bath had successfully increased the performance of asymmetric
membrane (Pesek and Koros, 1993). Pesek and Koros (1993) studied the effect of
evaporation step on PSF membrane performance. They compared the performance of
PSF-based membranes prepared by wet phase inversion (without evaporation step) to
the PSF membranes fabricated by dry/wet phase inversion (with evaporation step).
They reported that membranes prepared by the wet process contained substantial
number of defects within the skin layer leading to low selectivity of O,/N,. The
formation of defects on the skin layer can be eliminated by introducing evaporation
step before immersing the casting solution into coagulation bath to produce

asymmetric PSF membrane with higher O,/N; selectivity. (Pesck and Koros, 1993).

In addition, it has been reported that membrane fabrication by using dry/wet phase
inversion method without convective removal of solvent/non-solvent coraponents
(free evaporation period) may yield thin selective layer that may contain considerable

amount of defects (Pinnau et al., 1990). Therefore, Pinnau et al., (1990) introduced
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force convective evaporation technique in order to produce asymmetric membrane
without necessity to coat the defective layer. In this work, casting solution was
evaporated by passing over gas onto the surface of nascent membrane to induce dry
phase separation. By using force convective evaporation method, they claimed that
the resulting membrane prepared from force convective method have more attractive
properties and performance rather than one prepared from free evaporation method.
Force convective evaporation technique was then used by Ismail et al., (2003) to
produce a defect-free asymmetric PSF membrane. They studied the effect of force
convective evaporation time on membrane properties and performance. Their results
showed that longer evaporation time would increase the Ho/N; ideal selectivity but
decreased the H; permeance. On the other hand, short evaporation time produced
membrane with lower Hy/N; ideal selectivity and higher H, permeance (Ismail and
Lai, 2003). Gas separation performance obtained from membranes prepared at

different evaporation technique and time are shown on Table 2.3.

Evaporation of casting solution predominantly controls skin thickness of asymmetric
membrane. Longer evaporation time would result in thicker skin layer with less
porous substructure while short evaporation time produces thinner skin layer of
asymmetric membrane with more porous substructure. Therefore, dry phase inversion
as resulted from evaporation step considerably affects the membrane morphologies

and performance.
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2.3.4. Development of High Performance Asymmetric Membrane Fabrication

Through Rheology Study

Skin layer thickness and porosity of substructure determine the capability of
membrane for gas separation. However, another aspect that is equally important is
rheological condition during membrane fabrication (Ismail et al., 2002). Rheology
defined as science of deformation of materials as a result of an applied stress (Carreau
et al., 1997). Rheological approach involves the shear during casting of flat sheet
membrane or hollow fiber spinning. The degree of shear can be studied by altering the

casting speed or dope extrusion rate (Ismail et al., 2002).

It has been acknowledged that the degree of shear of casting solution will affect the
molecular orientation of active skin layer of asymmetric membrane. The oriented skin
layer of asymmetric membrane will enhance the selectivity. As shown in previous
work, by increasing the high dope extrusion rates during manufacturing of hollow
fiber polysulfone membranes, the CO,/CH. ideal selectivity increased significantly
and even surpassed the polysulfone intrinsic selectivity of 28. This is possible since at
higher dope extrusion rates, the molecular orientation of active skin layer of
membrane would be more enhanced than that of lower dope extrusion rates. The ideal
selectivity of CO,/CH,4 ranges from 14 to 40 for high dope extrusion rates while for
low dope extrusion rates, the range is from 4 to 8. However, all membranes, either
prepared by high or low dope extrusion rates, must be coated with silicon layer to
repair the defect that had occurred on membrane’s surfaces (Ismail et al.,1997; Ismail

ct al., 1998).

The shear-induced oriented structure of surface layer was also studied on gas
separation performance of asymmetric 6FDA-durene polyimide hollow fiber
membranes (Chung et al., 2000). In their work, it was found that increasing the shear
rate during fabrication would make the CO; permeance to increase significantly. On
the other hand, the CH; permeance of 6FDA-dwrene polyimide hollow fiber
membranes decreased with increasing casting shear rate. However, the CHy
permeance would increase with increasing casting shear rate once the critical shear

rate had been exceeded. The performance of 6FDA-durene polyimide hollow fiber
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membrane for CO,/CH, separation before and after coating at various shear rates have

been reported by Chung et al., (2000) as tabulated in Table 2.4.

Table 2.4 The effect of shear rates on the performance of 6FDA durene hollow fiber
membrane measured at T = 25°C, AP= 2.72 bar (Chung et al., 2000).

Before coating After coating
Shear
- P/L PIL P/L P/L)
Rate ( S 1) ( )coz ( )CH,, acoz - ( )::01 ( CH, acoz rcH,
(GPU) (GPU) (GPU) (GPU)
249 910 443 2.08 282 34 8.27
457 1080 256 4.47 367 19 19.25
381 1210 198 6.36 373 19 19.69
1391 2671 1764 1.53 519 66 8.70

According to this work, at low shear region, increasing the shear rate of casting
solution tends to make the polymer molecular chains to align better than those
subjected to lower shear rates. The enhancement in molecular orientation resulis in a
tighter chain packing of the dense selective and reduces the permeability. However, at
high shear rate region, increasing the shear rate would cause a rapid decrease in dope
viscosity and consequently relatively less porous skin structures would be formed
leading to lower selectivity but higher permeance. This interesting relationship
suggest that there may exist an optimum shear rate to yield membrane morphology

with optimum separation performance (Chung et al., 2000).

The shear-induced molecular orientation of skin layer depends on the chemical
structure of the polymer (Kawakami et al., 2003). As reported that two different types
of 6FDA-DDS; 6FDA-m-DDS and 6FDA-p-DDS, which were prepared at different
shear rates and tested for CO; permeation and selectivity showed different phenomena
once the casting shear rates were increased. The CO,/CH; ideal selectivity of 6FDA-
m-DDS membrane increased with increasing shear rate. In contrast, the CO,/CHy
ideal selectivity of 6FDA-p-DDS remained constant and did not depend on the shear

rates. The gas permeation result for each membranes arc shown in Table 2.5.
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Table 2.5 CO, gas permeance and CO,/CHy selectivity of 6FDA-m-DDS and
6FDA-p-DDS membrane at 35°C and 76 cmllg (Kawakami et al., 2003).

6FDA-m-DDS 6FDA-p-DDS
Shear rate (s'l) (P! L), (P/L)go,
(GPU) Xeo,icn, (GPU) Lo, icu,
100 0.06 101 0.96 42
500 0.66 110 0.9 42
1000 0.68 143 0.85 42

These results indicate that molecular orientation of skin layer due to shear rate
strongly depends on the chemical structure of polyimide membrane (Kawakami et al.,
2003). In addition to the chemical structure, the shear-induced molecular orientation
of skin layer also depends on the molecular weight of polymer. It has been reported
that different molecular weight of polyimide membrane could result in different
molecular orientation leading to different gas separation performance. Low molecular
weight of polyimide enhances the degree of orientation of the polyimide molecules in
the membrane, thus leading to high gas selectivity (Nakajima et al., 2003). The gas

permeation results of their work are presented on the Table 2.6.

Table 2.6 Gas permeances and selectivities of asymmetric polyimide membranes at

35°C and 76 cmHg (Nakajima et al., 2003).

1 | P/ L)y
M, Sh te (s 2 |«
car rate (s) (GPU) COy 1CH,
100 3.5 95
250 3.2 100
1.2%107°
500 3.7 105
1000 3.4 110
72%x107° 1000 0.68 143

A lot of effort had been put to improve the performance of asymmetric membrane for
gas separation application through optimization of preparation parameter conditions.
However, the morphology, propertics and separation performance of asymmetric

membranes are also affected by the material chosen as precursor for fabrication.
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2.4. Membrane Characterization

Membrane may differ significantly in their morphologies and properties and
consequently in their application (Mulder, 1996). Therefore, membrane needs to be
characterized in order to study the mechanism of membrane formation and to relate
their morphologies and properties to the membrane separation properties. There are
variety of techniques that can be utilized to characterize the morphologies and
properties of membrane. Several techniques on the membrane characterization such as
surface and cross-sectional images of membrane, porosity and glass transition

temperature determination will be discussed briefly on the following section.

2.4.1. Characterization of Surface and Cross-section of Membrane Structures

Scanning Electron Microscopy (SEM) has been used extensively by many researchers
to obtain a sophisticating image of membrane structures (Kesting, 1990; Shieh et al.,
1998; Niwa et al, 2000; Wang et al, 2006). Characterizing non-conductive
membrane using SEM requires coating treatment in order to make sample become
highly coﬁductive. The coated membrane samples are observed by varying the
magnification of images. The SEM technique can be used to obtain both surface and

cross-sectional images of membrane structure.

The relatively novel method to characterize the morphology of membrane is by using
Atomic Force Microscopy (AFM) technique (Zeng et al., 1997, Khulbe et al., 1998,
Wu et al., 2006). The AFM technique, developed by Binnig et al., (1986), allows the
surface study of non-conducting materials down to nanometer scale. The advantage of
AFM over electron microscopy technique is that no pretreatment is required and the
measurement can bee carried out under atmospheric conditions (Mulder, 1996).
However, AFM can be used only to characterize the structure of a surface. Moreover,
high surface roughness of sample may result in images which are difficult to interpret
and high force between sharp tips of AFM and surface of sample may damage the
polymeric structure (Mulder, 1996).
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2.4.2. Characterization of Glass Transition Temperature

Glass transition temperature (Tg) of membrane can be conveniently determined using
Differential Scanning Calorimetry (DSC) (Wang et al., 2005; Hu et al., 2003). DSC
basically determines the heat difference between heated sample and an inert reference
material in which the two specimens are subjected to the same heating rate and
maintained at nearly same temperature throughout the experiment (Mulder, 1996).
The value of Tg of membrane may be defined as the midpoint of the inflection in the

DSC curve.

The method of T, determination can also be carried out using Dynamic Mechanical
Analysis (DMA). DMA which measures the response of membrane while an
oscillating response applied is reported to have 10 to 100 times more sensitive to the
changes occurring at the T, as compared to DSC (Menard, 1999). Previous works
showed that the method of determining T, of membrane in DMA is conventionally

based on peak of loss modulus of DMA graph (Sepe, 1998; Laot, 2001).

2.4.3. Porosity Determination

Membrane porosity can be characterized using gas adsorption-desorption and porosity
calculation method. The gas adsorption-desorption method has become a standard
- procedure for the characterization of porous media of relevant industrial interest, as in

ceramics, coal and catalytic beds {Calvo et al, 1997). This technique often use

nitrogen as adsorption gas and the experiments are carried out at boiling point of
liquid nitrogen (Mulder, 1996). The smallest poi‘e of the membrane will be filled with
nitrogen at minimum pressure. As the pressure is increased further, the larger pores
will be filled and subsequently, at its saturation pressure all the pores are filled with
nitrogen. The total pore volume is determined by the quantity of gas adsorbed at its
saturation pressure (Mulder, 1996). The gas adsorption-desorption method is limited
to the measurement of radius size of pores of about 2 nm (Mulder, 1996). Therefore,
| application of this method to gas separation membranes is more restrictive, mainly

due to their lower porosities. Previous works showed that gas adsorption-desorption
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technique is commonly used to characterize uitrafiltration (UF) membranes (Pradanos

et al., 1996; Calvo et al., 1997)

Porosity determination of gas separation membrane can be carried out using overall
porosity formula as reported by other researchers (Chun et al., 2000; Jansen et al.,
20052; Jansen et al., 2005b; Macchione et al., 2006). Porosity of membrane is
estimated by measuring the thickness () and area (A) of membrane, mass (m) of
sample and density (p) of the respective polymer. The overall porosity formula is

described as follows:

— Vvo[d

d-(m/ p)

pol 21
7 (2.1)

ol

Calculating the porosity of membrane using this formula require accurate reading of
membrane thickness. Measurement of membrane thickness can be determined using
SEM or micrometer gauge (Jansen et al., 2005a; Macchione et al., 2006). Careful
treatment must be taken into account as thickness of membrane could be reduced due

to too much force while preparing sample for SEM and micrometer measurement.

2.5. Membrane Materials for CO,/CH,4 Separation

Membrane morphology and performance for gas separation are also depended on the
selection of membrane forming material. There are two type of materials that can be
used for gas separation i.e., polymeric and in-organic material. Each type of material
has its own characteristics and advantages for gas separation application. A brief
discussion of in-organic and polymeric membrane will be given in Sections 2.5.1 and

2.5.2.

2.5.1. In-organic Membrane for CO,/CH, Separation

Inorganic membrane was first introduced for military purpose in 1945. However,
rapid progress for inorganic membrane was started since Kores and Soffer

successfully prepared crack-free molecular sieving hollow fiber carbon membranes
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(Ismail and David, 2001). Inorganic membranes offer goo.d performance in high
thermal resistance, high stability, permeability as well as selectivity. Like organic
membranes, Inorganic membranes are also categorized as dense membrane and
porous membranes. Porous inorganic membranes consist of symmetric and
asymmetric. Since low flux or permeability resulted from dense membrane, therefore
most of the research works were conducted on porous inorganic membranes such as

carbon and zeolite membrane.

2.5.1.1. Carbon Membranes

Carbon membrane is one of the potential porous inorganic material for gas separation.
Recent research has shown that carbon molecular sieve (CMS) membranes are able to
produce excellent performance in terms of selectivity and permeability. Carbon
membranes such as polyimide and polyamic acid are produced from the pyrolisis of
thermosetting polymer at high temperature. Pyrolisis temperature during CMS
fabrication strongly affected the performance of the membrane. Table 2.7 shows the

summary of permeation and selectivity results from different carbon membrane

Table 2.7 CO,/CH, separation characteristic of different carbon membranes.

Pyrolisis T permeat (Pl L),
Precursor ter};lrp (DC) p?oéimn (GPU) Xeo,ich, Ref
600 30 176.47 80
BPDA- 700 30 88.23 60 Hayashi et al.,
pp'ODA 700 100 264.7 16 1995
800 30 5.88 130
500-600 35 88.235 50
BPDA- 0-500 35 5.88 40 Yamamoto et al.,
ODA/DAT 500-0 35 35.3 60 1997
400-700 35 88.23 60
550 35 36.16 22
P34 650 35 14.76 37 Tin et al., 2004
800 35 9.98 89
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2.5.1.2. Zeolite Membranes

Zeolite membrane is also capable of separating CO- from CIH,. Membranes of various
zeolite such as SAPO-34, ZSM-5, Y-type, silicalite A-type and p-type have been
synthesized on porous support for gas separation (Shekhawat, 2003). Zeolite
membranes can be prepared by in situ hydrothermal synthesis in porous stainless
steel, a-alumina, or y-alumina disks for gas permeation studies. These supported
zeolite membranes have a thin and continuing zeolite separation layer with the porous

support providing mechanical strength to the membrane (Shekhawat, 2003).
Most of the current researches on the separation of CO, from CH, are carried out
using Y-type and SAPO-34 membrane. Table 2.8 shows some of the reported result of

permeation test based on Y-type and SAPO-34 materials.

Table 2.8 CO,/CH, separation properties of Y-type and SAPO-34 membranes.

Zeolite Tp?&’giﬁm’ O:(;QJC;Z Ao, rcn, Reference
30 352.94 2
Y-type 80 882.35 4 Kusakabe et al., 1997
130 882.35 6
27 70.6 19
SAPO-34 100 47.059 8 Poshusta et al., 1998
200 294 2
27 441.17 16
SAP(O-34 100 2353 9 Poshusta et al., 2000
200 58.82 4
24 294.12 25
97 235.3 17 ,
SAPQO-34 147 127,06 10 Lietal., 2004
197 88.235 5

2.5.2. Polymeric Material for CO,/CH, Separation

Even though in-organic membranes show some promises separation for CO,

separation from natural gas but low reproducibility for large scale production and high
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cost of fabrication are two problems encountered when using this material. Thus, most
commercial and research works on gas separation membranes are reported to be
concentrated on polymeric material (Nunes and Peinemann,2001.). Some polymers
that have been widely studied as polymeric material for gas separation membrane will

be discussed further in the following section.

2.5.2.1. Cellulose Acetate Membrane

Cellulose acetate is one of the membrane materials that has been used in industry for.
the separation of CO; from natural gas (Dortmundt, et al., 1999). It has CO,/CH,
selectivity of 12-15 under typical field operating conditions, 68 bar of feed pressure
and 10% CQO; in feed gas stream (Baker, 2002). However, CO»/CH, selectivity of 26
is obtained under laboratory condition, 35°C and 25 atm of feed pressure (Wind et al.,
2004). Cellulose acetate is used because it is inexpensive and has the properties

suitable for CO, separation (Li, et al., 1998).

