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ABSTRACT

This study introduces a structurally engineered carbon, named as zeolite
templated carbon (ZTC), as a new filler membrane for superior gas separation
performance. It is produced by carbon filling inside zeolite-Y template to combine
the advantage of each materials and eliminate both weakness. The open and no
rigid pore structure of ZTC would facilitate its compatibility with polymer matrix.
In addition, the ZTC could reach a higher specific surface area with almost
micropore content compared to zeolite and carbon alone. It was noticed that large
surface area could improve the gas permeance, while the ordered pore structure
increased the membrane selectivity. As a result, this filler could improve the
overall separation performance of the mixed matrix membrane (MMM). This
thesis aims to investigate the feasibility of separating gas using ZTC filler in order
to find high performance material.

Zeolite-Y as a ZTC template, was prepared by hydrothermal method. In this
study, two different ZTCs with distinct pore properties were used. The ZTC was
synthesized by impregnation method with sucrose as carbon precursor, named as
ZTC-1. Meanwhile, the ZTC prepared by combination of impregnation and
chemical vapor deposition (CVD) is referred as ZTC-2. Polysulfone polymer was
used as a matrix membrane. The MMM was fabricated into hollow fiber module
via dry-wet spinning method. The obtained fiber was sealed with PDMS by dip-
coating method. For other treatment, the fiber was subjected to the heating
treatment above PSF’s Tg. The membrane performance was tested using single
gas (CO,, Oy, Hz, N2 and CH,) and mixed-gas (CO,/CH,4 and Ho/CHy).

The result demonstrated that structural ordering of ZTC from two step
routes is higher than the ZTC from the single carbon deposition. Also, in this case,
the surface area of ZTC-2 is larger with higher micropore content. Having a very
high surface area with almost no mesopores is more favourable in gas separation
membrane, because mesopores results in a lower selectivity. Furthermore, the
selectivity enhancement of MMM with acceptable permeance was obtained at
lower ZTC-1 loading, while the increased in ZTC-1 loading lead to the poorer
selectivity with much higher permeance due to the presence of severe unselective
barrier between the ZTC-1 and matrix. Compared to PSF membrane, PSF/ZTC-1
0.4 wt% recorded the highest selectivity improvement for CO,/CH; (290%),
CO,/N; (219%), O,/N, (117%) and H,/CH,4 (272%), but marginal decrement was



observed on the permeances (Pco2, Poz and Pu2). When binary gas (CO,/CH,4 and
H./CH,4) was separated by the membranes, significant differences were observed
in the separation performance due to competitive sorption and the effect of non-
ideal gas behavior in the mixed-gas system. By performing PDMS coating, the
MMM selectivity of CO,/CHy, O2/N,, CO2/N, and H,/CH4 was improved up to
46.42 (780%), 6.06 (215%), 35.14 (481%) and 92.57 (491%), respectively,
compared to that of uncoated MMM, while the decrease in permeance was
minimal when 0.25 wt% ZTC-1 was loaded. When the fibers were heated, the
selectivity of CO,/CH,4, O2/N, and CO,/N; at 0.25 wt% loading was found to be
enhanced up to 652%, 246% and 458%, respectively, with very low permeances
which lead to undesirable resistance to gas transport. Furthermore, a remarkable
enhancement in permeance (about 112%) and selectivity were observed for coated
MMM filled with ZTC-2. Compared to ZTC-1 filled MMM, PSF/ZTC-2 recorded
higher CO,/CH4, O2/N,, CO2/N; and H,/CH,4 selectivity of 59.75, 7.32, 38.25 and
159.42, respectively, with CO,, O, and H, permeances of 81.86, 15.66 and 218.40
GPU, respectively. When the zeolite carbon composite (ZCC) or ZTC material
prior template removal was loaded within PSF, the separation performance was
lower compared to neat PSF. It can be concluded that permeance and selectivity
enhancement could be achieved even at low loading (0.25 wt%) and the ZTC
filler could be a promising candidate for a new mixed matrix membrane for CO5,
O, and H; separation.

Key words : mixed-matrix membranes, zeolite templated carbon, zeolite carbon
composite, polysulfone, hollow fiber, gas separation
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CHAPTER 1
INTRODUCTION

1.1 Background

Gas separation process using membrane technology is a dynamic and
rapidly growing field due to low capital and operating costs, low requirements and
ease of operation for various separation involving air separation, natural gas
purification and refinery hydrogen recovery (Suleman et al. 2016; Bastani et al.
2013). Currently, most of commercialized membrane is made from polymeric
membrane. Although the membranes have the advantages of desirable mechanical
properties and the flexibility processing capability, their performance rarely
exceeds the trade off between permeability and selectivity as indicated by the
Robeson plot (selectivity must be sacrificed for permeability and vice versa).
Furthermore, such membrane has demerits such as low thermal and chemical
stability. To overcome the Robeson upper bound line, researchers have used
inorganic membranes for gas separation providing better permeability and
selectivity as well as high stability under severe operating condition. Although the
performance of inorganic membranes appears to be attractive, fabrication of such
membranes is expensive, fragile and easy to crack (Nejad et al., 2016). Therefore,
a composite membrane known as mixed matrix membranes (MMMs) is developed
to overcome these limitations.

MMMs are made by incorporating inorganic particles into the polymer
matrix which might be bonded via van der Waals force, hydrogen or covalent
bonds (Vinoba et al., 2017). MMMs combine the advantages of both inorganic
and polymer materials, in which high separation capabilities and stability of
inorganic material as well as desired mechanical and economical properties of
polymer can be fully utilised in the whole membrane. The inorganic materials as
dispersed phase possess unique structure, the capability of separating gases,
surface chemistry and mechanical strength (Nejad et al., 2016). Furthermore, they
provide the longer and tortuous pathway of non-adsorbable molecules to permeate

across the polymer matrix. As a result, the separation performances of composite



membranes become better with the adding of particles. Furthermore, the particles
also act as a heat adsorbing material in the matrix and provide a barrier effect
causing delayed decomposition (Zulhairun et al., 2017). Therefore, the thermal
stability of MMMs can be improved. Such improvement was found in Zulhairun
and co-workers study (Zulhairun, Ng, et al., 2014). They reported that the adding
of cloisite 15A within the polysulfone matrix increased the selectivity in CO,/CH,4
and thermal stability up to 46.72% and 16.82%, respectively. The enhanced
permeability and selectivity in H,/CH,4 separation of PBNPI membrane (204% and
19% respectively) as well as thermal stability (2.72%) were also investigated by
Weng et al. (2009) using the dispersed MWCNT. Furthermore, Zornoza, Esekhile,
et al. (2011) investigated the permeability and selectivity improvement in O,/N;
separation up to 43% and 47%, respectively for PSF based membrane by
incorporating of HZS. The presence of selective adsorption and diffusion
properties of particles has allow to enlarge permeability and selectivity of neat
polymer membranes, thus achieving the objective of the simultaneous
performance improvement in MMM (Bastani et al. 2013; Yeo et al. 2012;
Ansaloni & Deng 2016).