Cellulose acetate is synthesized from cellulose reacted with acetic anhydrate, aceﬁc
acid and catalyst such as sulfuric acid. The cellulose group has high density due to its
high content of alfa cellulose, which gives high flexibility and strength of the
material. While the acetate group acts to reduce hydrogen bonding present on the
molecule so chain flexibility will be diminished thus lowering gas permeability.
Cellulose acetate has T, of 187°C ~198°C (Ruthven, 1997). The structure of cellulose

acetate is shown in Figure 2.4 below:

H OH CH,OH

Figure 2.4 Structure of cellulose acetate molecule (Mulder, 1996).
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Although the celiulose acetate has been used commercially for COg/CH4 separation,
their use for gas separation is characterized by the following drawbacks (Peinemann,
et al., 1988):

a) sensitivity to condensed water

b) sensitivity to microbiological attack

¢) highly plasticized particularly during CO; separation

d) low heat resistance ( up to 70°C) _

e) relatively high manufacturing cost, because cellulose acetate camnot be

directly air-dried ( if direct air drying is employed, the porous base layer will

collapse)

The enumerated drawbacks of cellulose acetate tend to detract the application of this
material as gas separation membrane. There has been great a deal of interest for many

researchers to seek for other suitable polymer as membrane material.

2.5.2.2. Polyimide Membrane

Polyimide has been widely researched as promising material for gas separation
membrane. Rigid glassy polymers, availability of bulky groups and high glass
transition temperature (Tg) are some typical properties of this material. The general

structure of polyimide is given in Figure 2.5:

_ 80

r N—R

b

O o
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Dianhydride Diamine
Ar? ke .
@ PMDA ‘@ PDA
Q CH,
m BTDA 0 _
CF, CF,

Figure 2.5 Structure of polyimide molecule with a selection of constituent.

Dianhydride (Ar) and diamine (R) portion play important role in enhancing the
performance of polymide-based membrane. Several generalities can be taken to

describe the diamine portion in polyimide-based membrane (Gosh and Mital, 1996).

a) Increasing the monomer rigidity decreases permeability but increase the
selectivity.

b) The presence of CF; group in monomer increases the permeability

¢) The presence of a dimethylsiloxyl component in polyimide increases

permeability but decreases selectivity.

Many researches and studies had been carried out by synthesizing various polyimides
from different diamine and 6FDA-based dianhydride to achieve higher gas

permeabilities and selectivities as shown in Table 2.9

Polyimide membrane are very attractive for gas separation because of their good gas
separation properties and physical properties such as high thermal stability (up to
300°C) (Rezac, et al., 1997), chemical resistance and mechanical strength. However,
polyimide 1s very susceptible to plasticization when CO, is present in the feed

(Shekhawat, 2003). In addition, polyimide material is expensive as compared to other
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polymeric materials. Therefore, the application of CO, removal using polyimide-

based membrane 1s still limited.

Table 2.9 CO; separation performance from various polyimide membranes

Membrane Pfeed T].Jf:romﬁ:an:ion (P / L)COZ aCOZ {CH, Ref
(bar) (C) (GPU)
6FDA-m-DDS 1 35 0.68 143 Kawakami et al.,
6FDA-p-DDS 1 35 8.5 42 2003
6FDA-1.5-NDA | 10 35 0.92 49 Wang et al.,2002
6FDA-6FpDA 10 35 2.24 40 Wang et al.,2002
Kawakami et
6FDA-APPS 1 35 0.182 39 21997
6FDA-IPDA 10 35 1 37
6FDA-IPDA Rezac et al., 1997
(cross-linked) 10 35 08 40
6FDA-IPA 10 35 0.36 21 Morisato et al.,
. 6FDA-TBI 10 35 1.72 17 1995
Pinnau, et al.,
6FDA-IPDA 34 25 383 45 1990

2.5.2.3. Polycarbonate

Polycarbonate is synthesized' from the reaction between bisphenol A (BPA) and

fosgen (COCl). The reaction is performed as follows:

CH, CH,

‘ O + cocL,
HO o

3

R,N (Catalyst) CH,CL,H,0

Rapid stirring at reflux

CH CH,
R 0 =
QJLF O O jﬂ\ Q T
0 o Jro

Figure 2.6 The formation of polycarbonate from bisphenol A (BPA) and
fosgen (COCly).
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where n = 35 — 60. It can be seen that polycarbonate consist of aromatic ring and
carboxyl group. This composition makes polycarbonate suitable as membrane
material for CO; separation. The presence of aromatic ring would provide sufﬁcient'
space for dissolved gas to diffuse while at the same time it would also maintain chain -
stiffness and strength. In addition, the carboxyl group makes polycarbonate becomes
polar, in which polar gas such as CO, could be dissolved easily while it will retain
non-polar gas such as CHy. Consequently, high permeability and selectivity may be
expected from this material. However, as shown in other materials that have béen
discussed previously, preparation parameter may affect the morphology of membrane.
Consequently, it will affect the performance of CO, separation as well. Similar
phenomena may be observed in polycarbonate. It is expected that the performance of

polycarbonate membrane will also be influenced by the morphology of the membrane.

Polycarbonate-based membranes have been studied for many applications of gas
separation. Oxygen enrichment from air is one of the gas separation applications that
widely use polycarbonate as membrane material (Admassu, 1989; Lai, et al., 1994;
Chen et al., 1997; Ruaan et al., 1997; Sen, 2003). However, some studies have also
bee carried out to investigate the application of polycarbonate membrane for CO,/CH,

separation (Koros et al., 1977; Jordan et al., 1990) .

Some studies on the transport properties of polycarbonate membranes show that by
increasing the feed pressure, the CO, permeance decreased more significantly than
that of CHj. Consequently, CO,/CH, ideal selectivity would be decreased as the feed
pressure increase (Koros et al., 1977). The separation properties of various types of
polycarbonates have also been investigated. The study shows that HFPC has better
CO; permeance and CO,/CHy selectivity as compared to TMPC and PC at various
feed pressures (Jordan et al., 1990). Polycarbonate performance for CO, removal is
also affected by the preparation parameters of membrane such as casting technique,
solvent selection and annealing period (Hacarlioglu et al., 2003a). The study shows
that membrane prepared by dissolving polycarbonate into chloroform produces lower
selectivity but higher CO, permeance than that of DCM-dissolved PC membrane. In
addition, longer annealing period did not affect much the performance of PC
membrane but higher CO, permeance was observed for PC membrane without

annealing. The use of different casting methods; drop cast and knife cast, did not
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much affect the transport properties of PC membranes (Hacarlioglu et al., 2003a).
Alternative approach to enhance the CO, separation performance was carried out by
mtroducing the conductive fillers such as polypyrrole into the PC membrane structure.
Two different synthesis routes of polypyrrole namely electrochemical and chemical
methods were used and the effect of these two different syntheses on the PC-
polypyrrole mixed matrix membrane was then studied. Gas permeation studies have
shown that, particularly for chemicaily synthesized polypyrrole (CPPY)-PC:
membrane, higher polypyrrole content on the PC membrane would increase CO;
permeance and CO,/CHs selectivity, respectively (Hacarlioglu et al, 2003b). A
summary of PC membrane performance in CO, separation application is shown in-

Table 2.10

Table 2.10 Summary of various PC membrane performance in CO, separation'.

application.
P ee T ermeation PIL N
Membrane (bfarg P (oc)t ( ( GPI)JC;J | Ceo,icn, Ref
ECPPY-PC-7-10 2.72 35 | 0.128 2.4
ECPPY-PC-7-15 2.72 35 0.126 2.78
ECPPY-PC-7-20 272 35 0.123 4.6 Hacarlioglu
CPPY-PC-7-10 2.72 35 0.068 16.4 et al., 2003
CPPY-PC-7-15 2.72 35 0.075 16.67
CPPY-PC-7-20 2.72 35 0.087 17.33
PC without annealing 2.72 35 0.27 19.66
PC with amll]e;ahng for 24 272 15 0.095 20.36
PC with annealing for 72 279 15 0.085 19.69 |
hr Hacarhoglu
PC with drop cast 2.72 35 0.19 16.65 et al., 2003
PC with casting knife 2.72 35 0.19 16.68
PC dissolved into MC 2.72 35 0.1 27.00
PC dissolved into
Chloroform 2.72 35 0.11 25.62
PC 13.6 35 0.048 24.00 Jord
TMPC 13.6 35 0.152 20.30 ordan et
al., 1990
HFPC 13.6 35 0.192 29.00
Koros et
PC 1 35 0.027 26.56 al., 1977
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Generally, it is noticeable that the performance of PC membranes as reported by other
researchers is still inferior as compared to other membrane material such as
polyimide. Introducing other material such as polypyrrole to form mixed matrix
membrane or applying post-treatment method such as annealing after membrane
fabrication do not give any significant impact in order to enhance the performance of
membrane. Therefore, study on preparation parameters to improve the performance of

PC membrane in separating CO- from CHy is still highly necessary.
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CHAPTER 3

THEORY

3.1. Formation of Phase Inversion-Based Asymmetric Membrane

Phase separation is a process in which an initially homogenous casting solution
becomes thermodynamically unstable due to external effects (Yip and McHugh,
2006). Phase separation of casting solution can be induced by four different

techniques as illustrated in Figure 3.1. (Baker, 2004).

Phase inversion

Thermal Solvent Precipitation Immersion
Precipitation Evaporation by Absorption of Precipitation
Water Vapor

Figure 3.1 Technique of inducing phase inversion in casting solution during

fabrication.

a) Thermal precipitation

This is the simplest method to fabricate asymmetric membrane. A prepared
film is cast from a hot, one — phase polymer solution, followed by cooling to
precipitate the polymer. The cooled film is separated into two phase region;
polymer-matrix phase and membrane pore-phase. The initial composition of
the polymer solution will determine the pore volume of final membrane but
the cooling rate of the solution greatly influences the pore size of the final

membrane. Rapid cooling will produce small pores (Ruthven, 1997).
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b) Polymer precipitation by Absorption of Water Vapor

In this technique, water vapor is required to induce phase separation during
membrane fabrication process. The casting solution that consists of polymer,
volatile solvent and non-volatile solvent is cast onto a continuous stainless
steel belt. The cast film is passed along the belt through a series of chambers.
During circulation, the film loses the volatile solvent by evaporation and
simultaneously absorbs water vapor from the atmosphere. After precipitation,
the membranes are passed into an oven to dry the remaining solvent. The

membrane formed is usually used for microfiltration purpose (Baker, 2004).

Polymer precipitation by solvent evaporation

This is one of the carliest methods of making microporous asymmetric
membrane (Baker, 2004). A polymer is dissolved into a two-component
solution mixture consisting of a volatile solvent such as acetone and less
volatile non-solvent typically water or alcohol. The solution is then cast onto a
glass plate. The volatile solvent is allowed to evaporate at certain period of
times so the casting solution is enriched with the less volatile non-solvent. The
non-solvent enriched casting solution will precipitate to form the membrane

structure.

There are many factors that affect the porosity and pore size of membrane
formed through this method. Fine pores membrane will be formed for a short
evaporation time. Larger pores membrane is produced if the evaporation step
is prolonged. Porosity is mainly affected by non-solvent composition of the
casting solution. Increasing non-solvent composition will increase the porosity

of membrane and vice versa (Ruthven, 1997).

d) Polymer precipitation by immersion in a non-solvent bath

In this method, casting solution is cast onto glass plate and then immersed into
precipitation bath typically water bath. Dense, permselective skin layer is

formed by the presence of water. Water will precipitate the top surface of cast
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solution rapidly. This dense surface will slow down the entry of water into
- underlying polymer solution so precipitation process is slower. The membrane
produced from this method consists of two layers, which are first layer for
dense skin surface and second layer for porous support. The dense skin varies

from 0.1-10 g m thick (Ruthven, 1997).

3.1.1. Asymmetric Membrane Formation by Dry/Wet Phase Inversion Process

As explained in section 3.1, phase instability of homogenous casting solution can be
achieved by four different techniques. Among these techniques, immersion
precipitation in combination with evaporation step, known as dry/wet phase inversion
method is widely used to produce asymmetric membrane for gas separation (Jansen et
al., 2005; Koros and Pinnau, 1994).

A ternary phase diagram is commonly used to describe membrane-forming system
involving a polymer, solvent(s) and non-solvent(s) by using dry/wet phase inversion
process. This ternary phase diagram can be divided into three regions which are
stable, metastable and unstable region. In the stable region, all components of the
casting solution exist in one state and are homogenously miscible with each other. In
the unstable region, the casting solution will spontaneously separate into two phases,
polymer-rich and polymer-poor phase before the membrane structure is fixed. While
in the metastable region, the homogenous casting solution will be thermodynamically

unstable but it will not normally precipitate unless well nucleated (Baker, 2004).

Each region in the phase diagram is confined by a particular curve. The stable region
and metastable region are separated through a binodal curve while a spinodal curve
separatca between metastable and unstable regions. The ternary phase diagram is

illustrated in Figure 3.2.

Phase separation of an initially stable solution can be the result of two mechanisms:
nucleation and growth or spinodal decomposition (Koros and Pinnau, 1994).
Nucleation and growth decomposition mechanisms occur in the metastable region.

Hence, a homogenous casting solution will become unstable through nucleation and
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growth mechanism if the final composition of membrane finally stops at metastable

region as illustrated by line ABCD in Figure 3.2.

Polymer (3)

Unstable
region

Critical
Point

Solvent (2) Non-solvent (1)

Binodal Spinodal Solidus

curve curve Tie-line

Figure 3.2 Ternary phase diagram of membrane formation system.

At point A, the casting solution exist in stable and homoegenos solution. It will enter
the metastable region and starts to become unstable at point B. This solution will
undergo phase separation through nucleation and growth mechanism as the membrane
structure is fixed, point C, through solidification of casting solution in metastable
region. The final composition of nucleation and growth-decomposed membrane is

located at point D which determines the overall porosity of membrane.

In case of nucleation and growth mechanism, membrane structure is formed based on
the formation of the nuclei. The nuclei will evolve to form droplet and finally
becomes porous structures of membrane. This mechanism will produce membrane
with closed cell morphology if the average composition or concentration of final
membrane is larger than the critical point (CP). On the other hand, if the average
composition or concentration of final membrane is less than the critical point (CP),

the membrane structure produced from nucleation and growth mechanism will be
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powdery and low integrity. This is because the nucleation of polymer-rich phase is
dispersed in the polymer-poor phase.

In addition to nucleation and growth mechanism, the final membrane structure may be
formed through spinodal decomposition mechanism. In this mechanism, the casting
solution will be separated instantaneously into two phases, polymer-rich phase and
polymer-poor phase. The instantaneous separation of casting solution leads to
interconnectivity of these two phases to form an open cell thus forming an
interconnected. This structure is attractive for gas separation membrane (Koros and
Pinnau, 1994). Membrane formation through spinodal decomposition mechanism
occurs once the homogenous casting solution enter the unstable region directly
without passing through the metastable region as shown by line A’B’C’D’ in Figure
3.2.

Phase inversion mechanism of casting solution is very important in determining the
morphology of asymmetric membrane. It has been suggested that the formation of
defect-free skin layer of asymmetric membrane made by dry/wet phase inversion
process is resulted from the coalescence process of the spinodally decomposed
structure of the outermost region of nascent membrane during the evaporation step:
(Koros and Pinnau, 1994; Kawakami, et al., 1997). In order to promote the formation
of defect free skin layer, the casting solution formulation must be properly prepared to
include volatile solvent and non-volatile solvent in order to make the initial casting
solution composition, A, close to the binodal demixing line, as shown in Figure 3.3.
This condition will create such situation in fwhich sufficient volatile solvent on the
outermost region of the casting solution will be lost during evaporation step to drive
homogenously stable casting solution to become unstable instantaneously to produce
spinodally decomposed structure with an average composition, A”, as shown in

Figure 3.3.
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Palymer (3)

Solvent (2) Non-solvent (1)

Figure 3.3 Schematic representation of diffusion path of initial casting solution

composition close to the binodal demixing line during evaporation period.

Following the dry phase inversion step described previously, the subsequent wet
phase separation step will determine the formation of the underlying support structure.
Casting solution is immersed into the coagulation bath to drive the counter diffusion
between solvent - non-solvent in the underlying structure with coagulant from
coagulation bath. Counter diffusion of solvent — non-solvent and coagulant will lead
to the liquid-liquid demixing of the underlying layer of casting solution. Liquid-liquid
demixing process of casting solution can be further divided inté delayed demixing and
instantaneous demixing process (Mulder, 1996). In delayed demixing process, stable '
homogenous casting solution needs longer time (more than 1 second) to become
unstable to form membrane structure. For instantaneous demixing, stable casting
solution will be unstable instantly once it is immersed into coagulation bath. These
two different demixing processes can be explained using a ternary diagram as’

illustrated in Figure 3.4:
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Polymer (3)

Unstable
region

Solvent (2) Non-solvent (1)

Figure 3.4 Schematic representation of two different demixing mechanisms: Line A-
B’ shows delayed demixing mechanism whereas A-B shows mechanism of

mstantancous demixing.

The morphology of asymmetric membrane formed from delayed demixing rate tends
to produce relatively dense or less porous substructure. In contrast, instantaneous
demixing rate of casting solution will result in a more porous membrane with an open
cell substructure. L-L delayed demixing occurs due to a large amount of solvent that
diffuses into the coagulation bath but the inflow of coagulant into the membrane is
relatively small (Koros and Pinnau, 1994). On the other hand, instantaneous process

requires rapid exchange between solvent and coagulant.

Ternary phase diagram has been often used to study the phase separation in
membrane-making process. Nevertheless, an extensive experimental work is required
to obtain a representative phase diagram for specific polymer/solvent/non-solvent
system. Therefore, coagulation value (CV) term is introduced in order to obtain

information easily on the phase separation of polymer solution.