The selection of suitable polymer matrix and inorganic filler is important in
developing the MMM performance. The morphology of an ideal membrane would
ensure the gas transport mainly through the superior inorganic phase rather than
the polymer phase (Dong et al., 2013). The less permeable glassy polymer tends
to be more suitable due to its rigid chain structure, in which a higher portion of the
overall transport will be dominated by the inorganic phase. Polysulfone (PSF) as a
glassy polymer is a good choice for continuous phase due to its permeability and
high intrinsic selectivity combined with good mechanical strength and thermal
properties as well as easy processability (Zornoza, Téllez, et al. 2011; Zulhairun,
Ismail, et al. 2014). On the other hand, the effect of inorganic particles on the gas
separation characteristics depends on the particle size, porous structure and the
sorption capability of the particles (Dong et al. 2013; Magueijo et al. 2013). The
ideal filler used in MMMs should possess inorganic particles size of 0.3-5 um to
prevent severe agglomeration (Ferreira and Trierweiler, 2009), high surface area

and superior adsorptivity which contribute to high sorption capacity (Zornoza,



Téllez, et al., 2011), high porosity and well pore size distribution to ensure high
gas permeabiliy and selectivity of the membrane (Dong et al. 2013; Foley 2014).
Numerous inorganic materials have been identified as filler in membrane
application such as zeolites, carbon molecular sieves (CMS), activated carbons
(AC), metal organic frameworks (MOF) and carbon nanotubes (CNT). A well
defined pore structure of zeolites results in an accurate size and excellent shape
discrimination, leading to superior selectivity. The presence of channels and
cavities of zeolite regarded as void volume is beneficial to enhance the sorption
and diffusion properties, leading to high permeability. However, the rigid pore
structure of zeolite have resulted in the complexity to obtain continous and defect
free structure (P S Goh et al., 2011). The formation of sieve in a cage morphology
of MMMs with zeolite filler was reported by Husain & Koros (2007) and Junaidi
et al. (2015). Activated carbon (AC) with high surface area and high pore volume
is one of the promising membrane filler. But, a wide range and poor pore size
distribution leads to poor gas diffusion and selectivity (Konwar and De, 2013).
Anson et al. (2004) reported that a wider pore size distribution of AC showed
lower CO, permeability and CO,/CH,4 permselectivity compared to narrower pore
size distribution. In adition, CMS possesses better affinity toward glassy
polymers, especially polysulfone, because of its similar properties, high surface
area as and porosity (Moore et al. 2004; Goh et al. 2011). CMS is well distributed
inside the polyethersulfone and good affinity to Matrimid matrix, as reported by
Farnam et al. (2016). It might be due to its weight force balance to the buoyant
force, thus allowing better distribution of particles within the polymer (Bakhtiari
et al., 2011). However, the dead-end (not interconnected) of CMS does not greatly
aid the transport of molecules since the molecules can not diffuse through the
particles or may only do so to a small extent (Duval et al., 1993). Another class of
porous carbon which possess tremendous research made from CNTs due to their
large surface area and good control of pore dimensions (Nejad et al., 2016). They
naturally tend to form bundles, however, which restrict the formation of a good
dispersion inside the matrix, as reported by Ge et al. (2011). Their vertical
alignment behaves as pinholes, leading to a a high permeability with loss

selectivity (P S Goh et al., 2011). Other porous material, metal organic framework



(MOF), possess uniform pore distribution, large surface area as well as controlled
porosity and affinity (Dong et al., 2013). Although MMMs containing MOF
appear to be attractive, they lead to a low thermal stability of membrane due to the
presence of linker and strong interaction between particles tends to form the
cavity structure leading to a decline gas performance (Perez et al., 2009). Existing
fillers have therefore not yet demonstrated ideal gas separation performances.
Challenge regarding MMM fabrication remain, such as the formation of pinholes
at the polymer and filler interface, the unfavorable pore structure and orientation
of filler.

This study proposed filler which made from the combination of zeolite and
carbon known as zeolite templated carbon (ZTC) to overcome above issue. The
ZTC is a structurally engineered carbon having the negative replica of zeolite
template with controlled porosity and large surface area, produced by depositing
carbon precursor inside the pore of zeolite template. Therefore, carbon with open
and no rigid pore structure can be achieved to improve the compatibility with
polymer matrix, reducing the filler-polymer interfacial defects inside the
membrane matrix. By looking its textural properties, the successful of ZTC
synthesis possess higher specific surface area reached to 4000 m?/g and almost
95% of micropore content with the pore size of 1.2 nm (Nishihara and Kyotani,
2012). Such properties can be controlled by the manipulation of its synthesis
method and condition. Moreover, the ZTC could enhance the storage capacity for
gases such as hydrogen (Guan et al. 2009; Konwar & De 2013) and carbon
dioxide (Song et al., 2013). The results exhibited a satisfactory performance of
ZTC as adsorbent materials. On the basis of these characteristics, ZTC is suitable
not only for gas adsorbent, but also for separation purpose as filler material.
However, there have been no reported studies regarding the use of this material as
a membrane filler.

The addition of ZTC inside glassy polymer (PSF) still creates voids at the
interface that act as alternative pathway for gas molecules due to the rigid polymer
chain structure. This problem can be avoided by thermal annealing above the glass
transition temperature of polymer which could minimize or even remove the voids

or pinholes (Dong et al., 2013). By heating treatment, the membrane is expected



that the polymer chains will be more flexible, thus easily surrounding the particle
surface (Ferreira & Trierweiler 2009). After heating, the membrane become
denser in the surface layer and the thermal soaking period is being a factor to
transform defect into fully dense structure. Ferreira & Trierweiler (2009) observed
that the longer time of thermal treatment seriously affect the membrane structure
denser and increase the selectivity. Another attempt to treat defects or pinholes in
the active layer is by surface coating of highly permeable silicone rubber polymer,
thus gas molecules will pass through the ZTC pores and polymer matrix (Ying et
al., 2006). The hydrophobic silicon rubber will attach to the surface of
hydrophobic ZTC, thus it helps to tighten the surface structure. In addition to the
void formation, the other challenge of MMM is to get good dispersion of
inorganic particles within polymer matrix. Good particle dispersion can prevent
the aggregate particles, in which the aggregation occurs in high amount particle
loading as observed by Junaidi et al. (2014). These aggregation can form voids
between the particles and such voids provide extra channels to allow the transport
of gas, leading to low selectivity. The fabrication strategy to solve this issue is by
introducing prime protocol (Dong et al., 2013). In this prime process, a small
amount of polymer is added into the particle suspension solution and the particles
will be surrounded by a thin layer of polymer, thus reducing agglomeration of
particles (Mahajan and Koros, 2002b). Then, the remaining polymer is added into
the prime solution. Another strategy to obtain good particle dispersion is by
preparing of high concentration polymer solution to reduce particle sedimentation.
The suppression of sedimentation is achieved because a high viscosity could
hinder the particle mobility, thereby decreasing the particle sedimentation rate
(Chung et al., 2007). In this study, MMMs were fabricated with different amount
of ZTC loading by prime protocol process and the obtained membranes were post-
treated with thermal annealing and surface coating. Furthermore, ZTC particles
with distinct pore properties have been synthesized by different methods of carbon

filling.