Coagulation value (CV) is the amount of coagulant in grams required to make 100 g

polymer solution containing 2 g polymer become turbid (Kesting, et al., 1990; Kai, ct
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al.,1985). Coagulant value, basically, indicates the coagulant tolerance of the
membrane casting solution. Lower coagulation value means lower coagulant tolerance
of casting solution and hence faster L-L demixing rate to take place in the membrane
making process. In contrary, higher coagulation refers to the larger coagulant

tolerance of casting solution to cause delayed demixing (Wang, et al., 1995).

3.1.2. Thermodynamic of Phase Separation Phenomena

Membrane formation through phase inversion method involves an alteration of a
thermodynamically stable polymer solution into an unstable state (Yip and McHugh,
2006). This instability can be driven by changes in pressure, temperature and

composition of a system (Koros and Pinnau, 1994). All of these factors will lead to a
change in Gibbs free energy of mixing, AG,,. Gibbs free energy of mixing represents

the stability of a mixture. Thermodynamically, homogenous stable casting solution

must meet the following condition at constant pressure and temperature:
(AG,)<0 (3.1)
while instability in the casting solution occurs if

(AG,)>0 (3.2)
Free energy change, AG,, , is related to the enthalpy and entropy change by :
AG, =AH, —TAS (3.3)

where AS, and AH, are the changes in entropy and enthalpy upon mixing,
respectively. Note that AS,, is always positive because the volume fraction are less
than unity (Rodriguez, et al., 2003). As AS, is always positive, free energy change

of solution, AG,, , greatly depends on its heat of mixing of polymer solution, AH .
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Heat of mixing, AH{,, , can be explained using a simple thermodynamic model of Flory
(Rodriguez, et al., 2003). According to Flory’s model, AH  can be calculated using
Hildebrand’s regular solution theory (Rodriguez, et al., 2003).

2e = 46,6, 5,)° (64)

Where ¢, and &, refer to the volume fraction and solubility parameters of component

12 s called

i, respectively. The widely used unit for solubility paramefer, (cal/cm’)
Hildebrand. Other units are (J/cm™)" or (MPa)"?. One Hildebrand is equivalent to
2.046 (MPa)”2 ( Rodriguez, et al., 2003). It is obvious that to satisfy the condition of

(AGM )m <0, the solubility parameter of each component present in the polymer

solution must be as close as possible or it can be written mathematically as follows:
6,-6,=0 (3.5)

Solubility parameter measures the affinity between two components or more (Mulder,
1996). A smaller solubility parameter difference means that the polymer and solvent
are miscible or in other words they have a stronger affinity cach other. The affinity
between two components will increase if the difference between &, and &, are smaller
or vice versa (Mulder, 1996). The solubility parameter approach may be a useful tool
to describe the polymer solution behavior pertaining to membrane formation

mechanism,

3.1.3. Prediction of Solubility Parameter

Solubility parameter is associated to the cohesive energy-density (CED), which is a
measure of the strength of secondary bond (Rodriguez, et al., 2003). Secondary bond
of 2 molecule determines most of the physical properties such as boiling point or
melting point. While dissolving, melting, vaporizing, diffusion and deformation
mvolve the making and breaking of the secondary bond (Rodriguez, et al., 2003). The

solubility parameter is formulated as follows:
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V
S, =CED = AET (3.6)

where AE] is defined as the energy change upon isothermal vaporization of the

saturated liquid to the ideal gas state at infinite dilution and V; is the molar volume of
the liquid (Rodriguez, et al., 2003). Eq (3.6) can be used to predict the solubility
parameter of a pure solvent but it is not possible to calculate the solubility parameter
of solid polymer since vaporization does not occur in solid polymers. Therefore, the
solubility parameter of a polymer can be determined indirectly using a method called

group - contribution method. The calculation of solubility parameter, §,, using group

contribution method requires a molar attraction constant, F;, for each chemical group
in the polymer repeating unit. The calculation of solubility parameter using group-

contribution method is given as follow (Ebewele, 2000):

PO F,
S, :—‘11;— (3.7)

in which M, and p refer to the molecular weight and density of polymer,
respectively. There are numerous group-contribution methods proposed by several
scientists such as those given by Small, Hoy and Van Krevelen (Dijk and Wakker,
1997). Some molar attraction constant, ;, of chemical groups that are not available in
one method can be encountered in another method. For example, the value of molar
attraction constant for nitrate is mentioned in Small’s method but not in Hoy and Van

Krevelen’s method (Dijk and Wakker, 1997).

Even though numerous methods have been proposed to predict the interaction
between a polymer and a solvent, the prediction is less accurate if hydrogen bondings
exist in the molecule structure of polymer or solvent. Therefore, to improve prediction
of solubility parameter either for polymer or solvent, a three-dimensional solubility
parameter, as proposed by Hansen can be used. The overall solubility parameter is

expressed as follows (Hansen, 2000; Krevelen, 1990):

5 = \/cif +5,7+6, (3.8)
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where &,,65,,8, are the dispersive, polar and hydrogen-bonding solubility

parameters, respectively. The magnitude of §,, & o> 0, are known to exist for limited

numbers of solvent only. Theréfore, a prediction to predict these quantities is
noteworthy. Hoftyzer and Van Krevelen have developed an approach to calculate
those solubility parameters (Krevelen, 1990). They derived a few equations in order to
get the magnitude of each solubility parameters. Those equations are presented as

follow:

. JY F: .
5JWZF"‘, 5 = 2T, and 8, = 2By (3.9)

14 ! 14 4

The group contributions of Fg;, F,i and Ey; are well-documented by Van Kravelen and

Hoftyzer ( Krevelen, 1990).

The interaction among all components involved in casting solution is represented by
the solubility parameter difference. In Hansen solubility parameter, there are three
components that determine the overall solubility parameter. Therefore, solubility
parameter difference among all constituents in casting solution cannot simply be
calculated as shown in Eq (3.5). Each component of Hansen solubility parameter must
be taken into consideration. Hence, solubility parameter difference may be calculated

according to the following equation (Chun, et al., 2000) :

J Lp Js Js

A5 = ((8,~6,F H8,~6, F+6,-5,) (3.10)

Casting solution may be constituted from many components of solvents or non-
solvents. The effective of Hansen solubility parameter of this mixture may be

predicted according to the following equation (Barton, 1995):

s =3 f+(Dsig ) +(> 616 ) (3.11)

where 8’ is the solubility parameter and ¢i is volume fraction of i species.
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3.2. Membrane Morphology: Effect of Preparation Parameters

Some factors or parameters involved in the fabrication process could have a

significant effect on the morphology of membrane. Those factors such as choice of

polymer, choice of solvent/coagulant system, composition of coagulation bath and

composition of casting solution need to be highlighted in order to understand the

mechanism of membrane formation.

a)

b)

Choice of polymer

An amorphous polymer is more suitable for gas separation membrane than a
crystalline polymer because crystalline polymer is too rigid and brittle. The
crystalline polymer membrane could be broken if high pressure is applied. The
molecular weighf of a polymer is also important and generally a high molecular
weight polymer is preferred. Normally, a polymer having molecular weight from
30.000 to 40.000 is selected for membranc material (Baker, 2004). The
concentration of polymer in the solution is also important. High concentration of
polymer will produce a denser membrane and consequently reduces the porosity
and flux of the membrane (Baker, 2004). Some polymers such as polyimide (PI),
polysulfone (PS), polyethersulfone (PES) and cellulose acetate have been widely

researched as membrane forming materials for gas separation.
Choice of solvent/coagulant system

The casting solution of membrane system must be consisted of, at least, a polymer
and a solvent. In order to prepare membrane by dry/wet phase inversion process,
the casting solution must be immersed inside the coagulant. This means that the
selection of solvent and coagulant to produce the desired structure of membranes

becomes highly important.

Thermodynamically, the solvent of casting solution will be miscible with the
coagulant if it has Gibbs free energy of mixing lower than zero as stated in Eq

(3.1). This miscibility depends on the mutual affinity between the solvent and
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coagulant (Mulder, 1996). As mentioned earlier, solubility parameter approach

can be used to measure the affinity between two or more components involved.

Different structure of membrane may be formed as a result from distinguished
mutual affinity or miscibility between solvent and coagulant. It was reported that
cellulose acetate (CA) membrane prepared from various solvent/coagulant system
showed different morphology. When tetrahydrofuran (THF) was used as solvent
and water as coagulant, CA membrane produced would be less porous or even
becomes totally dense membrane. In contrast, when dimethylformamide (DMF) /
water were selected as solvent/coagulant pair, a more porous CA membrane was
obtained (Mulder, 1996). Low mutual affinity or miscibility between THF and
water leads to the formation of more porous CA membrane as a result from
delayed demixing of homogenous casting solution. On the other hand, high
mutual affinity or miscibility of DMF and water cause the casting solution to

demix instantaneously to form a more porous structure.
Composition of coagulation bath

Generally, the coagulation medium used in membrane fabrication must be able to
precipitate the casting solution rapidly. Water is the most common medium used.
Some organic chemical substances such as methanol and isopropanol have been
introduced to obtain a better performance of membrane. Unfortunately, organic-
based mediums always precipitate the casting solution more slowly than water and
usually result in denser, less anisotropic membrane with lower-flux performance

(Baker, 2004).

Coagulation medium may be consisted of solvents and non-solvents instead of
purely non-solvents. Basically, addition of solvents into the coagulation medium
will cause a change in the precipitation rate from instantaneous demixing to
delayed onset demixing. Membrane is formed according to instantaneous
demixing if immersed into coagulant consisting of non-solvent. Upon the addition
of solvent, the mechanism will shift to delayed demixing mechanism particularly
if the non-solvent has a strong affinity with non-solvent. Indeed, it is possible to

change the structure of membrane by varying the composition of coagulation bath.
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The maximum amount of solvent that can be added to the coagulation medium
depends on the location of binodal line. More solvent may be added to the
coagulation medium if the binodal line of the phase diagram is close to the
polymer axis. While only a small amount of solvent may be added to the

coagulation medium for binodal line more toward the polymer/non-solvent axis.

d) Composition of casting solution

Membrane structures may be tailored by adding a certain amount of non-solvent
into the casting solution. The addition of non-solvent into the casting solution will
change the initial position of casting solution. The addition of more non-solvent
will shift the position of initial casting solution close to the binodal line.
Consequently, instantaneous demixing will probably be responsible for the
membrane structure formation. On the other hand, casting solution that oniy
consists of polymer and solvent will form membrane via delayed demixing

mechanism in which less porous structure is produced.

The maximum amount of non-solvent that may be added into casting solution
depend on the binodal line. The only thing that must be noted is no demixing may
occur when non-solvent is added into the casting solution. It must be in one-phase
region initially before moving toward to the binodal line. However, the solution

usually may contain 5 to 20 wt.% of non-solvent (Baker, 2004).

3.3. Membrane Polymer for Gas Separation

3.3.1. Polymer Properties

Polymers are high molecular weight components built up from a number of basic unit
(Mulder, 1996). Polymer can be either in amorphous, crystalline or between
amorphous and crystalline state. The state of polymer is necessary because it will
affect the performance of membrane. Dense and regular formation of molecule are
typical properties of crystalline polymer. On the contrary, amorphous polymer is

composed of less dense and less regular formation. High dense formation of



35

crystalline polymer will obstruct gas diffusion through the membrane and hence
reduces the permeability (Pixton and Paul, 1994). On the contrary, polymers with less
dense molecule formation will enhance the permeability of gas through membrane. As
a result, most polymers used as gas separation membranes are not crystalline (Pixton

and Paul, 1994).

In addition to crystallinity, membrane performance for gas separation is strongly
affected by glass transition temperature (T,) and chain flexibility of polymer. Chain
flexibility represents the ability of polymer chain to rotate or move along its
backbone. This chain flexibility depends on the main chain and side group. Polymers
having main chain of saturated bond (- C — C -) will give highér flexibility than
polymers with unsaturated bond main chain (- C = C -). This unsaturated bond makes
the main chain stiffer and harder to rotate. The presence of side group also influences
the chain flexibility. Large side group such as aromatic and heterocyclic will hinder

the rotation of main chain but small side group will not (Mulder, 1996).

Glass transition temperature (T,) is an important parameter that could affect the
performance of gas separation (Mulder, 1996). This temperature defines the transition
temperature from glassy to rubbery state ( Mulder, 1996). Rubbery state of a polymer
occurs polymers temperature above T, and glassy state of polymers is when the
temperature is below T,. Rubbery polymers behave like viscous fluid whereas glassy
polymers exhibit rigid and tough polymer. Rubbery polymer allows the segment of
the polymer backbone to rotate freely, which makes the polymer soft and elastic. High
frequency of rotation of the polymer backbone leads to high diffusivity of gas
molecule. In contrast, glassy polymer prohibits the rotation of polymer backbone due
to the presence of steric hindrance. In glassy polymer, thermal motion of polymer is
impeded, so the diffusivity of gas is low. However, as the temperature increases,
thermal motion is applied until it becomes sufficient to overcome the steric hindrance
and consequently enhancing the diffusivity of gas. Generally, rubbery membrane
polymers show a high permeability but low selectivity whereas glassy polymers
exhibit a low permeability but high selectivity (Shekhawat et al., 2003).
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3.3.2. Transport Phenomena

(Gas transport through membrane has been investigated for 40 years (Ismail, et al.,
2002) and several methods have been introduced to explain the transport phenomena
through membrane. Solution-diffusion has been widely accepted to describe the
mechanism of separation through non-porous dense membranes. While transport
phenomena on porous membranes can be described by several different mechanisms
such as molecular diffusion, Knudsen diffusion and surface diffusion mechanism

(Ismail and David, 2001).

3.3.3. Gas transport through non-porous membrane

The solution-diffusion mechanism is widely used to describe transport phenomena
through dense membrane. This mechanism consists of three steps:
a) Sorption is the ability of a gas molecule to be dissolved into the membrane
interface
b) Diffusion is the ability of gas to penetrate throughout the membrane
¢) De-sorption is the ability of the penetrant gas to be released at the opposite

interface of the membrane.

Solution - diffusion mechanism can be represented in the following figure:

Feed

Product

. Membrane

Figure 3.5 Solution-diffusion mechanism.
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Based on solution-diffusion mechanism, the quantitative measure of mass transported
through membrane, which is known as permeability (P), is a result from sorption and
diffusion of gas molecule. Sorption (S} is a thermodynamic factor and measures the
amount of gas absorbed into the membrane while diffusion (D) is a kinetic
factor,which indicates how fast a gas could diffuse from one side of the membrane to
the other. The relationship between permeability, solubility and diffusivity can be

described as follows

P=D.S (3.12)

This relationship can only be applied if D and S are constant throughout the

experiment. The permeability of membrane is commonly expressed in unit of Barrer.

em* (STP)cm

1 Barrer =107 >
cm” sec cmliy

Particularly for asymmetric membranes, it is more convenient to use the terminology
“permeance” rather than permeability. Permeance, (P/1), or also known as pressure
normalized flux, is defined permeability, P;, per effective thickness of asymmetric

membranes, /. Permeance of membrane is expressed in unit of GPU.

cm’ (STP)
cm” sec cmlHg

1 GPU=10®

In addition, flux of gas component i, J/;, can also be determined according to the gas

permeability of component 7 ,P; ,. The flux relationship can be defined to include the

permeability as follows:

J, =_3@_2;£12 (3.13)

This relationship shows that the flux of component i, J,, is proportional to the

[

difference in applied pressure and inversely proportional to the membrane thickness.

Membrane performance is also examined based on its ability to discriminate one

component from other components, which is called ideal selectivity. Ideal selectivity



58

of membrane is the ratio between permeability of component A over component B

and 1s formulated as follows:

@

P (P,
Aoy = =50
P, (P,

(3.14)
Ideal selectivity is a convenient measure for assessing the ability of a membrane to
separate one component from others. High selectivity and high permeability are the

two main parameters in evaluating the performance of a membrane

3.3.4. Gas transport through porous membrane

Various transport mechanism such as molecular diffusion, Knudsen diffusion and
surface diffusion can occur through porous membranes depending on their
morphology. In porous membrane, each of these three mechanisms may contribute to
the total transport mechanism of the permeating gas. Brief insight pertaining to the

gas transport through porous membrane is provide below
a) Molecular diffusion

Molecular diffusion mechanism often occurs in larger pore size, r > 10pm (Mulder,
1996). In this mechanism, the gas molecules collides each other due to smaller mean
free path of the gas molecules as compared to pore size of membrane. If a pressure
gradient is applied in such pore regimes bulk (laminar) flow oceurs. Such transport is

often referred to as Poiseuille flow or viscous flow (Javaid, 2005).
b) Knudsen diffusion

Knudsen diffusion mechanism is predominant on gas transport phenomena when the
mean free path of the gas molecules is greater than the pore size of the membrane. In
this situation, the collision between gas molecules are less frequent than the collisions
between gas molecules and pore wall. Separation between the molecules is inversely

proportional to the ratio of the square root of the molecular weights (Mulder, 1996).
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This mechanism is often predominant in macroporous and mesoporous membranes

(Javaid, 2005)

c) Surface diffusion

This mechanism occurs when the pore size of membrane is so small that the gas
molecules can not pass freely through the pore of membrane. In this mechanism, the
permeating gas molecules exhibit a strong affinity for the membrane surface and
adsorb along the pore walls. Surface diffusion mechanism often occurs in parallel
with other transport mechanisms such as Knudsen diffusion and separation occurs due
to differences in the amount of adsorption of the permeating species and (Javaid,

2005)
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CHAPTER 4

MATERIALS AND METHODS

4.1. Polymer

Polycarbonate was used as the material for membrane fabrication in this study.
Outstanding properties, ease of manufacturing, commercially availability as well as
low cost material are some of the reasons for choosing polycarbonate. For scientific
considerations, the presence of aromatic ring and high glass transition temperature of
polycarbonate offer necessary rigidity for good thermal resistance and mechanical

behavior,

Polycarbonate was purchased from LG-DOW Polycarbonate Ltd. Prior to each
membrane fabrication, the polycarbonate was dried for 24 hours to remove moistures.