1.2 Problems

The development of membrane technology for gas separation rapidly
increased. Since the advanced technology and requirements become more
demanding, new membrane materials are needed to satisfy the separation
performance. Currently, mixed matrix membranes (MMMs) have been developed
for these application (Vinoba et al., 2017). By combining molecular sieves in the
polymer matrix, the MMMs inherit the superior characteristics of these particles
and possess the advantages of polymer in the bulk membrane, thus achieving the
simultaneous performance improvement and surpassing the trade-off line. The
selective adsorption and diffusion properties of inorganic particles has allow to
improve permeability and selectivity of polymer membrane.

Inorganic filler selection plays important role in preparing MMM. Magueijo
et al. (2013) stated that the effect of fillers on the separation characteristics of
MMM strongly depends on their pore size. A good pore structure with a pore size
below 2 nm is highly desirable because of the resulting size-selective nature
(Vinoba et al., 2017). Several inorganic materials containing zeolite and carbon
such as activated carbon (AC), carbon molecular sieve (CMS), activated carbon
(AC) and carbon nanotube (CNT) has been incorporated within polymer matrix.
Although these fillers seem more promising, there are still some challenges to be
addressed including the compatibility problem between the polymer and filler as
well as their porous structure. Regarding to these issue, it is reasonable to find
more suitable filler with good properties and better compatibility to polymer
matrix in order to produce outstanding separation performance of MMMs. Zeolite
templated carbon (ZTC) appears to be an attractive option as new filler for this
application due to its superior properties such as high pore volume, regular pore
structure and large surface area. No one given the attention on ZTC as filler for
MMM even it was widely used as adsorbent for several gases. This material is
unique as it has structure similar to zeolite in the form of carbon, but with no rigid
pore structure to improve the compatibility with polymer matrix. The effect of
ZTC on the gas separation of MMMs was studied by varying the amount of ZTC
loading since these membrane has not been available in the literature. A different

ZTC and its carbon derived material (ZTC prior template removal) with distinct



properties were used and their effect on the gas permeation performance will be
analysed.

In addition to filler material, the problem of polymer matrix is to ensure
good interaction between these two phases. The use of PSF glassy polymer
weakens the adhesion with the particles due to its rigid chain structure. As a
consequence, the ZTC incorporated with PSF matrix still contains voids at the
interface that reduce the gas transport resistance. The strategies to deal with this
issue are heating treatment and surface coating. Introducing these strategies could
potentially reduce or even remove the various defects. The effect of thermal
soaking time for attaining less defective polymer zeolite membrane structure was
conducted, while the surface coating was performed by dip-coating with PDMS

coating solution.

1.3 Research Objectives
Based on the problems discussed above, the overall goal of this research is
to investigate the feasibility of gas separation using ZTC filler inside the PSF
matrix including enhance membrane performance by post treated the membrane
using surface coating and heat treatment. The specific goals are organized as
follow :
1. To synthesize and characterize zeolite templated carbon (ZTC) as filler in
mixed matrix hollow fiber membrane
2. To prepare mixed matrix hollow fiber membrane and investigate the effect
of filler loading towards the membrane structural, morphological, thermal
stability and gas permeation performance
3. To investigate the influence of heat treatment and surface coating on the
membrane morphological, thermal stability and gas separation
performance
4. To study the effects of ZTC with distinct pore properties on the membrane
structural, morphological, thermal stability and gas permeation

performance



The obtained membrane is expected to be a promising candidate for a new
membrane which can be applied for natural gas separation, oxygen-nitrogen

separation and hydrogen separation.

1.4 Originality

Mixed matrix membrane containing a contionuous matrix filled with
inorganic filler such as zeolites, activated carbons, carbon nanotubes, carbon
molecular sieve and metal organic frameworks have been extensively studied for
various gas separation such as air separation, hydrogen recovery and natural gas
separation. However, existing filler still have some challenges to be addressed
such as the incompatibility problem between polymer and filler as well as their
porous structure. A new carbon material receiving great interest is named as
zeolite templated carbon (ZTC) due to its suitable characteristics including high
pore volume with no rigid pore structure, large surface area, narrow pore size
distribution and the gas adsorption capability. These material is suitable for some
applications such as gas sorbents, batteries, capacitors and catalysis. Its unique
properties and good polymer compatibility render the ZTC not only suitable for
these application, but also for MMMs filler in gas separation. Therefore, ZTC is
proposed to be the next promising candidate filler for a new membrane. The
originality of this research that contributes to the application development is
incorporating ZTC as filler for outstanding separation performance of MMM, yet
to be found. Furthermore, the understanding of gas transport mechanism of the

prepared membrane will support the scientific approach.



CHAPTER 2
LITERATURE REVIEW

2.1 Gas Separation Technology
2.1.1 Overview of Gas Separation Membrane

In order to develop more effective, economic and enviromentally friendly
method for gas separation process, a number of means for gas separation have
been investigated from conventional process to membrane technology. The
membrane gas separation is rapidly growing over the past 35 years due to some
advantages over conventional methods (Baker and Low, 2014). The conventional
methods including pressure swing adsorption, cryogenic distillation and amine
absorption seems to be high energy consumption, high cost with negative impact
on the environment (Yeo et al., 2012). Membrane technology has been
promisingly used as a method to get some gases with high purity, low energy
requirements, low cost, east of operation (no moving parts, no phase change),
continuous process and unnecessary regeneration process (Sridhar et al. 2014;
Adewole et al. 2013). According to Ismail et al. (2015), a concept of membrane is
it acts as selective barrier between two gases and separation occurs by controlling
the diffusion rate. The desirable membrane should possess several properties such
as high permeability, high selectivity, sufficient mechanical, high thermal and
chemical stability under certain operation condition (Compafi et al. 2010;
Zulhairun & Ismail 2014).

2.1.2 Development of Membrane Technology

The feasibility of membrane process on gas separation has been known for
more than a century, but the commercial membrane was available in 1980s (A. F.
Ismail et al., 2015). Figure 2.1 shows the membrane development for industrial
process that occurred in the last 35 years. The first large scale of gas separation
membrane was applied for hydrogen separation purpose. Since its first industrial
development in the 1980s, the membrane-based technology has been used into

expanded gas separation applications. However, the membranes are bounded by



their performance and they suffer severe deformation in corrosive and aggressive
operating condition since most of commercialized membrane are made from

polymer membrane (Nejad et al., 2016).