Properties of polycarbonate are summarized in Appendix A, Table A.1.

4.2. Chemicals

A few chemicals have been used as solvents and non-solvents in membrane
fabrication. Dichloromethane (DCM) and chloroform were used as solvents for
polycarbonate while ethanol (EtOH), propanol (PrOH) and butanol (BuOH) were
used as non-solvents, 1,1,2-trichloroethane (TEC) was added to the polymer solution
as less volatile solvent to control the evaporation rate of the casting solution.
Methanol (MeOH) was used as coagulation medium to precipitate the homogenous
casting film. Tap water was also added into the methanol-based coagulation medium
to study the effect of coagulation mixture between methanol and water on the
morphologies of membrane. Properties of all chemicals involved in this work are

tabulated in Appendix A, Table A.2.

4.3. Asymmetric Polycarbonate Membrane Fabrication

The steps involved in the fabrication of asymmetric polycarbonate membrane

fabrication are summarized in the following flow diagram;
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Figure 4.1 Flow diagram of asymmetric polycarbonate membrane fabrication.

Polycarbonate resin was first dried in an oven at 80°C for 24 hours to remove
moisture. The dried polycarbonate resin was dissolved into solvents and was stirred
until alt portion of the polymer dissolved completely. This polycarbonate mixture is
referred to as casting solution. A certain amount of non-solvent was then added to the
casting solution and the casting solution was continuously stirred for 4 hours to obtain

a homogenous solution in an air-tight bottle.

Following that, the casting solution was then degassed to remove any dissolved gas
due to the stirring process. This step was also carried out for 4 hours. Observation on
the presence of bubble inside the casting solution was done visually. After degassing,
membrane film was formed by casting the solution onto a glass plate. Casting knife
was set up to 250 ym membrane thickness. Then, forced convection evaporation using
nitrogen was applied on the surface of the membrane film for a certain period of time
before immersing the membrane film into a coagulation bath. Nitrogen was released
using a V4 inch diameter tube by simply moving it back and forth above the membrane
surface layer. The immersion of membrane film into coagnlation bath was carried out
at room temperature until it was detached completely from the glass plate. In this
work, methanol (MeOH) was used as the coagulation medium to induce the
precipitation of membrane film. Finally, the membranes were dried in an oven at 35°C
for 12 hours, Silica gel was also placed inside the oven to make sure that the drying

process was conducted in a moisture-free condition.
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In this study, the asymmetric PC membrane was fabricated under four varying

experimental conditions such as:

a) varying the solvent — non-solvent pair
b) varying the concentration of non-solvent in the casting solution
c¢) varying the evaporation time of the casting film

d) adding water at various amount into methanol coagulation bath

The membrane fabricated at each experimental conditions above was then
characterized by performing SEM studies. Dynamic mechanical analysis to determine
change in T, of membrane was carried out for the membranes fabricated at various

solvent — non-solvent pair.

Gas permeation studies were carried out to determine the ability of the membrane for
CO,/CHy, separation. The effect of non-solvent concentration, variation of evaporation
time and effect of water content in the coagulation bath were only mvestigated for the

solvent — BuOH casting solution.

4.3.1. Effect of Various Solvent — Non-solvent Pair

In the first set of experimental conditions, the asymmetric PC membranes were
prepared by dissolving polycarbonate into solvent mixtures containing a more volatile
solvent, a less volatile solvent and a non-solvent. Dichloromethane (DCM) and
chloroform were chosen as more volatile solvents for polycarbonate as these
chemicals are relatively volatile and have a good miscibility with polycarbonate.
Ethanol (EtOH), propanol (PrOH) and butanol (BuOH) were selected as non-solvents
considering that these chemicals are soluble with the solvents used in this research as
well as their higher boiling point. 1,1,2 trichloroethane (TEC) was also chosen as the
less volatile solvent and was added to the casting solution in order to delay the
evaporation of sclvents. Table 4.1 shows the compositions of the casting solutions

used in this work.
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Table 4.1 Variation of solvents and non-solvents on membrane fabrication.

Material Composition (wt.%)
Polycarbonate 12.5
More volatile solvents :
- Dichloromethane ( DCM) ' 59.8
- Chloroform

Less volatile solvent :

: : 227
- 1,1,2 Tricholorethane (TEC)
Non-solvents ;
- Ethanol (EtOH) 5
- Propanol (PrOH)
- Butanol (BuOH})

The basis of casting solution composition as mentioned above was based on previous
work from Pinnau et al,, (1990). However, PC casting solution composition from
Pinmmau’s work can not be applied due to inhomogeneous casting solution obtained
during experiment. Therefore, in this work, casting solution composition adjustment
was carried out by reducing the concentration of non-solvents in order to obtain a

homogenous casting solution.

4.3.2. Effect of Non-solvent Concentration in Casting Solution

The concentration of each constituent in the casting solution plays important role in
determining the final structure of the membrane formed (Mulder, 1996). Therefore, in
this research, the concentration of non-solvent of the casting solution was varied.
Table 4.2 shows the various compositions of non-solvents used in this research. The
concentration of non-solvents cannot exceed more than 10 wt.% as the casting

solution would become cloudy, which indicates that it phase separated.

Table 4.2 Variation of non-solvent concentration in the casting solution.

Polycarbonate | Dichloromethane | 1,1,2 TEC | Butanol

12.5 63.5 24 0

c " 12.5 61.63 23.37 2.5
omposition

(wt.%) 12.5 59.8 227 5

12.5 58 22 7.5

12.5 56.18 21.32 10
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4.3.3. Effect of Evaporation Time of Casting Film

The effect of evaporation time was studied by the varying evaporation duration of
casting film before immersing it into a coagulation bath. Table 4.3 shows various
evaporation times applied in this work. Duration of evaporation of casting film to
produce asymmetric membrane is commonly in the order of seconds (Pesek and
Koros, 1993; Ismail and Lai, 2003). Therefore, in this work, evaporation time of

casting film was carried out from 0 to 60 seconds.

Table 4.3 Variation of evaporation time on membrane fabrication.

Casting solution composition (wt.%) Evaporation Time
Polycarbonate | Dichloromethane | 1,1,2 TEC | Butanol (s)
0
20
12.5 56.18 21.31 10
3 40
60

4.3.4. Effect of Water Content in the Coagulation Bath

Fabrication of polycarbonate membrane requires methanol as coagulation medium.
However, due to its toxicity, methanol is not suitable for commercial purpose as huge
amount of methanol are consumed for polycarbonate membrane fabrication.
Therefore, in this research, water was added to the methanol-based coagulation to
study the possibility of water-methanol mixture in fabrication of polycarbonate
membrane. The effect on the membrane structure was also investigated. Table 4.4
shows the composition variation the water-methanol mixtures used in this research.
The maximum amount of water that could be added into the methanol bath was 30

vol.% of the total volume of coagulation bath.
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Table 4.4 Variation of water-methanol composition and the selected casting solution

compostiion for asymmetric PC membrane fabrication.

Casting solution composition (wt.%) Coagulation bath

PC | DCM | 1,12 TEC | BuOH Water-methanol mixtures
(vol. /vol.)

0/100
10/90
20/80
30/70

12.5 | 56.18 21.31 10

4.4. Coagulation Value Determination

Determination of coagulation value was carried out by rapid titration of casting
solution with MeOH. Coagulation value was determined by preparing a polymer
solution with the ratio of 1 g PC and 49 g mixtures between solvents and non-
solvents. The polymer solution was placed in an air-tight bottle and then was stirred
using magneiic stirrer until polycarbonate (PC) resin totally dissolved. This
homogenous solution was then titrated using pure methanol (MeOH) by adding it
slowly through a burette under agitation until the initially clear solution became
cloudy visually. Figure 4.2 and Figure 4.3 show the titration configuration used for
coagulation value determination and cloudy solution at the end of the titration,
respectively. The quantity in grams of methanol required to make the polymer

solution became cloudy was then stated as the coagulation value.

Figure 4.2 Titration configuration Figure 4.3 The turbid solution at the

for CV determination. of the titration.
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4.,5. Membrane Characterization

4.5.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to characterize the structure of surface and
sub-layer of membrane. Images obtained from SEM shows detailed 3-dimensional at
much higher magnifications than is possible with a light microscope. Magnification of
images is created by electrons instead of light waves as in conventional light

microscope, which uses a series of glass lenses to bend the light waves.

Membrane structure was determined by LEO SUPRA 50 VP FESEM. In this work,
PC cannot be fractured under liquid nitrogen as compared to other polymers such as
PES and PL. Surface and cross-section of the PC membranes were chosen randomly
and then was cut carefully using a sharpened razor blade. Samples were then coated
with gold using a sputter coater. After coating, membrane samples were observed
using SEM with magnification range from 300 to 1500 X. Figure 4.4 shows the SEM

used in this research.

Figure 4.4 SEM for membrane structures observation.

4.5.2. Dynamic Mechanical Analysis

Dynamic mechanical analysis is a measuring technique to observe the response of a

material when an oscillating force is applied. The properties of membrane obtained by
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DMA were represented by storage modulus, E’, loss modulus, E”, and tan delta, tan
d,. The storage modulus, E’, measures the ability of membrane to store the energy and
to recover to its initial position or system elastically, whereas loss modulus, E”,
represents the viscous behavior of a material to dissipate or to loose the energy. Tan
delta, tan &, can also be used to represent properties of membrane and it is calculated

from ratio between E” over E’. So

™"

' E
tan d=— 4.1
no=—0 (4.1)

Dynamic mechanical analysis (DMA) can be used determine glass transition
temperature (T,) of membrane polymer. The peak of loss modulus, E”, corresponds to
the mitial drop of storage modulus, E’, and conventionally used to identify the glass
transition temperature (Ty) of sample. A typical DMA curve is shown in the following

figure.
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Figure 4.5 Typical DMA curve (Sepe,1998).

The dynamic mechanical experiments were carried out in the tensile mode. The

machine was a Mettler Toledo DMTA 861 supplied by Mettler Toledo TInc. It was
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connected to a Pentium computer running a DMA software. Polycarbonate samples
were cut into a rectangular shapes with the dimension of 10x5 mm. The specimens

were tested at 1 Hz with a heating rate of 2°C/minute from 25°C to 200°C.

Figure 4.6 DMA apparatus used in this work.

4.5.3. Porosity Calculation

Membrane porosity or void fraction, €, was calculated from the thickness, /, area of
the membrane, A, and the weight of samples, m. Thickness was determined directly
from scanning electron microscopy (SEM) and multiple-point measurements from
digital micrometer (Jansen et al., 2005) As a result, the overall porosity can be

calculated as follows (Jansen et al., 2005; Chun et al., 2000)

p

vold

_ld—(m/p)
- 14

o (4.2)

E =

toi

in which V.4 and Vi are the void volume and the total volume of membrane.
Polymer density is denoted with p. Polycarbonate has density of 1.2 giem® as
presented in Appendix A, Table A.1.
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4.6. Gas Permeation Studies

Gas permeation measurements were performed using pure CO, and pure CH, in
Membrane Research Unit (MRU) laboratory, Universiti Teknologi Malaysia (UTM),
Skudai, Johor. The permeation experiment always begin with nitrogen and ended with
carbon dioxide. Feed side pressure was varied from 1 bar to 5 bar. The equipment
set-up as illustrated in Figure 4.7 was used to carry out the gas permeation
measurement. The set-up consists of a feed gas tank, a pressure gauge of inlet gas, a
dead-end membrane cell and a bubble soap flow meter. Membranes were located in
the dead end membrane cell or module. This type of module allows the feed gas to

flow into the membrane perpendicularly to the membrane position.

Before performing the experiment, the gas permeation test unit was evacuated to less
than 0.1 bar by vacuum pump for 1 hour to remove all residual gases remaining in the
equipment. The feed gas was supplied directly from the gas tank, which is equipped
with a pressure regulator. The feed gas pressure was set up within range of test
pressure and the permeate stream was assumed to be at atmospheric pressure. In this
permeation experiment, time (t) required to reach certain volume of gas in the
permeate stream was observed and recorded. In addition, the volume of gas (V) in
permeate stream was also measured using a bubble soap flow meter. The permeation

of each gas through a membrane was measured twice at steady state condition.

Based on the volumetric measurements of the permeated gas, the volumetric flow

rate, (), was calculated as follows :

0= (@.3)

~ | =

This volumetric flow rate was then corrected to STP conditions (0°C and 1 atm) using

the following equation

Osrp = — x Q (4.4)
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in which T, and O, referred to temperature (K) and volumetric of permeate gas

. .. » P
(cm’/s) at STP condition. After conversion into STP condition, gas permeance,T,

was then calculated using the following formula

5:i (4.5)
I AxAp

where Ap and 4 were trans-membrane pressure and effective membrane area,
respectively. The CO,/CH,; ideal selectivity (unitless), &, ¢y, ,0f asymmetric
membrane can be determined by dividing CO, permeance, (P/ Decos» over CHy

permeance, (P/[).,, .

(P,

=2 4.6
Ao, rcn, (P/I)CH4 (4.6)
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Figure 4.7 Schematic diagram for membrane permeation studies.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1. Formation and Morphologies of Asymmetric PC Membrane

Asymmetric polycarbonate (PC) membrane formation and morphologies at various
preparation parameters are presented in this section. Skin layer region, formation of
macrovoid in the substructure and overall porosity of the membrane as result of the

different preparation parameters are also discussed.

5.1.1. Effect of Solvents — Non-solvents Pair

Solvent and non-solvent selection play an important role in controlling the membrane
morphologies and propertics. Figure 5.1 shows the SEM images of cross-section and
surface layer of asymmetric PC membrane prepared from various DCM - non-
solvents pair. Result from SEM images shows that asymmetric PC membranes were
successfully produced using DCM at different non-solvents used. All of these
fabricated membranes are composed of skin layer supported with closed-cell
substructure. However, various non-solvents used produced different membrane

morphologies in terms of porosity, macrovoid substructure and skin layer region.

A distinct skin layer region on the top side of the membranes can be observed
distinctly on DCM-PrOH and DCM-BuOH membranes. On the contrary, less distinct
skin layer region was obtained for DCM-EtOH membrane. The morphology of DCM-
EtOH membrane was also characterized by lower porosity and macrovoid-free
substructure while both DCM-PrOH and DCM-BuOH membranes have higher

porosity and more macrovoid substructure.
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Figure 5.1 SEM images of cross section and top layer of membrane at various DCM

—non-solvent pair a) PC/DCM/EtOH. b) PC/DCM/PrOH. ¢) PC/DCM/BuOH.

Similar results were also observed for asymmetric PC membrane prepared from

various chloroform - non-solvents pair. Figure 5.2 shows that asymmetric PC
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membranes that consist of skin layer region suppdrted by closed-cell substructure
were successfully produced by using chloroform paifed with various non-solvents.
Distinct skin layer region is primafily observed on chloroform-BuOI membrane. In
addition, asymmetric PC membrane prepared from chloroform-BuOH pair has higher
porosity and macrovoid substructure as compared to chloroform-EtOH and
chloroform-PrOIl membranes. A comparison of the porosity of asymmetric PC
membranes prepared using DCM and chloroform paired with various non-solvents

respectively, can be observed in Table 5.1.

Table 5.1 Membranes porosity prepared using various DCM and chloroform with

non-solvent pair.

Membrane Thickness Porosity,g, (%)
Solvents Non- Micrometer SEM
solvents Micrometer SEM
() (um)
EtOH 36.5 30.23 54.50 45.07
DCM PrOH 53.5 47.73 63.49 59.08
BuOH 98 91.05 63.99 61.24
- EtOH 59.8 51.83 56.12 49.35
Chloroform | PrOH 64.1 54.81 64.24 58.19
BuOH 66.7 51.65 67.91 58.57

Table 5.1 shows that DCM-based membranes have less porous substructure
(e = 54.5 — 64 %) at any non-solvents than that of the chloroform-based membranes
(e = 56.12 — 67.9 %) according to micrometer measurement. Other work reported that
porosity of PEEKWC membranes prepared from DCM and Chloroform are not much
different each other and within range of 30 - 50% according to micrometer
measurement (Jansen, 2005). However, the overall porosity from SEM measurement
shows the opposite trend between DCM and chloroform except for BtOH-based
membrane. It has been reported that SEM and micrometer measurement would not
deviate much each other (Jansen, 2005; Macchione et al., 2006). The discrepancy
between the results obtained by micrometer and SEM in this work could be due to the
problem in determining the exact thickness of membrane. The membrane thickness
measured using SEM was smaller than that of using micrometer because the overall
thickness of the membrane might be compressed when it was cut using razor blade

during SEM sample preparation.