First plant with polysulfone
hollow fiber membranes
far Hz/Mz Permea-1980

FPolyimide hollow fibers membranes
CO2/CHs Medal-1994

MBDR system for lower
Green House Gas (GHG)

Field test of membrane emission option for
First plant with cellulose acetate contactors for CO2/Mz, Kvaerner- | wastewater reclamation using
spiralw_oun_d membranes for COz 1998 the membrane _bioreactor-
separation in EOR Cynara-1983 Teflon composite ;env;asrse osmosis (MBR-RO)-
Polysulfone hollow fiber membranes membranes, for COz
for Oz/Nz Dow Chemical's-1984 removal ABB/MTR-2008
Composite hollow fiber
membranes for Oz/N; IMS-1987
1980 1990 2000 2010 2015
Cellulose triacetate Filont plant with polyethylene oxide
membranes for COz/H; membranes for CO; separation
Separex-1982 Palyphenylene oxide GKES/MTR - 2008 - 2010

membranes for air Largest plant with
separation Delair-1991 | lcellulose acetate
membranes for
COz/natural gas
separation, Pakistan
UOP 1995(265 MMscfd)-
|2008 (600 MMscfd)

Polyaramide membranes for
H2 separation Du Pont-1986

Palyimide membranes for Hz
separation Ube-1989

Figure 2.1 Milestones of membrane development in the industrial application
(Sridhar et al., 2014)

Table 2.1 Some application of gas separation membrane

Gas separation Application
0./N Nitrogen generation
272 Oxygen enrichment

CO,/N, Post-combustion CO, capture
Acid gas treatment

CO,/CHq, Landfill gas upgrading
Enhanced oil recovery

H,-hydrocarbons Refinery hydrogen recovery

Furthermore, polymer membranes are only able to operate in small volume
of gas and possess limitation in chemical and physical stability as well as CO,-
induced plasticization or swelling at high operating pressure. Also, the
permeability and selectivity are hindered by a trade off relationship (high
permeability must be sacrificed with low selectivity, and vice-versa) (Robeson,
2008). The performances of some polymeric membrane are shown in Table 2.2.

The improvement of the polymeric membrane has been attempted by modification
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of polymers such as introducing chemical linkers, cross-linking, depositing an
ultrathin and dense polymer or thermally rearranged polymers. Unfortunately, the
performance of polymeric membranes has reached in steady state and hard to
achieve significant improvement, as shown in Table 2.2 (Yeo et al., 2012). On the
other hand, inorganic membranes offer better separation properties and can
withstand at harsh operating condition.

Table 2.2 Separation Performances of Polymeric Membranes for Gas Separation

Operating Separation properties
Membrane (;)Ol’ldltlo_ll’_] Gas test* ST IR TGS, References
o Permeability | Selectivity
(bar) | (°C)

Matrimid / _ b (Ding et
PSE 5 25 0O,/N, Po, = 3.65 7.76 al., 2008)
Matrimid / _ b (Ding et
PES 5 25 0,/N, Por =13.17 7.79 al., 2013)
6FDA-

—_ a
g]FP[I;)ﬁ/ 5 2 CO,/CH, Pco, = 6.8 48.57 (Heck et
durene15000 O/N o g 611 al., 2016)
/2500 22 o2~ & '

®

g'g’f lon"AD |3 | 22 | COJCH, | Poop = 1,330° 18
Poly(PFMD _ ogb (Fang et
D-co-PFMD) 3 22| CO/CH, Peo, = 78 28 al., 2016)
Teflon® AF
2700 3 22 CO,/CH, | Pcos = 13,000° 5.7

— a (Chen et
PVDF/RTIL 2 35 CO,/N, Pco, =1778 411 al., 2012)
POIyanilinE/ 15 30 COZINQ Pcog =1.07* 86 (Jan et al
polybenzimi 15 30 CO,/CH, Pcoz = 1.072 104 2016) "
dazole 15 30 0,/N, Po, = 0.129° 10.4

_ b (Aroon et
PSF 8 25 CO,/CH, Pco» = 8.23 31.65 al., 2010)

funit in barrer
"unit in GPU
*single gas permeation testing

The separation properties of inorganic membranes is shown in Table 2.3. It
can be seen that the membrane performance showed higher selectivity without
compromising the permeability than those of neat polymer membrane. The
membranes might offer the excellent performance transcending Robeson’s upper

bound. However, the complexity of synthesis cause the material cost higher than
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polymer membrane. Another challenges of inorganic membrane are
reproducibility issue and the difficulty to obtain defect-free membranes at large

scale due to its fragile nature (Dong et al., 2013).

Table 2.3 Separation Performances of Inorganic Membranes for Gas Separation

Operating Separation properties
Membrane condition Gas (best performance) Reference
P T testing | Permeability Selectivit
(bar) | (°C) (GPU) y
He et al.,
Carbon 35 | 30 | COuN; | Pcoz=1345" 13.2 ( 2011)
1 25 | COu/N, | Pcoy =24.81° 51.6
Zeolite- 1 25 | CO,/CHy | Pcoz = 24.81° 97.3 (Yinetal
T/carbon 1 25 | CO./N;™ | Pcop =23.8° 67.1 2013) ;
composite 1 o5 | CO2/CH, Peop = 23.88" 143
(Mirfender
Zeolite-T 1 | 30 | COJCHy| Pcop=21° 70.8 eski et al.,
2008)
1 25 | CO,/CH, | Pcop = 13.9° 197
1 | 25 | OuN; Po2 = 2.9 12.1 (Yoshimu
Carbon 1 25 | Ho/CH; | Pyy=95.54 1354 ne and
1 25 | COu/N, | Pcop=13.9° 58 Haraya,
1 | 25 |COACHs b _1516°| 109 20132)
3 35 | COuN, | Pcor =100 16.7
'S\/'”?g;"[/’orous 3 | 35 | CO./CHs | Peop = 100° 12 (Jang et
Torlon 7 | 35 |[COACHs | p o _ 5 9 al., 2011)

Sunit in barrer
bunit in GPU
*biner gas permeation testing

Recent efforts have been made by combining polymer and inorganic
materials to form mixed matrix membranes (MMMS) for improving the separation
performance and the robustness of the membranes. The improvement of MMMs
performance compared to polymeric membranes can be seen in Table 2.4 and it

should be exceed the Robeson upper bound line (Figure 2.2).
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Table 2.4 Separation Performances of MMMs for Gas Separation

Thermal Separation properties
Polymer I(I):e{:jlﬁ:g degradation (°C) N S?iisg* (’tzle:;tperformance) Ref.
Polymer | MMM MMM
polymer
a=3.73; | a=3.37; | (Wenget
PBNPI MWCNT | 529.7 544.1 CO,/CH; | Peop = Pcoo=6% | al., 2009)
2.61°
o=236.8; o=374;
C02/CH4 Pcoz = Pcoz = .
| Activated 123 39 5° (Weigelt
Matrimid 420 440 — - — — etal.,
carbon a=28.11; 0=5.48; 2018)
Oz/Nz Pozz 2'4161 Pozz
8.22°
Elvaloy 0=17.48; 0=6.10; | (Ranjbara
4170 f-MWNT - - CO,/CHy | Pcoz= Pcor = netal.,
104.25°% 105.67° | 2015)
o=3.57; a=11.15 | (Farnam
PES CMS 500 510 C02/CH4 Pcoz= i Pco2= etal.,
25.7° 68° 2016)
Cloisite a=27.44; | 0=40.26 | (Zulhairu
PSF 15A 364.5 425.8 C02/CH4 Pcos= i Pcoo= n, Ng, et
60.09" 56.25" al., 2014)
a=19.83; | a=34.09 | (Abdul et
PSF ZIF-8 - - C02/CH4 PC02: ) PC02: al., 2015)
21.27" 21.16"
0=2.63; o=23.37; | (Mohama
PSF Zeolite-T - - CO,/CH4 | Peor= Pcoo= detal,
12.33° 78.9° 2016)
o=17.3; o=28.2;
SO e | siange | Gunaia
PSF SAPO-34 | 500 490 : - ; — etal.,,
a=165; [a=261;| 0,
COz/Nz PN2: 133b PC02:
12.03"
o=256; o=10.65
0.,/N, Pos=2.13" | ; Poop=
3.19° smail et
PES MWCNT | 488.58 | 502.05 «=51.26; | o= (Ismail e
_ .| al., 2011)
2 4 1098b PC02:
6.79"
0N 0=4.06; |a=375;]|(P.S.
PEI f-MWNT | 549 559 22 Poo=1.22° | Pgy= Goh et
2.29° al., 2011)
0./N a=5.50; a=5.97; | (Ismail et
PSF CMS 495 516 22 Poo=1.58% | Pgy= al., 2009)
7.96°

4unit in barrer
bunit in GPU

*single gas permeation testing
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Figure 2.2 Upper bound curves correlation for polymer membranes (Robeson,
2008)

2.2 Mixed Matrix Membranes (MMMs)

Today, MMMs have been identified as very promising candidates
membrane for gas separation. MMMSs have synergistic characteristics of each
phase, in which high separation performance of the inorganic particles as
dispersed phase and the ease of processability of the polymer as the membrane
matrix. Also, the MMMs provide improved thermal and mechanical properties,
thus it can withstand aggressive and harsh operating condition (Dechnik et al.,
2017). For instance, the thermal stability of MMMs using TiO,-PSF has been
investigated to be higher than those of neat PSF. This can be due to a higher
thermal stability of TiO, than PSF. The particles would provide a barrier effect
hindering the flow of degradation product from the bulk polymer into gas phase
and good filler-polymer interfacial interaction leading to the increase of

degradation’s activation energy (Marosfoi et al. 2006; Ismail et al. 2011). As a
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result, a good thermal stability can be achieved for MMMSs. The schematic of

mixed matrix membrane is shown in Figure 2.3.

— Inorganicfiller (zeclite, CMS, CNT, MOF, etc)
|

Polymer matrix
(P, PSF, PES, etc)

Figure 2.3 Schematic of mixed matrix membrane

Furthermore, the presence of porous fillers in the polymers results in the
increase of free volume due to the particles cavities and the loosen polymer
packing in the polymer-filler interface. However, good interaction between
polymer and filler should hinder the chain motion and rotation to increase
polymer chain rigidity. The additional free volume and the increase in chain
rigidity resulted in the simultaneous enhancement of permeability and selectivity
for the MMMs. The rigidified polyethersulfone (PES) chains around the zeolite-
4A surface was observe to enhance the O,/N; selectivity, but lower permeability
(Li et al., 2005). While, the incorporation of ZIF-7 into PBI resulted in increasing
permeability, but lower selectivity due to larger fractional free volume (Zhang et
al., 2012).

Also, the inorganic particles are able to separate gases based on the
molecular weight, size of molecules or surface interaction, which can be described
as Knudsen diffusion, molecular sieving or surface adsorption mechanism,
respectively. The presence of particles could create tortuous pattern of matrix for
gas diffusion pathways. Figure 2.4 shows the representation of the mechanism
transport of MMMs by asumming molecular sieving effect on the particles for
CO,/CHy, separation. The species with larger kinetic size (CH,) is unable to pass
through the inorganic phase due to its pore size, resulting longer and tortuous

diffusion pathway for CH,4 within the polymer phase. While, species with smaller
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kinetic diameter (CO,) can pass through the inorganic phase, thus high selectivity
of MMMs can be achieved. Furthermore, if the gas diffusion through the
dispersed phase is larger compared to polymer phase, the gas flow across the
MMMs will increase, thus achieving simultaneous improvement of permeability

and selectivity for MMMs.

(@) (b)

Figure 2.4 Schematic diagram of the transport mechanism of MMMs with (a)
conventional and (b) high aspect ratio permeable fillers (Adapted from Ansaloni
& Deng (2016))

As summarized in Table 2.4, it demonstrated that the incorporation of
inorganic fillers including zeolites, CNTs, CMS contributes to improve the
performance of polymer membrane. However, there are some literatures that the
permeability and selectivity are still hindered by trade-off curve after the addition
of inorganic filler, as shown in Figure 2.6. Furthermore, it could be solved by
guaranteeing the good control of polymer-filler interactions, the particle
distribution inside the polymer matrix and the membrane morphology. These can
be controlled by careful manipulation of the synthesis conditions and the
modifications or functionalizations of the surface chemistry of fillers, thus
resulted in superior performance of MMMs. Jomekian et. (2011) reported the
surface modification of MCM-48 filler using dimethyldichlorosilane (DMDCS).
The modified MCM-48 particles showed better dispersion in PSF matrix and there
were no distinct voids between two phases, as shown in Figure 2.5. Furthermore,
the presence of modified MCM-48 was believed to be responsible for the

substantial improvement of permeability for all gases.
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Figure 2.5 SEM images of unmodified (left) and modified MCM-48/PSF
membrane (Adapted from Jomekian, Mansoori, et al. (2011))
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Figure 2.6 Robeson’s upper bound analysis of MMM derivatives from
polysulfones, polyimides, PIMs, PTMSP and pebax

2.3 Membrane Materials in MMMs

Material selection for both polymer matrix and inorganic phase is also a
major aspect in the development of MMMs. This section reviews the polymer and
filler structure related to their potential application as membrane material for gas

separation.
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2.3.1 Polymer Selection

The gas separation performance of polymer phase is controlled by its
intrinsic properties. The intrinsic properties of polymer are determined by the
structure of polymer materials. Table 2.5 shows the characteristics polymers
commonly used for gas separation membrane. It shows that PSF has low
permeabilities with acceptable selectivity values. Furthermore, the low
permeability of polymer is preferable for the preparation of MMMs since the
majority of gas diffusion would occur within the particles (Chung et al., 2007).
This is due to the rotational of polymer segments that restricted by the steric
hindrance along the polymer backbone, thus resulting in a rigid structure. This
properties are associated with glassy polymers. The other properties of
polysulfone which make the polymer suitable for matrix material in MMMs are
summarized in Table 2.6. The features make polysulfone material suitable not
only for gas separation, buat also for hemodialysis (Wenten et al., 2016) and
ultrafiltration (Daufin et al., 2001). Also, polysulfone has a polar characteristic
due to the availability of sulfone group. As a result, it exhibits higher solubility or
chemical affinity to the gas penetrants having a quadropolar moment (Bastani et
al. 2013; Reif 2006; Zornoza et al. 2009). In this case, the gas properties have to
be taken into account, as shown in Table 2.7.