74

Cross-section Surface side

9= 100KX ) Data 13 Nov 2006 tgm Signal A= SE+
EHT=15.00KV UNVERSITI TEKNOLDOI FETRONAS E—“‘_I Wh= 389mm UNWERSITI TEKNOLDGI PETRONAS

Chioroform-EtOH (a)

£ RHE sk el £
00K Date 213 Hov 2008 Magz 150KX i Tzta 110 Jen 2008
EHT = 16,00 k¥ i UNIVERSITI TEXNOLOGI PETRONAS EHT = 1500k CRIVERSIT) TEKNOLOG! PETAOHAS

Dela E Date :13 Jan 2008
UNIWVERSITI TEKHOLOGI PETRONAS LIMVERSTT| TEKNOLDG) PETRGNAS

TERRE 7

Chloroform -BuOH (c)

Figure 5.2 SEM Images of cross section and top layer of membrane

a) PC/Chloroform/EtOH. b) PC/Chloroform/PrOH. c¢) PC/Chloroform/BuOLL.
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Additionally, various non-solvents also produced different porosities. The non-solvent
in the order of increasing overall porosity of membranes are EtOH < PrOH < BuOH
for both DCM and chloroform-based membranes as seen in Table 5.1. All of these
results suggest that membrane porosity is affected both by solvents and non-solvents

used 1n this work.

In order to study the mechanism of asymmetric membrane fabrication prepared by
dry/wet phase inversion method, the effect of evaporation and immersion
precipitation step on the change of membrane structure must be considered.
Homogenous casting solution was evaporated before it was immersed into
coagulation bath. During evaporation of the casting solution, different evaporation
rate of solvent and non-solvent may have taken place due to different boiling points of -
solvents and non-solvent used in casting solution. As shown in Appendix A, Table
A2, EtOH (bp. 78°C) has lower boiling point compared to PrOH (bp. 82°C) and
BuOII (bp. 108°C ) while chloroform (bp. 61°C) has higher boiling point than DCM
(bp. 40°C).

Low boiling pomt of DCM and EtOH would cause rapid evaporation of the casting
solution (Jansen, 2005). Concurrent evaporation between DCM and EtOH during
force convection evaporation could result in more concentrated polymer on the top
surface layer of casting film (Jansen, 2005). Concentrated polymer region on the top
side of casting film would subsequently affect the exchange rate between solvent and
coagulant during immersion step. The polymer-concentrated outermost membrane
will hinder the exchange rate between solvent from underneath the casting film with
coagulant and consequently precipitation process of casting solution will be slowed
down (Strathmann and Kock, 1977; Strathmann 1975). Slow precipitation rate or slow
exchange rate between solvent and coagulant, known as delayed demixing
mechanism, would produce less porous structure as shown in SEM images, Figure 5.1
(a). This is because, in delayed demixing mechanism, polymer-rich phase of casting
film tend to agglomerate before it was solidified to form a membrane matrix

(Strathmann, 1975; Baker, 2004)
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In contrast, chloroform-BuOH membranes show more porous and more macrovoid
substructure. This could be due to the fact that both chloroform and BuOH cannot be
easily evaporated during evaporation step due to their higher boiling point. As a
result, the concentrated polymer region on the top side of casting solution film
becomes thinner than that of EtOH or PrOH-based membrane. Thus, the exchange or
diffusional rate of solvent énd coagulant was not much hindered as in EtOH-based
membrane, which allows the membrane structure to be formed through instantancous
demixing mechanism instead of delayed demixing. The formation of macrovoid and
distinct skin layer region indicated that instantancous demixing mechanism is
responsible in forming the more porous substructure of BuOH-based membrane

(Mulder, 1996; Strathmann and Kock, 1977).

In addition to the different rate of evaporation of casting solution, miscibility or
affinity among all the constituents involved during fabrication is also necessary to be
taken into account in determining the morphology of membrane. Affinity between
solvent and polycarbonate as well as solvent and coagulant can be expressed
quantitatively through solubility parameter difference. Various solvent — non-éolveiit
pair used in membrane making process would affect the solubility parameter of
casting solution. The solubility parameter for each component involved mn the
membrane making process in this work is presented in Appendix B, Table B.1. In
membrane making process through dry/wet phase inversion method, the polymer
must be dissolved into solvents that could consist of several chemicals. In this work, a
few chemicals were used as solvent mixtures for polycarbonate. Accordingly, the
solubility parameter of the solvent mixtures must be also taken into account in
expressing the interaction between solvent and polymer as well as solvent and
coagulant. Solubility parameter of solvent mixtures can be calculated using Eq (3.11).
The calculated solubility parameter of respective solvent mixtures, dmix, of DCM and

chloroform-baéed membrane is tabulated in Table 5.2.
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Table 5.2 Solubility parameter of solvent mixtures, methanol and polycarbonate

Component 84 (Mpa)'? o (Mpa)'™ | &, (Mpa)m‘ Omix (Mpa)”2
MC/1,1,2 TEC/EtOH 17.97 6.25 7.55 20.47
MC/1,1,2 TEC/PrOH 17.97 6.00 7.28 20.30
MC/1,1,2 TEC/BuOH 17.98 - 596 7.08 20.22

Chloroform/1,1,2 TEC/FtOH 17.70 4.23 7.36 19.63
Chloroform/1,1,2 TEC/PrOH 17.70 3.96 7.07 19.46
Chloroform/1,1,2 TEC/BuOH 17.70 3.92 6.86 19.38
Methanol 15.1 12.3 22.3 29.6
BPA-PC 17.95 3.16 6.87 19.50

From Table 5.2, it can be observed that solubility parameter of EtOF-based solvent

mixtures, Smiy, is larger than that of PrOH and BuOH. Consequently, each solvent

mixture has different interaction with polycarbonate and coagulant. The solubility

parameter difference between solvent mixtures and methano], Ad(s-meom, as well as

solvent mixtures and polycarbonate, A8 pc), are presented in Figure 5.3.
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Figure 5.3 Solubility parameter difference between solvent mixtures to methanol,

Ad(s-meon), and solvent mixtures to polycarbonate, Ad.pc)

As presented in Figure 5.3 each solvent and non-solvent mixture system has different

solubility parameter difference with methanol, Admcon), and polycarbonate, Ad¢.pcy.
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With regard to the non-solvent used, FtOH has higher total solubility parameter than
that of PrOH and BuOH. Thus, solubility parameter difference between EtOH-based
solvent mixtures with MeOH, A8¢meom, is smaller than the other systems. This
indicates that the solvent mixtures containing EtOH is more miscible to MeOH than
that of PrOH and BuOH-based solvent mixtures. The non-solvents in the order of
decreasing solubility parameter difference between casting solution to methanol are
BuOH > PrOH > EtOH. Furthermore, use of DCM as solvent also made the casting
solution more miscible due to smaller solubility parameter difference between DCM-
based casting solution mixtures and methanol, Admeom), as compared to chloroform-

based solvent mixtures.

Addition of various solvent and non-solvents could also affect the solubility
parameter difference between solvent mixtures and polycarbonate, Ab.pey, as
presented in Figure 5.3. The solvent mixture and polycarbonate become less miscible
when EtOH and DCM were added into the solvent system. This is because the
solubility parameter difference between DCM-EtOH solvent mixture and
polycarbonate, Ad.pcy, is higher than other solvent mixtures. The miscibility of
polycarbonate with solvent mixtures increased in the order of EtOH < PrOH < BuQH.
Figure 5.3 also shows that use of chloroform as main volatile solvent would make the
polycarbonate to dissolve much easier as their solubility parameter difference is very

small ( 0.79 — 1.2 ) than that of DCM-based membranes (2.85 — 3.20).

The mechanism of asymmetric membrane formation could also be affected by
solubility parameter difference of solvent mixtures with coagulant and polycarbonate,
respectively. Theoretically, the smaller solubility parameter difference of solvents
containing BuOH with polycarbonate , A(.pc), the more time is needed to remove
solvent from the polymer structure. Accordingly, delayed demixing will occur when
the casting solution is immersed into coagulation bath to produce less porous structure
for the membrane prepared from BuOH as non-solvent (Strathmann and Kock, 1977).
However, as shown in the SEM images, Figure 5.1 (¢) and Figure 5.2 (¢) and porosity
calculation, Table 5.1, BuOH-based membrane shows higher porosity even though it
has smaller AS¢.pc). This shows that mechanism of membrane formation can not just

be explained using solubility parameter difference of solvent mixtures and PC.
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The tendency fo form less porous structure could also be driven by the change of
solubility parameter difference between solvent mixtures and MeOH, Ad.meom).
Larger solubility parameter difference of solvent mixture containing BuOH with
MeOH should induce the formation of less porous structure due to delayed demixing
mechanism. On contrary, smaller solubility parameter difference of EtOH-based
solvent mixtures and MeOH should induce the formation of more porous structure of
membrane via instantaneous demixing mechanism. The effect of solvents on
membrane porosity was also investigated by comparing the porosity of the
membranes fabricated with DCM and chloroform as solvents. The casting solution
with DCM as solvent is expected to produce more porous substructure of membrane
due to smaller solubility parameter difference with methanol as compared to
chloroform-based membrane. In order to further verify the effect of various solvent
and non-solvents on the demixing rate of casting solution, the coagulation value and
solubility parameter difference of the solvent mixture-MeOH after the addition of
non-solvent are plotted as in Figure 5.4 and Figure 5.5 for both DCM and chloroform-

based membrane, respectively.
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Figure 5.4 Coagulation value and solubility parameter difference of solvent mixtures

and methanol as addition of various non-solvents for DCM-based membranes.
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Figure 5.5 Coagulation value and solubility parameter difference of solvent mixtures

and methanol as addition of various non-solvents on chloroform-based membranes.

According to Figure 5.4 and Figure 5.5, smaller solubility parameter difference of
solvent mixture and MeOH correlates to lower coagulation value. The addition of
BuOH into the solvent mixture for both DCM and chloroform increased the
coagulation value as well as solubility parameter difference of the solvent mixtures
with MeOH, In contrast, EtOH addition into casting solution would show the opposite
effect.

Coagulation value indicates the tolerance of a homogenous casting solution on the
addition of coagulant (Wang et al., 1995). It refers to the exchange rate between
solvent and coagulant during immersion step (Wang et al., 1995). Casting solution
that can be separated easily is referred as having lower coagulation value and this kind
of casting solution will undergo instantancous demixing to become unstable instantly.
Conversely, a more stable homogenous casting solution has higher coagulation value
in which delayed demixing mechanism will occur to induce the formation of

asymmetric membrane structure.

The casting solufion containing EtOH and DCM has smaller coagulation value.

Therefore, once it was immersed into coagulation bath, it should demixed
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instantaneously and subsequently, a more porous substructure should be obtained for
membranes prepared from EtOH and DCM. However, contradictive results were
observed in which less porous structure was resulted from EtOH-based membrane and
a more porous structure was observed on BuOH-based membrane as shown in SEM
images in Figure 5.1 and Figure 5.2, and porosity calculation in Table 5.1. This
phenomenon suggest that the effect of different rate of vaporization of solvent and
non-solvent during forced convective evaporation period is more dominant than
solvent-polymer and solvent-coagulant interaction in controlling the mechanism of
asymmetric PC membrane formation. Thus, instead of producing less porous structure
due to higher miscibility between polymer and solvent mixtures as well as stronger
interaction between solvent and coagulant, BuOH-based membrane shows more
porous structure with the presence of macrovoid due to less volatile properties of
BuOH that could minimize the formation of polymer-concentrated region on the top

side of casting film.

5.1.2. Effect of Non-solvent Concentration

The morphology of membrane is also affected by non-solvent concentration.
Membrane with desired morphology can be obtained by optimizing the non-solvent
concentration. In this work, BuOH was selected as the non-solvent since it has the
most effect on the membrane porosity in comparison to ethanol and propanol. BuOH
concentration was varied and the membrane morphology for each BuOH
concentration was observed using SEM. Figure 5.6 shows SEM images of various
morphologies of membranes as a result from different concentration of BuOH in the
casting solution. SEM results indicate that morphology of asymmetric PC membranes

changed significantly as BuOH concentration increased.
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Figure 5.6 SEM images of membrane cross section and surface at various BuQOH

concentrations. a) 0 wt.%-BuOH. b) 2.5 wt.%-BuOH. ¢) 5 wt.%-BuOH.
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Figure 5.6 SEM images of membrane cross section and surface at various BuOH

concentrations. d} 7.5 wt.%-BuOH. ¢) 10 wt.%-BuQOH.

The morphology of asymmetric PC membrane prepared without addition of BuOH as
non-solvent shows surface layer supported with closed-cell substructure as shown in
Figure 5.6 (a). Distinctive skin layer region and macrovoid formation are not obvious.
The addition of BuOH has induced the formation of macrovoids and a distinct skin
layer was formed as shown in Figure 5.6 (c), (d), and (e). It is also observed that
membrane porosity increases with increasing BuOH concentration. The overall

porosity for each membrane is presented in Table 5.3.



Table 5.3 Overall membrane porosity at various BuOH concentrations.

BuOH Merobrane Thickness Porosity,s (%)
concentration :

(Wt%) Mlc(f;l)eter (ng Micrometer | SEM
0 109 03.14 4425 34,76
2.5 143 130.6 52.76 49 81
5 98 91.05 63.99 61.24
7.5 104.7 104.2 68.17 68.03
10 163.2 164.5 77.53 77.71

&4

Table 5.3 showed that increasing BuOH concentration will increase the porosity of
PC membrane from 44.25 to 77.5 % (micrometer) and from 34.7 to 77.7 % (SEM).
Previous work also showed that increasing non-solvent (BuOH) concentration would
increase porosity of PEEKWC membranes porosity from 31 to 60 % (Jansen, 2005).
The calculated porosity results were supported by membrane morphology images
obtained from SEM in Figure 5.6. Both SEM and micrometer gauge show similar
trend in term of overall membrane porosity as shown in Table 5.3. The slight
differences in the porosity result between SEM and micrometer are due to inaccuracy

of SEM-based thickness reading as explained in section 5.1.1.

The mechanism of membrane formation from a homogenous casting solution is
largely governed by kinetic aspect (Strathmann and Kock, 1977; Mulder, 1996) and
the kinetic behavior of casting solution could be changed by adding non-solvent (Lai
et al,, 1993). Kinetic behavior of casting solution is correlated to the thermodynamic
of casting solution which can be represented by solubility parameter difference. As
shown in Table 5.4, casting solution without any addition of non-solvent has smaller
solubility parameter of solvent mixtures, 8, as compared to other systems. The
solubility parameter of solvent mixtures, Sy, increased with higher concentration of
BuOH casting solution. The increase in solubility parameter difference is attributed to
the increase in hydrogen-bonding of casting solution system upon the addition of
BuOH. Although dispersive and polar component of solubility parameter decrease

when more BuOH was added into casting solution, the solubility parameter of solvent

mixtures, S, increases due to significant increment of hydrogen-bonding,



Table 5.4 Solubility pafarrieter of solvent mixtures as a function of BuOH

concentration,
Components (Mg;)”z (M§2)1f2 (1\/1321)“2 (1\/?;5”2
0% wiBuOH | 1820 6.04 6.8 20.18
2.5 %-wiBuOH | 18.09 6.02 6.67 2019
5 %-witBuOLl | 17.97 6.01 7.04 20.22
7.5 %wiBuOH | 17.87 5.99 7.40 20.25
10 % wi BuOHL | 17.77 5.98 775 20.29
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The interaction between casting solution and coagulant during immersion

precipitation is suggested to be the determining step in the formation of membrane

structure (Strathmann et al.,1975). Thus, the solubility parameter difference between

the solvent mixtures and MeOH, Ad¢meom), and demixing rate of casting solution

would strongly influence the morphology of membrane. Figure 5.7 shows the

solubility parameter difference and coagulation value of casting solution at various

BuOH concentrations.
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Figure 5.7 Coagulation value and solubility parameter difference of casting solution

and MeQH at various BuOH concentration.
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Increasing BuOH concentration is correlated to the lower coagulation value and
smaller solubility parameter difference as shown in Figure 5.7. Consequently, casting
solution prepared from higher BuOH concentration would undergo instantaneous
demixing once it was immersed into coagulation bath. Phase separation of casting
solution through instantaneous demixing mechanism would produce more porous
with macrovoid substructure as observed on higher BuOH concentration-based
membrane in Figure 5.6 (¢). On the other hand, lower BuOH concentration of casting
solution has higher solubility parameter difference and coagulation value. Phase
separation of lower BuOH concentration-based casting solution was induced based on
delayed demixing instead of instantaneous demixing mechanism. Less porous
structures were resulted from delayed demixing mechanism (Mulder, 1996; Baker,
2004). Therefore, morphology of low BuOH concentration-based membrane is less

porous than that of lower BuOH concentration-based membrane.

5.1.3. Effect of Evaporation Time

In this section, effect of evaporation time on membrane morphology was studied.
SEM images of membranes fabricated at various evaporation times are presented in
Figure 5.8. There are 4 sets of SEM images in which every set consist of a cross-

section and a top surface membrane images.