The performances of PSF membrane with respect to Robeson trade-off line
are shown in Figure 2.7. The point of PSF membranes approach the upper bound
line for all separation and these values are higher than the intrinsic selectivity
values as shown in Table 2.5. However, achieving higher selectivity with similar
permeability is the main issue faced by the polymer membrane, including PSF to
exceed Robeson’s upper bound. Many researchers tried to solve the problem by

changing the synthesis and processing conditions and membrane formulation.
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Figure 2.7 The evaluation CO,/CH4, O,/N;, CO,/N, and H,/CH,; separation
performance for PSF membrane

The structure of PSF membrane used for gas separation can be categorized
into dense, asymmetric and composite. The fabrication process of these
membranes is different. There are three types of phase inversion process in order
to form dense and asymmetric membranes; dry, wet and dry/wet inversion process
(Julian and Wenten, 2012). Pinnau and Koros (1991) investigated PSF membrane
made by dry and wet process. The PSF membrane obtained by dry process
consists a very thick dense skin layer of about 17.5 pm supported by sponge-like
and macrovoid structure, as shown in Figure 2.8(a). The gas permeation rate of
this membrane was very low due to the thickness of selective layer. Conversely,
PSF membrane made by wet process consists of sponge-like strutcure containing
of macrovoids with too many defects on the skin layer, as observed in Figure
2.8(b). As a result, the gas transport was dominated by pore flow through skin
layer defects leading to a high O, fluxes (600 GPU) and low O2/N, selectivity
(0.91). Sidek & Nora (2011) also prepared PSF membrane by wet inversion phase
and resulted membrane with finger-like structure and macrovoids at the bottom,

promoting a high flux and loss selectivity.
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Regarding to these issues, Pinnau and Koros (1991) proposed a new
technique by combining of evaporation and quench steps (dry/wet phase) to form
PSF membrane with defect-free and ultrathin skin layers. The dry/wet phase
inversion with evaporation time 60 s resulted in a thin dense skin layer (0.1 um)
supported by tightly packed nodular transition layer (0.3 um) and highly porous
substructure, as shown in Figure 2.9. The O,/N, selectivity was found to be
enhanced up to 5.2 with O, flux of 22 GPU. Kiadehi et al. (2015) also reported
that PSF membrane made by dry/wet inversion phase with 30 s evaporation
consisted of dense selective layer and finger-like structure. The O, flux and O,/N;
selectivity obtained were 17.7 GPU and 1.61, respectively. The results showed
that membrane structure depends on the prolonged evaporation period, which
results in the deformation and fusion of structures.

In addition, the composite membrane can be prepared by surface coating the
other polymer onto the matrix polymer for certain time. The coating material
should possess high flux, thus it would not provide additional resistance to gas
transport. Chong et al. (2018) prepared hollow fiber PSF membrane with surface
coating using polydimethylsiloxane (PDMS) and poly(ether block amide)
(PEBAX). PDMS coating is able to fix membrane surface defects by eliminating
the non-selective pores, thus improving O,/N, selectivity as well as O, permeance.
Unlike PDMS, PEBAX contains both polyamides glassy and polyether rubbery
fragments, achieving simultaneous improvement between permeance and
selectivity (Roslan et al., 2018). They reported that PSF membrane coated with
PEBAX showed lower O, permeance and O,/N, selectivity. This findings showed
that PEBAX coating seems not effective to form good integrity coating layer on
the hollow fiber form, but it is effective to be used for flat sheet membrane.
Magueijo et al. (2013) also found that PSF hollow fiber membranes coated with
PDMS via dip coating method were able to improve ideal selectivity of CO2/CHy,
0,/N,, CO,/0O, and CH4/N, with acceptable permeances. Marchese et al. (1995)
prepared PSF flat sheet membrane with PDMS via dip coating onto the surface of
PSF and the permselectivity for H,/N, and H,/CH, improved, while the
permeabilities decreased since the surface pores are plugged and the surface

thickness increased.
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Table 2.5 The Features of Some Polymers (Adapted from Castro-mufioz (2018))

. o Permeability (Barrer) Selectivity 3
Polymer Chemical Structure T,(C) —5 H, N, CO, CH., OJN, COJN, CO,JCH, HJCO, HJN, HjcH, vV pem)
Matrimid @CE @t—(@" 302-310 21 2716 028  7.68  0.22 6.4 30 34.91 3.88 97 8333 0.7 1.2
Polymers of intrinsic I
mlcroporosny(PIM- T@[ 399-415 370 1300 92 2300 125 4.0 25 18 0.57 14 10 0.24 0.94
Polysulfone (PSF) J[QE—QUQ{-—QOJT 185 12 164* 020 4.9 0.21 6.0 22.4 233 153 20 34.4 0.13 1.19
o n
e
P0|y[1- C—
trimethylsilyl)-1- T >250 7200 4200 6890 37000 18400 1.7 107 4.46 0.53 25 0.995  0.34 0.83
propyne] (PTMSP) CH37S|'70H3
. . /N N,
Po'ybe(”;g?)'dam'e %\>—©% 435 0009 06 00048 016 00018 2.0 35 88.88 3.75 125 3333 011 1311
H H "

*Permeance in GPU units; Ty : glass transition temperature; FV : Free volume; p : density
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Table 2.6 The Supported Properties of Polysulfone for Matrix Polymer in MMMs
(Roland 2014; Teoh et al. 2016)

Characteristics Description

Mechanical strength | PSF can maintain high strength due to the presence of
ether linkage, allowing flexibility to the backbone chain

Resistance to PSF exhibits a stable resistance to oxidizing agent, acid

chemical solution, alkali, aliphatic hydrocarbons, parafin since the

environments sulphur atom is in the highest state of oxidation and tends
to draw electrons from the adjacent benzene rings

Thermal stability PSF exhibits no structural change up to 500°C due to the
presence of aromatic nature of diphenylene sulphone

Glass transition The existance of the backbone aromatic structure leads to

temperature (TQ) intermediate value of Tg (190-230°C) due to the existence
of sulfone group and the rigid backbone structure

Amorphous PSF is amorphous and non-crystallizable polymer, leading
to low shrinkage and high dimensional stability upon
usage

Table 2.7 Characteristics of Gas Molecules Used for Gas Separation (Castro-
mufioz, 2018)

Molecule Kinetic Polarizability Dipole Quadropole
diameter (A) (A% Moment (D) Moment (D A)
CO; 3.30 2.650 0.000 4.30
CH,4 3.76 2.600 0.000 0.02
H, 2.89 0.80 0.000 0.66
0, 3.47 1.600 0.000 0.39
N, 3.64 1.760 0.000 1.52

822709 10KV X308
(@) (b)

Figure 2.8 Cross section of PSF membranes prepared by (a) dry and (b) wet
inversion process. Adapted from Pinnau and Koros (1991)
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E61173-184-6 (UT)
82738 18KV X300 108um

Figure 2.9 Cross section of PSF membranes prepared by dry/wet process. Adapted
from Pinnau and Koros (1991)

As previously discussed, asymmetric membrane is preferable structure for
gas separation due to its higher gas productivity. The concentration of polymer in
a solution plays sigificant role to produce ultrathin and defect-free on asymmetric
membranes. It was found that higher polymer concentration lead to a higher skin
layer thickness and decreased larger macrovoids within the membrane (Ismail et
al., 2017). This properties result in higher selectivity but less productivity. Ismail
et al. (2017) investigated the effect of polymer concentration on the overall
membrane morphology. All fabricated PSF membranes in Figure 2.10 showed a
dense surface layer and porous support. The SEM images revealed that addition of
PSF concentration from 20 wt% to 30 wt% altered from a thin skin layer with
large finger like macrovoids to a denser skin layer with tear drop macrovoids
structure. The development of thin skin layer is occurred due to the spontaneous
demixing of solvent and non solvent during the phase inversion. Meanwhile, the
formation of large finger like macrovoids in the porous sublayer is due to a faster
diffusion of non solvent rate into low concentrated polymer phase than those of
solvent diffusion outward (Junaidi et al., 2014). Similar asymmetric properties
was also reported by Sidek & Nora (2011). The increased of polymer
concentration resulted in a denser and thicker skin layer since a higher viscosity of
solution hindered the diffusion exchange between NMP and water in the sublayer,

thus leading to the rapid phase separation in the skin layer and the slow solvent
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precipitation in the sublayer. Generally, a higher PSF concentration is more

favourable to promote more selective but lower productive membrane.

PSF20% NL D43 X3k 30um  PSF28% NL D52 xatk 30um PSFI0% NL D49 x30k  30um

(@) (b) (©)

Figure 2.10 The cross section images of PSF membrane at different PSF
concentration (a) 20 wt%, (b) 25 wt% and (c) 30 wt% (Ismail et al., 2017)

(b)

Figure 2.11 The cross section images of PSF membrane at (a) 19%, (b) 21% and
(c) 23% PSF concentration (Sidek and Nora, 2011)

However, a highly concentrated solutions (50,000-100,000 cP) are
preferable in hollow fiber form to get stable spinning than that of flat sheet form
(1,000-2,000 cP) (Pesek and Koros, 1993). Furthermore, high concentrated
polymer (> 30 wt%) are preferable to obtain pressure resistance membranes since
hollow fiber is self supporting during operation. In addition to the polymer
concentration, the optimization of solution components, such as non solvent and
volatile solvent in the dope solution is necessary.

In order to produce high flux and defect-free membranes, it is necessary to
add a non solvent additive into the dope solution. The non solvent has changed the
binodal curve and brought it nearer to polymer-solvent axis, leading to an increase
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permeability and selectivity. Aroon et al. (2010) investigated the effects of non
solvent on the morphology and performance of PSF gas separation membrane.
Figure 2.12(a) exhibits that the PSF membrane with no ethanol possesses a
sublayer with finger-like macrovoids structure. This finger-like structure possibly
ends at the surface layer and thus leading to the formation of pinholes at the
membrane surface. Conversely, Figure 2.12(b) reveals that the membrane has a
nodular structure at the sub layer when PSF membrane was made from the ethanol
containing dope, reducing the possible formation of pinholes at the membrane
surface. Furthermore, the presence of ethanol reduces the surface layer thickess
from 560 nm to 340 nm. When ethanol is introduced into the polymer solution,
the solidification can rapidly occur in the surface layer and results the membrane
with thinner skin layer and uniform structure (Wang et al., 1995). It can be
explained that the ethanol in the dope solution would bring the initial composition
of solution closer to the precipitation point. As a result, the CO, permeance and
CO,/CHy, selectivity enhanced up to 98% and 100%, respectively when ethanol
was employed.

Although the presence of ethanol can improve the CO, permeance (7.26 to
14.35 GPU) and CO,/CH,4 permselectivity from 4.43 to 8.86, this selectivity value
is still lower than the intrinsic value of 23.3. This indicated the presence of some
defects in the surface membrane. Further improvement needs to be made by using
a mixture of volatile and non volatile solvent along with non solvent. A volatile
solvent should have a good miscibility with water as coagulant to reduce the
solvent volatility (Julian and Wenten, 2012). Tetrahydrofuran (THF) is one of
high volatile solvent that are a good water miscible solvent and a strong solvent
for PSF. The addition of THF leads to a delayed demixing process during the
evaporation step, making the formation of porous membrane in the sublayer and
denser membrane structure. Since THF reduced the interaction of solvent and non
solvent, the membrane with sponge-like sublayer was formed instead of finger
like macrovoids (Junaidi et al., 2014). Figure 2.13 shows that the selective layer
thickness of PSF membrane are higher (500 nm) than those of the membrane
prepared without THF (Figure 2.12b). The membrane with the less tendency to

form finger-like macrovoids structure with thicker skin layer allows the obtained
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membrane with less defects and pinholes. The addition of THF increases the
CO,/CH, selectivity (12.45 as compared to 8.86) due to a defect free surface
layer, while decreasing the CO, permeance (4.11 GPU or 2.06 barrer) due to a
thicker skin layer. These values are much lower than the intrinsic value in Table
2.5.

(b)

Figure 2.12 The SEM images of PSF membrane made from a dope solution
containing of (a) 30 wt% PSF, 70 wt% NMP and (b) 30 wt% PSF, 60 wt% NMP
10 wt% ethanol (Aroon et al., 2010)

However, Pesek & Koros (1993) investigated that a larger amount of
ethanol is needed in order to bring near to its boundary due to a stronger NMP
solvent for PSF. They suggested that dimethylacetamide (DMAC) is the most
convenient candidate as less volatile solvent in order optimize the skin thickness
and to form a defect free membrane structure. Zulhairun, et al. (2014) prepared
asymmetric membrane via dry/wet process containing of 30 wt% PSF, 35 wt%
DMACc, 30 wt% THF and 5 wt% EtOH. The obtained PSF membrane shows a
dense skin layer (250 nm in thickness) containing tear drop macrovoids sublayer.
The enhanced performances were found to be enhanced with CO, permeance of
19.88 GPU (4.97 barrer) and CO,/CH, selectivity of 23.12. The properties of
these PSF membrane are very similar to those in Table 2.5 when DMAc was used
as the less volatile solvent. The performance of PSF membrane containing of
PSF/DMACc/THF/EtOH exceeded Robeson’s upper bound for CO,/CH, separation

when proper manufacturing variables were applied, as shown in Figure 2.14.
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Figure 2.13 The cross sectional image of PSF membrane containing of 30 wt%
PSF, 10 wt% EtOH, 45 wt% NMP and 15 wt% THF (Aroon et al., 2010)
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Figure 2.14 The performance of PSF membrane made by dry/wet phase inversion
process (Julian and Wenten, 2012)

2.3.2  Inorganic Materials

The incorporation of inorganic fillers inside polymer matrix can
significantly alter the gas transport properties of neat polymer itself. For MMMs
fabrication, inorganic fillers used can be porous or nonporous materials. When
porous inorganic applied, separating gases is based on the different size or shape
(molecular sieving effect). In case of larger pore size of particles than the
molecule size, adsorption and selective surface flow mechanism is also to be
considered (Bastani et al., 2013). The obtaining membrane is represented by
higher permeance and selectivity of desired molecules. While, dense inorganic
fillers lead to low diffusion of larger molecules and increase of matrix tortuous

pattern. The resulting membrane is characterized by high selectivity, but low
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permeability (Yeo et al., 2012). The use of fillers for gas separation MMMs is
dominated by porous inorganic materials (Dong et al., 2013).