The SEM results indicate that some alteration in morphology of asymmetric PC
membranes as a result of changes in the evaporation time of casting solution.
Asymmetric PC membrane prepared by immersing the casting solution immediately
into coagulation bath (0-second evaporation) produced thinner skin layer supported by
highly porous and macrovoid substructure. By increasing the evaporation time before
immersing into the coagulation bath, the morphology of membrane evolved from
more porous to less porous structure with less macrovoid formation. The same trends
were also reported by Ismail and Lai (2003). The macrovoid formation was
eliminated when casting solution was allowed to vaporize for 60 seconds as shown in
Figure 5.8 (d). The porosity of membrane prepared at various evaporation times is

shown in detail in Table 5.5.
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Figure 5.8 SEM images of cross-section and surface membrane at different

evaporation times. a) 0-s b) 20-s ¢) 40-s d) 60-s.

Table 5.5 Overall porosity of membranes prepared at various evaporation times.

Evaporation time | Membrane Thickness Porosity,e (%)
(s) Micrometer SEM Micrometer SEM
(um) (um)
0 311.60 341.2 78.15 80.05
20 163.2 164.5 77.53 77.71
40 101 99 75.72 75.23
60 108.6 102.3 68.50 66.55
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The formation of macrovoid on highly porous substructure and thinner skin layer of
the asymmetric membrane prepared without the evaporation step occurs as a result
from fast precipitation rate of casting solution when it was immersed into the
coagulation bath. At very fast precipitation, phase separation occurs initially at the
surface of the casting film which led to-high concentration gradient of the polymef.
Consequently, there is a net movement of the polymer in the direction perpendicular
to the surface leading to an increase in the polymer concentration in the surface layer
(Strathmann and Kock, 1977). Thus, skin was formed at the surface layer of
membrane as shown in Figure 5.8 (a). Skin layer region of asymmetric PC membrane
became more obvious while longer evaporation time was applied on casting solution
as shown in Figure 5.8 (b), (c) and (d). This could happen as longer evaporation time
would form more concentrated polymer region at the outermost layer of casting film

due to loss of highly volatile solvent.

The formation of skin layer could affect the formation mechanism of asymmetric PC
membrane substructure. Skin layer of membrane will act as barrier for solvent-
coagulant exchange during immersion precipitation period. At thicker skin layer,
solvent-coagulant exchange rate will be slowed down leading to slowed precipitation
rate. Slow precipitation rate resulted in less porous substructure of asymmetric: PC
membrane with reduced number and size of macrovoid. The formation of macrovoid
can even disappear at membrane prepared with 60 seconds evaporation as shown in
Figure 5.8 (d). This indicates that high barrier of skin layer would slow down the
precipitation rate of casting solution leading to the elimination of macrovoid

formation on the substructure of asymmetric PC membrane.



89

The formation of macrovoid is suppressed if delayed demixing mechanism takes
place in forming the membrane because growth of nuclei is not possible as the
concentrated polymer region has increased and solidified in the top layer when a
certain period of time has elapsed. The concentrated polymer will further hinder the

growth of nuclei and consequently macrovoid formation is prevented ( Mulder, 1994).

5.1.4. Effect of Water Content in Methanol Coagulation Bath

The bulk structure of membrane is basically formed where the exchange of solvent
takes place during immersion of casting film into coagulant. In this work, MeOH was
used as the coagulant to precipitate the homogenous PC casting solution. However,
MeOH is costly and a toxic material. A fresh MeOH bath is always desirable to
produce every new PC membrane which makes the production of PC membrane for
commercial purpose become unrealistic. Hence, it is necessary to determine a
substitute for MeOH, which has less impact to the environment and at the same time

reduces the cost of chemical use.

Water is widely known as cheap and easily obtained material. Therefore, the addition
of water into MeOH as coagulant will reduce the consumption of MeOH as well as
reduce the cost of fabrication. Experimental results show that the addition of water
into MeOH is limited to 30 vol.% only as phase separation of casting film would not
be accomplished and as a result very low integrity membrane would be formed. SEM
images of membranes produced at various water content in the MeQOH bath are

presented in Figure 5.9.

The SEM images show that the morphologies of asymmetric polycarbonate
membranes are affected by the water content in MeOH coagulation bath. Morphology
of PC membrane prepared using 100 vol.% MeOH shows a distinct skin layer
supported by high porosity and macrovoid substructure. At 10 vol.% water content,
some small pores were observed on the membrane surface layer. The membrane
became less porous and the macrovoid formation was not observed as shown by the

SEM images in Figure 5.9 (b).
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Figure 5.9 SEM images of cross-section and surface membrane at various water-

MeOH bath composition. a) 100 v%-MeOH. b) 10/90 — vol. H;O/vol. MeOH. ¢)

20/80 — vol. H;O/vol. MeOH. d). 30/70 - vol. H,O/vol. MeOH.

It is observed that the surface layer of the membrane was greatly affected by the

presence of water in which the pores were enlarged and become more visible when

the water content in the bath was increased. In addition to pores enlargement, more

porous were also formed on the surface. On contrary, increasing water content in the

coagulation bath also caused the membrane substructure to become less porous and

the macrovoid formation to disappear. In overall, membrane porosity and thickness

are presented in Table 5.6.

Table 5.6 Overall porosity and thickness of membrane prepared from various water-

MeOH composition.
Coagulation bath Membrane Thickness Porosity,e (%)
vol-H;Ofvol-Meorr | Micrometer | SEM Micrometer SEM
(um) (pm)
0/100 163.2 164.5 77.53 77.71
10/90 169.9 114.3 71.08 57.01
20/80 103.7 90.24 61.44 55.70
30/80 48.2 31.92 56.2 33.91

From Table 5.6, it can be observed that increasing the water content in the MeQH
bath would lead to less porous membrane. This tendency is shown by both SEM and
micrometer measurement. Overall porosity is mainly contributed from the pores on
membrane substructure. Even though membrane produced at higher water content
showed more pores on its surface, less porosity on its substructure lead to lower
overall porosity of membrane as presented in Table 5.6. This trend shows good

agreement with the experimental results reported by Lai et al.,(1994).

The changes in the porosity of membrane due to water addition into MeOH could be
explained through solubility parameter approach. The overall solubility parameter of
the coagulation bath was definitely altered once water was added. Water is a very
polar substance and has high hydrogen bonding. Increasing the water content would
result i increasing the hydrogen bonding component in the water — MeOH mixtures
which consequently, increased the solubility parameter of the mixtures. The solubility

parameter of water —- MeOH mixtures are presented in Table 5.7.



Table 5.7 Solubility parameter of water-MeOH mixtures in coagulation bath.
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Water/MeOH 84 8, B Ormix
(volivol) | (MPa)2 | (MP2)? | (MPa)? | (MPa)™

0/100 15.1 12.3 22.3 29.61
10/90 15.14 12.67 243 31.31
20/80 15.18 13.04 26.3 33.05
30/70 15.22 13.41 28.3 34.82
MeOH 15.1 12.3 223 29.61
water 15.5 16 423 47.81

In order to examine the effect of water content on the mechanism of membrane
formation, both interaction of coagulant with PC and coagulant with solvent mixtures
have to be taken into account. Theoretically, smaller solubility parameter difference
between solvent mixtures and coagulant, Ad.soven;, Would make the casting solution to
separate instantaneously to form more porous membrane. While larger solubility
parameter difference between solvent and coagulant, Ad¢ soiven, Would cause a delayed

demixing of the casting solution which lead to lower porosity of the membrane.

On contrary, smaller solubility parameter difference between PC and coagulant,A8q.pc,
would induce membrane formation through delayed demixing mechanism while
mstantaneous demixing of casting film would take place for larger solubility
parameter difference (Strathmann and Kock, 1977). The solubility parameter
difference of solvent-coagulant and polymel}coagulant were plotted at the various
waer-MeOIl composition as shown in Figureé 5.10. As can be observed in the graph,
both the solubility parameter difference of solvent-coagulant, A8. sivent, and polymer —

coagulant, Ad. pc, increases linearly with the water content.
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Figure 5.10 Solubility parameter difference of solvent-coagulant and polymer-

coagulant at various water/MeOH composition.

These observations suggest that there is a competition between the PC-coagulant
interaction and solvent mixtures-coagulant interaction in determining the final
structure of the membrane. The membrane morphology could be more porous through
instantaneous demixing or less porous through delayed demixing as the water
concentration in MeOH was increased. The morphology of the resultant membrane
will depends on the more dominant interaction between PC-coagulant interaction and
solvent mixtures-coagulant. However, by looking at the SEM and overall porosity
calculation, which show a decreasing porosity with increasing water content, it can be
described that the interaction between solvent mixtures-coagulant dominated the
mechanism of asymmetric PC membrane formation. This is because the mechanism
of membrane formation during immersion precipitation step is suggested to be
dependent on the nature of the solvent and precipitant medium and is associated with

the interaction of solvent and coagulant (Strathmann, 1975).

3.2. Glass Transition Temperature

The glass transiiion temperature, T,, of each membrane fabricated from various

solvent — non-solvent pair was measured using dynamic mechanical analysis (DMA).
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In order to determine Tg, the loss modulus of membrane as a function of temperature
was determined. The temperature at which the peak of loss modulus observed is then
recognized as glass transition temperature (Tg). The graphs of loss modulus of the
fabricated membranes preparcd from DCM and various non-solvents and chloroform

and various non-solvents are given in Figure 5.11 and Figure 5.12, respectively.
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Figure 5.11 Graph of loss modulus of various non-solvents for DCM-based

membrane.
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Figure 5.12 Graph of loss modulus of various non-solvents for chloroform-based

membrane,
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DMA graphs in Figure 5.11 and Figure 5.12 show that both DCM-F{OH and
Chioroform-EtOH membranes have the highest Ty as compared to other solvent —
non-solvent systems used in this study. A slight depression in the glass transition
temperature 1s observed for both DCM — non-solvent and chloroform — non-solvent
systems. Irregardless of the type of solvent used, the same non-solvent reduces the Ty
by about the same magnitude. For DCM-EtOH and chloroform-EtOH, the T, values
are approximately 133°C, DCM-PrOH and chloroform-PrOH, T, values are
approximately 131°C and 132°C, respectively and finally DCM-BuOH and
chloroform-BuOH membrane, T, values are 130°C and 132°C, respectively. These T,
values are not considered as significantly different. Thus it can be concluded that non-
solvent does not have much effect on Ty According to Li et al., (1996), T, is not
much affected by the presence of non-solvent probably due to limited amount of non-

solvent content in the casting solution.

The reduction in the glass transition temperature is then mainly affected by the
solvents. As presented in Figure 5.11 or Figure 5.12, T, of pure polycarbonate
observed by DMA is 144.1°C which is about 14°C higher than T, of all fabricated
membranes. The presence of solvent in the membrane films could be accountable for
the reduced T,. This phenomenon is attributed to polymer plasticization in which the
solvent molecules reduced the interchain interactions and made the chain movements
and diffusion of small molecule easier (Joly et al., 1999). Both DCM and chloroform
reduced Tg of membranes to about the same temperature. This suggests that
interaction between DCM and chloroform on polymer matrix occur at the same

exient.

5.3. CO,/CH, Separation Characteristic

All membranes prepared at the various experimental conditions were subjected to the
same operating conditions to determine their gas separation characteristic. The feed
pressure was varied within 1 bar — 5 bar while temperature is assumed constant at

27°C during experiment.
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In this work, to obtain reliable result, two membranes which were prepared under
same preparation condition were tested twice in a single gas permeation set-up.
Experimental results showed that asymmetric PC membranes prepared from various
preparation parameters were reproducible in which relative standard deviation of CO,
and CH4 permeance as well as CO,/CH, ideal selectivity is relatively small ( less than

6 %) as tabulated in Appendix E.

5.3.1.1. Effect of DCM — Non-solvents Pair

The gas separation characteristic is determined by plotting the permeance of CO,,
CH, and CO,/CH, ideal selectivity of each membrane with respect to feed pressure.
The permeance of CO; and CH; of various DCM — non-solvent membrane are

presented in Figure 5.13 and 5.14, respectively.
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Figure 5.13 CO; permeance of membranes prepared from various DCM — non-

solvent pair at various feed pressures.
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Figure 5.14 CHy permeance of membranes prepared from various DCM —nonsolvents

pair at various feed pressure

According to Figure 5.13 and 5.14, CO, and CH, permeances increase in the order of
DCM-PrOH <DCM-BuOH < DCM-EtOH solvent system. The significant differences
of gas permeances among membranes prepared from various solvent - non-solvent
pairs could be explained by referring to their morphologies as shown by SEM images,
Figure 5.1. Except for DCM-EtOH membranes, the porosity of substructure played an
important role in determining the performance of membrane especially in terms of gas
permeance. CO; and CHy permeances of DCM-BuOH membrane were higher than
that of DCM-PrOH membrane. This is because DCM-BuOH membranes have more
porous substructure with the presence of macrovoid as compared to DCM-PrOH
membrane. High porosity substructure makes the membrane become less restricted,
thus allowing for the sorbed gas to diffuse more easily across the bulk structure of the
membrane. While, denser and less porous substructure causes more hindrance for the
sorbed gas to diffuse over the entire structure of membrane thus producing lower CO,
permeance. In the case of DCM-EtOH membranes, the high CO, and CH, permeances
were probably due to the formation of pores on the skin layer of the membranes that

lead to significant loss in CO»/CH, ideal selectivity as shown in Figure 5.15.
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Figure 5.15 CO,/CH, ideal selectivity of membranes prepared from various DCM —

non-solvent pair at various feed pressures.

Low selectivity of DCM-EtOH indicated that both CQ, and CH; can pass through the
membrane easily. Consequently, CO, and CH, permeances of DCM-EtOH membrane
would be higher as compared to highly selective DCM-BuOH and DCM-PrOH
membranes. High selectivity of DCM-BuOH and DCM-PrOH membranes indicate
that the skin layer of these membranes were homogenously dense and free of defect or
pinholes. As shown in SEM images, Figure 5.1 (b) and (c), no defect or pinholes were
observed on the surface layer of either DCM-BuOH or DCM-PrOH membranes. In
these two membranes, transport mechanism was affected by solution-diffusion
mechanism in which polar gas of CO, was absorbed more than CH,. The sorbed CO,
would then diffuse through the bulk structire of the membrane to the permeate side.
Therefore, CO; permeance of asymmetric DCM-PrOH and DCM-BuOH membranes

was always higher compared to CH, permeance.

CO; permeance of DCM-PrOH and DCM-BuOH membranes was also found to
decrease as feed pressure increase, Figure 5.13. This is typical behavior of CQO,
transport mechanism through dense membrane due to solution diffusion mechanism
as reported by the previous researchers (Koros et al., 1977; Sanders, 1988; Ismail and
Lorna, 2002). CH; permeance of DCM-PrOH and DCM-BuOH membranes slightly
increase as feed pressure increase due to increasing of diffusion coefficient of CI,

(Lin and Chung, 2001). For DCM-EtOH membrane, as some pores are formed on



99

skin layer of membrane resulting in low selectivity, mcreasing feed pressure would
increase CO, and CH,; permeance indicating that surface diffusion effect
predominates the CO; and CH, transport mechanism as reported by the Mukhtar and
Han (2004)

CO,/CH, ideal selectivity of DCM PrOH was higher than that of DCM-BuOH
membrane. This is because CH, permeance of DCM-BuOH membrane was slightly
higher than that of DCM-PrOH membrane and contributed to the decreasing
selectivity. CO,/CH, ideal selectivity of DCM-PrOH and DCM-BuOH membranes
decrease as feed pressure increase. The same trend of CO,/CH, ideal selectivity

against feed pressure was also reported by Jordan and Koros (1990).

5.3.1.2. Chloroform — Non-solvent Pair

In this work, chloroform was used to replace dichloromethane (DCM) as solvent in
order to study the effect of solvent on gas separation properties. The same operating
conditions as for DCM-based membranes were applied to determine the gas
separation characteristic of each chloroform-based membranes. It can be seen in
Figure 5.16 and Figure 5.17, CO, and CH, permeances of the membranes prepared
from various chloroform — non-solvent pair show similar characteristics to those

shown by DCM-based membranes.

—4— Chlore form-EtQH
—8— Chloro form-PrOH
—&— Chloroform-BuOH

CO; permeance

0 1 2 3 4 5 6
L Feed Pressure (bar)

_
Figure 5.16 CO; permeance of membranes prepared from various chloroform — non-

solvent pairs at various feed pressures.
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Figure 5.17 CH, permeance of membranes prepared from various chloroform — non-

solvent pairs at various feed pressures.

Chloroform-EtOH membrane showed higher CO, and CH, pérmeances compared to
other chloroform - non-solvent pair system. High CO; and CH, permeances of this
membrane is probably due to the formation of pores on the skin layer of membrane,
Consequently, this membrane also exhibited alimost no separation between CO, and
CH, as presented in Figure 5.18. Figure 5.18 also shows that high selectivity of
CO,/CHy, is observed for chloroform-BuOH and chloroform-PrOH membranes. This
result indicates that there are no pores formed on the skin layer of chloroform-BuQH
and chloroform-PrOH membranes. Therefore, high CO; permeance of chloroform-
BuOH membrane compared to chloroform-PrOH membrane is due to higher porosity
of chloroform — BuOH membrane as shown in SEM tmages, Figure 5.2 (¢) and
porosity calculation, Table 5.1. Less CF permeance was also observed for
chloroform-PrOH membrane as a result from less porous substructure which led to

higher CO,/CH, ideal selectivity than chloroform-BuOH membrane.
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Figure 5,18 CO,/CH, ideal selectivity of membranes prepared from various

Chloroform — non-solvent pair at various feed pressures.

CO; and CH4 permeance as well as COy/CHy ideal selectivity of chloroform-PrOH
and chloroform-BuOH membranes showed the same trend as DCM-PrOH and DCM-
BuOIHl membranes at various feed pressure. However, CO,/CH, ideal selectivity of
chloroform-PrOH membrane increased from 1 to 2 bar due to lower CH, permeance
at 2 bar. In case of chloroform-EtOIl membrane, increasing feed pressure from 1 to 3
bar would slightly increase the CH, permeance and then it significantly rise at feed
pressure of 4 and 5 bar. These phenomena probably due to expanded pore size on the
skin layer of chloroform-EtOH membrane at higher pressure (4 and 5 bar). On
contrary, chloroform-EtOH membrane showed decreasing CO; permeance as feed
pressure increase. This probably due to compaction of chloroform-EtOH membrane

as CO; pressure increases.

5.3.2. Effect of Non-solvent Concentration

Increasing BuOH concentration in the casting solution would vary the morphology of
membrane as discussed in section 5.1.2. Consequently, the change in membrane
morphology would affect the CO,/CH, separation characteristic of the membrane.
The effect of BuOH concentration on membrane performance was presented in term

of CO,;, CH,; permeances and CO,/CH4 ideal selectivity. The CO, and CH,
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permeances of membranes with various morphologies which resulted from varying

the concentration of BuOH are shown in Figure 5.19 and Figure 5.20, respectively.
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Figure 5.19 CO, permeance of membranes prepared from various BuQH

concentration at various feed pressure,
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Figure 520 CH, permeance of membranes prepared from various BuOH

concentrations at various feed pressure.

The asymmetric membrane prepared from 10 wt.% BuOII shows higher CO, and CH,4
permeances as shown in Figure 5.19 and Figure 5.20. Decreasing the BuOH

concentration in the casting solution produced membrane with lower CO; and CH4
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permeances. From Figure 5.19 and Figure 5.20, it can be observed that CO, and CHy
permeances of membranes fabricated from 0 wt.% and 5 wt% of BuOH were almost
the same. These two membranes have lower CO; and CH,4 permeances as compared to

asymmetric membrane prepared from 10.wt% of BuOH.

Significant CO, and CH, permeance differences among these membranes can be
explained by studying at their morphologies and porosities as presented in SEM
images, Figure 5.6, and porosity calculation, Table 5.3. Asymmetric membrane
prepared from 10 wt.% of BuOH has higher porosity and macrovoid substructure that
could enhance the CO, and CH, permeances. On the other hand, the low porosity of
membranes prepared at 0 wt.% and 5 wt.% of BuOH create such a hindrance for the
penetrant gas to travel across the membrane structure, this leading to lower CO; and
CH,4 permeances. However, in term of selectivity, asymmetric PC membrane prepared
at 10 wt.% of BuOH shows very low CO,/CH, selectivity as presented in Figure 5.21.
This suggests that high CO, and CH, permeances of this membrane was not Just due
to high porosity of substructure but also could possibly be due to the presence of

pores on the skin layer.
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Figure 5.21 CO,/CH, ideal selectivity of membranes prepared from various BuOH

concentrations at various feed pressures.

Very low CO,/CI, selectivity was also observed for membrane with 0 wt.% of BuOH
in the casting solution. SEM images in Figure 5.6 (a) display that particularly for
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0 wt.% BuOH, some pores were visible on- the surface layer of membrane. For
membranes prepared from 10 wt.% of BuOH, even though SEM images did not show
any clear pores on the surface layer, gas permeation testing indicated that this
membrane possessed a few pores which were hardly detected by SEM. Gas separation
characteristic of 5 wt.% BuOH-based membrane showed significant selectivity of
CO; over CHy within the range of 70 — 6 at increasing feed pressure from 1 to 5 bar.
This result implies that membrane prepared from 5 wt.% of BuOH could be suitable

for CO, removal application as it has very smooth and totally dense surface layer.

Highly selective skin layer possessed by membrane prepared from 5 wt.% of BuOH
suggest that CO, and CH; transport behavior through this membrane is based on
solution diffusion mechanism. Consequently, decreasing CO, permeance and slightly
increase of CH, permeance would be observed as feed pressure increase. On contrary,
the presence of pores on membranes prepared from 0 wt.% and 10 wt.% of BuOH
indicate that pore flow mechanism predominates the mechanism of CO, and CHy
transport phenomena. Lower CO, and CH, permeance observed on membrancs
prepared from 0 wt.% and 10 wt.% of BuOH probably due to membrane compaction

as feed pressure increase.

CO; and CH; permeance tests at various BuOH concentrations has shown that
membranes prepared from casting solution containing 10 wt.% of BuOH perform high
CO; permeance. Unfortunately, CO,/CH, ideal selectivity of this membrane is very
low probably due to the presence of some pores on the skin layer. Attempts to form
totally dense skin layer can be conducted by varying the evaporation time during
force comvection period as reported by other researchers (Ismail and Tai, 2003).
Therefore, the effect of evaporation time on membrane motphology and CO,/CH,

separation properties was studied.

5.3.3. Effect of Evaporation Time

The permeances of CO, and CH, of the membranes as the effect of evaporation time
of casting film are presented in Figure 5.22 and Figure 5.23, respectively. As can be

observed from the graphs, the permeances of both CO, and CH, are higher when
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shorter evaporation time was applied on the casting film and lower CO, and CH,

permeances are observed for membranes prepared from longer evaporation time.
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Figure 5.22 CO, permeance of membranes prepared at different evaporation time at

various feed pressures.
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Figure 5.23 CH; permeance of membranes prepared from different evaporatton time

at various feed pressures.

High CO, and CH4 permeances of membranes prepared without evaporation are due
to high porosity substructure of this membrane. As shown by SEM images, Figure 5.8

(a), it is clear that the morphology of membrane of 0-second evaporation time is
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composed of a thin skin layer and a high porosity substructure. In addition, macrovoid
is also present in its substmctﬁre. All of these features would enhance the mobility of
penetrant gas to diffuse across the membrane structure. Thus, it can be understood
that membrane prepared without vaporizing the casting solution would have larger

CO; permeance and CH, permeance.

Unfortunately, varying evaporation fime of casting film before immersing into
coagulation bath did not give any significant impact on the membrane surface layer.
The plot of CO,/CH, ideal selectivity at various feed pressures in Figure 5.24
indicates there was no any separation at all. CO»/CH, ideal selectivity of these
membranes was even smaller than unity at all feed pressure. This is probably due to
the presence of pores on the membrane surface layer that creates sufficient space for

CH, to pass through into the membrane body.
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Figure 5.24 CO,/CH, ideal selectivity of membranes prepared from  different

evaporation time at various feed pressures.

Low porosity of membranes obtained by varying evaporation time indicate that the
presence of pores strongly affect the mechanism of CO, and CHy transport through
membrane. Surface diffusion mechanism is predominant in affecting the transport
properties of CO, and CI, through asymmetric PC membrane prepared without
evaporation time especially at higher feed pressure (4 and 5 bar). In case of

membranes prepared at 20 and 60 second evaporation time, decreasing CO, and CH,
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permeance is as result of compaction of these two membranes when higher feed gas

pressure applied.

5.3.4. Effect of Water-Methanol Coagulation Bath Composition

Two membranes that were prepared from different water-MeOH compositon of the
coagulation bath were selected for the study of CO,/CH, separation characteristic.
The membrane selected for this study were prepared from a coagulation bath of 100%
MeOH and a 30/70- vol.H,O/vol. MeOH mixture. Figure 5.25 and Figure 5.26 show
the CO, and CH4 permeances of the respective asymmetric PC membranes.
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Figure 5.25 CO, permeance of membranes prepared by varying coagulation bath

composition.
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Figure 5.26 CH, permeance of membranes prepared by varying coagulation bath

composition.

Adding water content in the MeOH coagulation bath resulted in lower CO, and CH,
permeance as shown in Figure 5.25 and Figure 5.26, respectively. The addition of
water in the MeOH coagulation bath caused a less porous membrane to be produced.
As shown by SEM images, Figure 5.9, and porosity calculation, Table 5.6.
asymmetric PC membrane prepared by immersing casting film into coagulation bath
composed of high ratio between water and MeOH would produce less porous
membrane. Consequently, lower CO, and CH, permeances were obtained for
membrane prepared at water/MeOH ratio of 30/70. On the other hand, use of 100%
MeOH in coagulation bath would produce more porous substructure with the
formation of macrovoid leading to higher CO, and CH, permeances as shown in
Figure 5.25 and Figure 5.26, respectively. In addition, increasing feed pressure would
decrease CO, and CH4 permeance for both membranes prepared at 100 % MeOH bath
and water/MeOH ratio of 30/70. This probably occurs due to compaction of

membranes at higher feed pressure.

The addition of water into MeOH bath also induced the formation of pores on the
surface layer of asymmetric PC membrane which allows both CO; and CH, to diffuse
through. As can be observed in Figure 5.27, there was no separation at all for both

membranes. The pores are clearly seen particularly for membrane fabricated by
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Immersing casting film into 30/70- VOI.HZO/VOI.MGOH mixture as shown in SEM
Figure 5.9 (d).
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Figure 5.27 CO,/CHj ideal selectivity of membranes prepared by varying coagulation

bath composition.

5.3.5. Comparison of Asymmetric PC Membrane Performance

PrOH and BuOH-based membrane prepared at 5 wt.% non-solvent concentration both
using DCM and chloroform as solvents show promising performance comparable to
the works done by previous researchers. Comparison of the separation performance
between of PC membranes produced in this work with those reported by previous

researchers is presented in Table 5.8.



110
Table 5.8 Comparison of CO,/CH, separation performance
Operating | (P/ L),
Polymer - condition | (Gpuy | “o0/en Remarks Ref
1 atm, Koros et al., .
PC 35°C 0.027 26.56 Dense membrane 1977
2.72 atm, Dense membrane Hacarlioglu
PC 35°C 0.095 20.36 annealed for 24 hr et al., 2003
2.72 atm, PC- polypyrrole mixed | Hacarlioglu
CPPY-PC 35°C 0.087 17.33 mairix membrane et al., 2003
6FDA- | lam, | jo | YIISHC MEMDINC | Kawelkami of
APPS 35°C prepared by al.1997
evaporation for 15 s
asymmetric membrane _
1 atm, prepared at polymer | Buonomenna-
PEERWC 25°C 0.26 229 concentration of et al.,2004 :
15.wt%
6FDA- 1 atm, asymmetric membrane | e oo o
DDS 3500 34 110 prepared at casting 1 al. 2003
shear rate of 1000 s N
6FDA-m- | 1 atm, ASYMMELIic MEMbIane | o o vami of
DDS 35°C 0.68 143 prepared at casting al. 2003
shear rate of 1000 s™ v
1 atm, asymmetric membrane .
PC 27°C 3.2 1891 (pC/chloroform/progr) | this work
1 atm, asymmetric membrane .
PC 27°C 497 M2 bCchoroform/BuOH) | TS Work
1 atm, asymmetric membrane .
pPC 279C 3.16 93 (PC-DCM-PrOH) this work
: 1 atm, ‘ asymmetric membrane .
PC 27°C 4.37 70.36 (PC- DCM-BuOH) this work

Table 5.8 shows that gas separation performance of membranes produced in this work

compares well with those reported in the literature. Interestingly, in terms of

selectivity and permeability, the performance of asymmetric PC membrane produced

from this work is more superior to that of dense PC membrane prepared by Koros et

al., (1977) and mixed matrix PC membrane (Hacarlioglu et al., 2003). These

asymmetric PC membranes also perform much better than that of current polyimide
membrane such as 6FDA-DDS and 6FDA-APPS that are widely studied by other

researchers for separating CO, from CH,. In addition, even though Kawakami et al.,
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(2003) reported that high selectivity of around 143 can be achieved by using 6FDA- | _
m-DDS as membrane material but this membrane has relatively low CO, permeance
as compared to the asymmetric PC membrane produced in this work. Higher
COy/CH; ideal selectivity of asymmetric PC membranes produced in this work is due
to highly porous substructure of PC membrane resulting in significant increment of
CO, permeance. Other researchers also reported that asymmetric PC membrane could
produce very high CO, permeance as compared to other polymeric membrane

materials (Pinnau et al, 1990; Pinnau and Koros, 1992; Pfromm et al., 1993).

These results suggest that it is possible to prepare asymmetric PC membrane with
improved the CO,/CH, separation performance, in terms of ideal selectivity and
permeance, without the necessity to do some post-treatments such as coating and

annealing.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

The effect of various preparation parameters of asymumetric polycarbonate (PC)
membrane on morphology, thermal properties and CO,/CH, separation characteristic
have been investigated. Those preparation parameters were variation of solvent - non-
solvent pair, non-solvent concentration, evaporation time and water-methanol
composition bath. Membranes were prepared based on dry/wet phase inversion
method. A few chemicals were selected such as dichloromethane (DCM) and
chloroform as more volatile solvents, 1,1,2, Trichloroethane (TEC) as less volatile
solvent, ethanol (EtOH), propanol (PrOH) and butanol (BuOH) as non-solvents,

methanol (MeOH) or water as coagulation medium.

Asymmetric PC membrane prepared from various solvent — non-solvent pair showed
that DCM-based membranes have less porous substructure than that of chloroform-
based membrane at any non-solvents used. Introducing BuOH as non-solvent for both
DCM and chloroform-based membranes would produce highly porous closed-cell and
macrovoid substructure of membrane. DCM-BuOH and chloroform-BuOH
membranes also showed distinct skin layer region on the top side of membrane.
Conversely, preparing asymmetric PC membrane by adding EtOH as non-solvent
would result less porous with no formation of macrovoid on membrane substructure.
Overall porosity of membrane decrease in the order of non-solvent used,
BuOH>PrOH>EtOH. These results suggest that cvaporation of solvent and non-
solvent have stronger effect in determining the membrane morphology than that of
immersion precipitation step. In addition, various non-solvents used in this work did

not affect much the T, of membrane.

Increasing BuOH concentration into DCM-based casting solution would also change
the asymmetric PC membrane morphology. Higher BuOH concentration produced

macrovoid and highly porous substructure. In addition, skin layer was apparently
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observed particularly for 5 wt.% or more of BuOH concentration. High porosity with
the formation of macrovoid occur due to lower coagulation value and smaller
solubility parameter difference of solvent mixtures and MeOH that lead fo

instantaneous demixing of casting solution.

SEM micrographs also revealed that asymmetric PC membranes were affected by
different duration of evaporation time. Longer evaporation iime produced membrane
with less porous substructure and shorter evaporation period produced membrane with
more porous and much more macrovoid substructure. These results indicate that
increasing the evaporation time would cause the casting solution to precipitate slower

(delayed demixing mechanism) than that of shorter evaporation time.

The effect of water addition into MeOH bath resulted in significantly different
morphology of membrane. High porosity with the formation of macrovoid and
distinct skin layer were observed for membrane prepared from 100 % MeOH. Adding
certain amount of water decreased the porosity of membrane substructure and
eliminated the formation of macrovoid. This might occur due to larger solubility
parameter difference between solvent mixtures and MeOH while more water amount
was added into MeOH bath leading to slow exchange rate between solvent of casting
solution with coagulant. Consequently, delayed demixing mechanism took place

when water was present in the MeOH bath.

Permeation studies revealed that different morphologies of asymmetric PC membrane
that result from_ various solvents — non-solvents pair used during preparation
significantly changed the performance of membrane. It showed that CO, and CHy
permeances of EtOH-based membrane were higher as compared to PrOH and BuQH-
based membranes. However, the CO,/CH, ideal selectivity of EtOH-based membrane

was very low implying that high CO, and CH, permeances were could be due to the

more porous skin layer of membrane (%o, rcn, =2.03 =1 for DCM-EtOH membrane
cand g ey, = 7.86 — 0.67 for chloroform-EtOH mermbrane). High ideal selectivity of
CO/CH, was obtained for PrOH and BuOH-based membranes (o, cu, =93 — 18 for

DCM-PrOH  membrane, Uco,ren, = 710.39 - 6.85 for DCM-BuOH membrane,
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G, o, = 173.88~ 2.86 for chloroform - PrOH membrane and
Uco,rci, = 112.09-19.99 for chloroform-BuOH membrane). In these membrangs,

porosity of substructure played important role in which CO; permeance of BuOH-
based membrane would be higher as compared to other membranes due to high

porosity of membrane substructure.

The effect of BuOH concentration on asymmetric PC membrane performance showed
that low CQO, and CH, permeance were obtained as a result from less porous
substructure of membranes prepared from casting solution containing 0 wt.% and 5
wt.% of BuOH. Increasing BuOH concentration to 10.wt% significantly increased the
CO; and CH, permeances of membrane. This due to high porosity of BuOH-based
membrane substructure and the porous skin layer on membrane surface layer.

Therefore, very low CO,/CH, ideal selectivity occur on 10.wt% of BuOI membrane

(o, i, =.O.69—0.71). Low ideal selectivity of CO,/CH; was also observed for
membranes prepared from 0 wt.% of BuOH (Qco,icn,=1.15-1.14) but better
selectivity of CO,/CH,4 (@co,1cn,=70.39 - 6.85) could be obtained at 5 wt.% of

BuOH in casting solution.

Increasing the performance of asymmetric PC membrane by varying evaporation time
of casting film showed that when the casting film was immersed directly into
coagulation bath (no evaporation), high CO, and CH, permeances were obtained due
to highly porous membrane produced. However, very low ideal selectivity of

CO,/CH, was also obtained for this membrane (@co, i, =1.01 — 1.0) which indicated

that porous skin layer exist in this membrane. Increasing the evaporation time hardly

increase the ideal selectivity of CO,/CH, (@co,ren, =0.81-0.71 for membrane
prepared by 20 second evaporation and Ceo, ey, =0-81—0.71 membrane prepared by

60 seconds evaporation).

Varying the coagulation bath composition by adding water did not successfully
increased the performance of asymmetric PC membrane. Both membranes prepared

from casting film immersed into 100 % MeOH and water-MeOH mixtures bath at
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composition of 30 vol./70 vol. had very low ideal selectivity of CO,/CH, as the

porous skin layer remains occur (@cp,icn,=0.69-0.71 for 100%-MeOH-_based

membrane and @, o, =0.59-0.68 for 30 v.%/70.% - water/MeOH membrane). In

addition, permeance results showed that membranes prepared from 100 % MeOH had
higher CO, and CH, permeances due to high porosity substructure as compared to

membranes prepared from 30 vol./70 vol.- water/MeOH coagulant mixtures.

Even though some membranes prepared in this work unexpectedly showed very low
selectivity, asymmetric BuOH and PrOH-based membrane prepared at 5 wt% non-
solvent concentration using both DCM and chloroform as solvents have been
successfully fabricated in order to improve the CO, permeance and CO,/CH, ideal
selectivity. They showed higher CO, permeance and CO,/CH, ideal selectivity as
compared to other PC or membrane materials that have been reported by the previous

researchers.

6.2. Recommendations

Based on this work, somé recommendations as future works that may provide further

insight into the mechanism of asymmetric PC membranes formation are listed below.

At first, in order to study the mechanism of asymmetric PC membrane formation, a
turbidity experiment or cloud point measurement can be carried out to determine the
phase diagram for PC-based asymmetric membrane. Phase diagram is helpful
primarily in determining the initial composition of PC membrane system and in
studying the effect of thermodynamic and kinetic of casting solution while it
destabilized into two phase. In addition, light transmission measurement can also be
conducted to study quantitatively the demixing mechanism of casting solution during

membrane formation.

Secondly, study further on the formation of homogenous dense skin layer on
asymmetric PC membranes is highly necessary. Other preparation parameters such as
effect of casting rate, humidity of preparation condition, less volatile solvent

composition, annealing time and temperature may be considered to form dense skin
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layer of asymmetric PC membrane. In addition, study on the crystallization behaviour
of PC membrane is necessary in order to produce dense skin asymmetric PC

membrane,

Thirdly, mixed gas permeability tests may be conducted for some membrane films
that have shown high CO,/CHy ideal selectivity. This is a further study on the effect
of multicomponent feed gas on the performance of asymmetric PC membrane. In
addition, the effect of prolong CO, exposure and higher feed gas pressure on

asymmetric PC membrane stability is also necessary.

Lastly, incorporating in-organic material such as zeolite and carbon molecular sieve
(CMS) during preparation of PC membranes can be good option in enhancing the

performance of membrane in removing CO, from natural gas.
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APPENDIX A

Properties

A.1 Polymer
Table A.1 Properties of polycarbonate used in this study
Polycarbonate
Manufacturer LG-DOW
Type Amorphous
Good dimensional stability, shiny surface,
Characteristic high termal stability, sensitivity to stress
cracking
Density (gr/em’) 1.2
Mr 254 g/mole
A.2 Chemicals

The chemicals used in this study are dichloromethane (DCM), chloroform, ethanol
(EtOH), propanol (PrOH), butanol ( BuOH), 1,1,2 trichloroethane (TEC), methanol
(MeOH) and water. Chemical properties are presented in Table A.2
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APPENDIX B

Solubility Parameter

B.1 Solubility Parameter of Pure Components

Table B.1 Solubility parameter of pure components (Hansen,2000)

Component | 84(Mpa)** 8p(Mpa) ' Sn(Mpa)"? Srorai(Mpa)
DCM 18.2 6.3 6.1 20.3
Chloroform 17.8 3.1 5.7 19
1,1,2 TEC 18.2 5.3 6.8 20.14
Ethanol 15.8 8.8 19.4 26.5
2-propanol 15.8 6.1 16.4 23.5
2-butanol 15.8 5.7 145 22.2
Methanol 15.1 12.3 22.3 29.6
| Water 15.5 16 42.3 47.807

B.2 Determination of Solubility Parameter for Polycarbonate

Solubility parameter of polycarbonate is calculated from the group contribution of
BPA-polycarbonate molecular structure using Hoftyzer and Van-Kravelen method.

Molecular structure of BPA- polycarbonate is given as follows.

3

CH CI—IS
I
- ‘ O )J\
O 0

Figure B.1 Monomer of BPA-polycarbonate

Group contribution for each structural group of PC is well-tabulated in Hoftyzer and

Van-Kravelen’s table as follows:



Table B.2 Group contribution of PC structural group from
Kravelen Method ( Kravelen, 1990)
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Hoftyzer and Van-

S 1 Iy B Eu
truct '
ruciurai group (J-l,’z 'Cmm -molil) (j”2 _Cmyz -mol_l) (J-MOLH)
—CH, 420 0 0
—C — =70 0 0
—0— 100 400 3000
—CO0— 390 490 7000

From Table B.2, total group contribution component of PC structure, F,, , £, and

E,, can be calculated as follows:

Table B.3 Total of group contribution for BPA-PC structure

Structural group Fy F, E,
—CH, 840 0 0
— C — =70 0 0
/©/ 2540 48400 0
—QO— 100 16000 3000
—CO0— 390 240100 7000
Total 3800 448.500 10.000

After total contribution had been calculated, solubility parameter component for PC

can be determined using the following equation;
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. F: .
5(17 Z;‘dt, 5p: ZVPI and 5,q= thl

V' is molar volume which can be calculated by dividing molecular mass, Mr, over

density, p , of polycarbonate. Mr and p of polycarbonate are 254 g/mole and 1.2

gr/cn’, respectively. Hence,

_ 254 g/mole
1.2 g/em’

cm’

= 211.67

mole

Once molar volume, ¥, is determined, solubility parameter component for PC can be

calculated;

s _ 2.Fu _ 3800
¢ v 211.67

= 17.95 (MPa)'"?

5 :\/ZF;- _ 448500

z 14 211.67

5 =1/ZE’”’ = ‘/10‘000 =6.87 (MPa)"'*
’ 4 21167

Hence, overall solubility parameter for polycarbonate (PC ), &, is

=3.163 (MPa)""*

S = \/542 +6,"+6,°

= 17952 +3.16% +6.87°

=19.5 (MPa)"*



134

B.3 Solubility Parameter of Mixtures

Solvent mixtures consist of DCM/1,1,2 TEC/EtOH is used as example to determine

overall solubility parameter of solvent mixtures, §, . . Composition of DCM/1,1,2

TEC/EtOH in mass and density, p, of each component are given in Table B.4 .
Volume, V, for each component can be calculated from known data of p and m.

m

v=2"
Io;

Once total volume of solvent mixtures is obtained, volume fraction, ¢, can be

calculated by dividing volume of component i, Vi, over total volume of solvent

mixtures, V.
V.
g=—L
Vv

Summary of data calculation for V and ¢ are tabulated in Table B.4

Table B.4 Data tabulation for the total volume, V, and volume fraction, ¢, of solvent

mixtures

pojm() |V ¢
DCM | 132 | 55 | 4531 | 0.67
LIL2TEC | 143 | 275 | 15.87 | 0.24
EtOH | 079 | 5 6.37 | 0.09
Total 67.51 | 1

Once the volume fraction of component 7, ¢, , is obtained, solubility parameter

component of solvent mixtures can be calculated as follows:

5, =GP X gPOM | glites  GUITEC || SEOH | 4EOH
4 = O d d
= 18.2x0.67+18.2 x0.24+ 15.8 x0.09

=17.97
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5, = 5;DCM x §PM 4 5;,1,2:% x g H-2TEC +5fx0hr x g B0
= 6.3%x0.67+53%x0.24+19.4x0.09

6.30

(5 _ 5DCM X¢DCM + 51,1,2.’31: X¢I,I,ZTEC +5E)‘OH X¢E£OH
h T [ h k
= 6.1x0.67+6.8x0.24 +19.4 x 0.09

= 7.49

Hence, overall solubility parameter of solvent mixture, & can calculated as

mix ?

follows:
5mix = (5.; + é‘j +5;)2
= (17.97 +6.30% +7.49%)?

= 20.47 (MPa)'"*

B.4 Solubility Parameter Difference Calculation (A5 )

Solvent mixtures consist of DCM/1,1,2 TEC/EtOH is used as example to determine
solubility parameter difference of solvent mixtures and methanol (MeOH), Ads-Meom),

and solubility parameter difference between solvent mixtures and PC, Ad(spe)-

Solubilty parameter of solvent mixtures (DCM/1,1,2 TEC/EtOH) :
d, =17.97,6,=630;6, =749;6,, =2047

Solubilty parameter of methanol :

5, =15.1;6, =123;5, =223; 5 =296
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Solubilty parameter of PC:
6,=1795,6,=316,0, =687 ;5 =195

Solubility parameter difference between solvent mixtures and methanol, can be

calculated as follows:

Ao = ‘\/(5d,mir - 5d,MeOH)2 +(5p,mix - 5p,MeOH)2 + (5!1,1:1:'.7: _5h,Me0H)2

= J(17.97 = 15.1)% +(6.30—12.3) +(7.49 — 22.3)?

= 16.24

Solubility parameter difference between solvent mixtures and PC, Adspoycan be

calculated as follows:

Ad = \/(50!,714&:: - 5d,PC)2 +(§p,mix - 5;.,110)2 + (&.,m - 5}1,PC)2

= J(17.97-17.95)” +(6.30—3.16)" +(7.49 — 6.87)

= 3.20 (MPa)"?
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APPENDIX C

Porosity Calculation

C.1 Thickness of Membrane

Thickness of membrane measured at ten different points using micrometer gauge. The
measured thickness is presented in Table C.1. Membrane arca used for thickness
measurement is kept constant at 192 cm’ ( L = 16 cm and W = 12 cm) for every

samples

Table C.1 Thickness of membrane measured using micrometer gauge

Thickness (um)
Membrane
preparation Mass
parameter (gr) | 1 2 3 4 5 6 7 8 9 | 10 | average
DCM/EtOH 038 | 38 | 37 | 36 | 35 37|36 |36 38| 36| 36 36.5
DCM/PrOH 045 | 51 | 56 | 52 1 51 { 54 | 54 | 55 | 53 | 55 | 54 53.5

DCM/BuOH 081 | 96 | 98 | 97 | 96 | 101,97 [ 99 | 99 | 100] 97 98

~hloroform/EtOH 0.6 | 59 | 58 | 58 ] 61 | 59 | 62 | 61 | 61 | 59 | 60 59.8

“hloroform/PrOH | 0.53 | 65 | 63 | 63 | 65 | 62 | 65 | 65 | 65 | 65 | 63 64.1

‘hloroform/BuOH | 0.5 | 67 | 68 | 65 | 66 | 67 | 67 | 68 | 65 | 69 | 65 66.7

J.wt % of BuOH 1.4 1108 110|107 | 110|109 | 108 | 109 | 110 | 110 | 109 | 109

Swt%of BuOH | 1.55 | 142 1143 | 144 | 141 | 144 | 144 | 142 | 145 | 145 | 140 | 143

5 wt % of BuOH 081 1 96 98 | 97 1 96 [ 101 ] 97 | 99 | 99 | 100 | 97 98

Swt%of BuOH | 0.76 | 105|105 | 104 | 105 | 103 | 104 | 106 | 105 | 106 | 104 | 104.7

) wi%of BuOH | 0.85 | 164|162 | 163|162 | 161 | 165163 | 164 | 166 | 162 | 163.2

{)-s evaporation 1.57 | 308 | 311 | 310312 | 311|313 | 315|310 |312| 314 | 311.6

2()-s evaporation 0.85 1164|162 | 163 | 162 | 161 | 165 | 163 1 164 | 166 | 162 | 163.2

40-s evaporation 0.56 | 104 | 104 | 105 | 103 | 105 99 | 99 | 97 | 97 | 97 101

5(0-s evaporation 0.79 1 107 1167 [ 107 | 110 | 110 | 110 | 110 | 109 | 107 | 109 | 108.6

100% - MeOH 0.85 164 1162|163 | 162|161 | 165|163 | 164 | 166 | 162 163.2

/90 - water/MeOH | 1.13 | 170 | 170 | 169 | 170 [ 168 | 171 | 170 | 170 | 170 | 171 | 169.9

/80 - water/MeOH | 0.92 | 101 | 104 | 107 | 102 | 101 | 100 | 104 | 107 | 109 | 102 | 103.7

/70 - water/MeOH | 048 | 50 | 47 | 50 | 46 | 47 + 49 | 49 | 49 | 47 | 48 43.2
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C.2 Membrane Overall Porosity Calculation

DCM-EtOH membrane was taken as an example for overall porosity calculation.
Based on multiple measurement of membrane thickness, DCM-EtOH membrane has
an average thickness, /, of around 36.5 p or equals to 0.00365 cm. Mass of membrane,
m, was (.3826 gr and effective area of membrane measured, A, was 192 cm’. With

PC density, p ,is 1.2 gr/cm3, overall porosity of membrane, £, can be calculated as

follows:

g — va‘d
Vio
— Vrot - Vpol
Ve
A~ (m/ p)

4

_ 0.00365x192 ~(0.3826/1.2)
0.00365x%192

= 0.5450
£(%) = 0.5450%100%

= 54.50%
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APPENDIX D

Coagulation Value

D.1. Coagulation Value at Various Solvent — Non-solvent Pair

Result of titration method to determine the coagulation value of solution at various

solvent — non-solvent pair is tabulated at Table D.1

Table D.1 Coagulation value of various solvent-non-solvent mixtures

Solution Coagulation value
Runl | Run2 | Average

FtOH | 7.49 74 7.45

DCM PrOH | 8.41 83 8.36
BuOH | 8.52 8.4 8.46

EtOH | 836 | 8.25 8.31

Chloroform | PrOH | 8.77 8.7 8.74
BuOH | 93 9.23 9.27

Result of titration method to determine the coagulation value of solution at various

BuOH concentration is tabulated at Table D.2.
D.2. Coagulation Value of Solution at Various BuOH Concentration

Table D.2 Coagulation value of solution at various BuOH concentration

BuOH Coagulation value (gr)
conc‘irtl‘tor/jtlon Runl | Run?2 Average
0 10.38 | 10.42 10.4
2.5 10.22 | 10.19 10.205
5 9.3 9.22 9.26
7.5 8.1 8.25 8.175

10 7.33 7.42 7.375




APPENDIX E

Gas Permeation

E.1 Gas Permeance and CO,/CH, Ideal Calculations

140

Permeance of gases was measured by considering the time taken to flow certain

amount of gas volume in bubble soap flow meter. As an example, for DCM —BuOH

membrane, time taken to flow 0.1 ml of CO; was 20.44 seconds at 1 barg feed

pressure. The effective area of membrane, A, is 13.5 cm? and testing temperature is

27°C. Hence the permeance of CO; gas can be determined as follows:

CO; volumetric flow rate, Q, =

This volumetric flow rate, Q, is corrected to standard temperature and pressure

(STP), Qs7p, as follows:

CO, flux, J co, ,is, therefore,

Jcoz =

AV
At

0,

= __OA;' 1
20.44

= (.00489 cm’/s

Vistry _ 213K
I/_’.OOK 3OOK
v
0= t
Qs _ 273K
QBOOK 300K
273K
= x 0.00489
QSTP 300K
= 0.00445 cm’ (STP)/ s

_ QSTP
A
~0.00445

13.5
=3.3x107* cm’ (STP)/ em® s




141

. P
Once CO; flux, Jco, » Was determined, the CO, permeance, "k can be calculated

using the following formula:

P Je,
[ Ap
_, cm’ (STP)

cm’s

cmHg

3.3x10

1bar x 76

bar

cm’ (STP)
cm”.cmHg.s
=434 GPU

= 434%x107°

Similarly, CH4 permeance, ?, can be calculated using the same method. For DCM-

EtOH membrane, CH; permeance obtained is 0.063 GPU . CO,/CH; ideal selectivity,

Uep,rcn, » ©an be calculated by dividing CO, permeance over CHy permeance as

follows:

Pl

o, icu
B P/l
CH,

434
0.063

=68.89

E.2 Data of Permeation Results
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APPENDIX F

Membrane Characterization

F.1 Dynamic Mechanical Analysis Graph
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Figure F.1 DMA graph for pure PC (1)
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Figure F.2 DMA graph for pure PC (2)
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Figure F.3 DMA graph for DCM/EtOH membrane (1)
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Figure F.9 DMA graph for chloroform/EtOH membrane (1)
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