The effect of inorganic particles on the MMMSs properties depends to their
structure and the type of particles (Aroon and Ismail, 2010). Most inorganic fillers
Is selected based on their gas sorption behavior rather than their transport
behavior. It can be attributed as (1) more adsorbable gas decreases the
concentration gradient of less adsorbable componet, and (2) more adsorbable gas
reduces the diffusion rate of more mobile gas (Dong et al., 2013). High specific
surface area, well defined microporous structure and porosity as well as superior
adsorptivity are good characteristics of filler candidate for the gas separation
MMMs (Dong et al. 2013; A K Zulhairun et al. 2017; P S Goh et al. 2011). Filler
material with controlled properties via various forms of surface functionalization
offers great prospects to facilitate the selective binding or adsorption of target
species. Therefore, the flexible surface functionalization of filler is suitable for
this application (Magueijo et al. 2013; Zornoza, Téllez, et al. 2011).

Several porous inorganic have been applied for membrane filler such as
activated carbon (Weigelt et al., 2018), zeolite (Mohamad et al., 2016), carbon
molecular sieve (Farnam et al., 2016), metal organic framework (Zulhairun et al.,
2015) and carbon nanotube (Ahmad et al., 2014). Several inorganic particles used
in MMMs is briefly reviewed in Table 2.9 and the separation performances of
polysulfone based MMMs are presented in Table 2.10. However, the existing of
such potential fillers have not reached the expectation of current gas separation
performance. This is due to several factors such as incomplete separation
performance, unfavourable orientation fillers and the issue of polymer filler
interaction. New type of fillers are expected to emerge because there are still
many structure of filler waiting to be considered. Among the existing fillers, a
new class of porous carbon, namely zeolite templated carbon (ZTC) have
potential for surpassing Robeson’s upper bound owing to its unique properties
which is suitable with the filler characteristics. A deep insight of the ZTC
structure is indispensible before exploring its application. The detail explanation
of ZTC structure related to its potential application as filler membrane will be

discussed in the following section.
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2.3.2.1 Zeolite Templated Carbon (ZTC)

Porous carbons which have well defined micropore structure is a great
demand for some application. Therefore, some efforts to control pore structure
have been proposed. Among of them, great attention has been paid to the zeolite
templated carbon (ZTC). ZTC possess a unique structure and it totally different
with traditional porous carbons. ZTC is synthesized through the controlled
pyrolysis of a carbon precursor loaded in the nanochannels of zeolite template.
Compared with traditional porous carbon, ZTC posses large surface area (up to
4000 m?/g), well porosity (up to 95%), uniform pores structure as well as easy
functionalization (Nishihara & Kyotani 2012; Song et al. 2013; Yabushita et al.
2016). Therefore, structural control of ZTC has attracted a great deal of interest
for industrial application such as gas adsorbents (Guan et al., 2009), capacitors
(Moon et al., 2015), batteries (Stadie et al., 2017) and catalysts (Yabushita et al.,
2016).

The synthesis procedure of the ZTC is shown in Figure 2.15. First, carbon
precursor is introduced in the channel of zeolite template, polymerized and
carbonized. Then, the zeolite network of composite sample is removed by
washing with HF and/or HCI solution to obtain the ZTC. As a consequence, the
shape of zeolite template is replicated by the ZTC. Carbon must be uniformly
infiltrated into the zeolite nanochannels to ensure the successful synthesis of ZTC.
It can be controlled by suitable choice of zeolite template, carbon precursor and
the method of carbon filling (Nishihara and Kyotani, 2012). The quality of the
resulting ZTC was reported from the previous study, as summarized in Table 2.8.

Zeolites are porous aluminosilicate materials with regular intracrystalline
cavities and channels structure. The minimum channel diameter of zeolite is
ranging from 0.3 - 1 nm (Wahab et al., 2004). For preparing templated carbon, the
pore entrance of zeolite should be large in order to avoid pore blocking upon the
carbon filling. The pore entrance contains a ring of O-Si-O chain and its size
depends on the number of O atom inside the ring (Nishihara and Kyotani, 2012).
The pore entrance of zeolite-Y with 12-membered ring is properly enough to
introduce carbon inside the zeolite micro-channels than those of 8-membered

rings. In addition, zeolite should have three dimensionally connected framework
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to retain structure regularity of the zeolite, as shown in Figure 2.15(c). Enzel and
Bien (Enzel and Bein, 1992) investigated that pyrolisis of polyacrylonitrile in the
spatial limitation channels of zeolite-Y prevents the formation of graphite
structure. Zeolite-Y is a fine choice of template material because of having

oxygen 12-membered ring and having three-dimensionally connected pores.
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Zeolite-Y Zeolite/carbon composite (ZCC) Zeolite templated carbon (ZTC)

Figure 2.15 Illustration of Zeolite Templated Carbon (ZTC) Synthesis : (a)
Structure of Zeolite-Y Template, (b) Structure of Zeolite/Carbon Composite. A
Black Framework Represents Impregnated Carbon and (c) Framework Structure
of the ZTC After Template Removal (Nishihara et al., 2008)

To synthesize the ZTC, the carbon precursor in the form of a liquid polymer
or a hydrocarbon vapor is introduced into the micropores of zeolite template by
the methods of impregnation or chemical vapor deposition (CVD) or
impregnation-CVD. Impregnation is a simplest and easiest method and no need
complicated equipments for synthesize the ZTC. In this method, zeolite channels
is filled with liquid monomers and polymerized. A large amount of polymer
formed inside pore template is decomposed upon the carbonization process and
followed by template removal. However, the resulting carbon is not robust enough
to retain structure regularity of zeolite after the zeolite removal and results in
lower surface area of ZTC. The quality of resulting ZTC depends on the synthesis
parameter such as carbonization temperature and dwelling time, heating ramp
profile and flow rate of N, (Konwar and De, 2013). For CVD method,
hydrocarbon vapor as carbon source is deposited into the zeolite pores below its
decomposition temperature. It allows a larger amount of carbon to pass through
the zeolite pores compared to those of impregnation method, thus the resulting
ZTC frameworks can be stronger with larger surface area. Furthermore, carbon

source should be small, thus it can penetrate to the narrow zeolite channels.
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Propylene is small hydrocarbon and suitable as CVD source to synthesize high
quality of ZTC (Geng et al. 2015; Nishihara et al. 2009). Also, parameter such as
temperature, time and concentration of CVD source also significantly determine
the properties of the ZTC (Nishihara and Kyotani, 2012). However, the CVD
process is difficult for a large scale due to its productivity and a potential danger
of explosion at high temperature (Shi et al., 2015). Thirdly, two step method
involves of liquid monomer impregnation and followed by further CVD process.
This method is possible to obtain ZTC with high ordered pore structure having an

extremely high surface area, as shown by HRTEM image in Figure 2.16 (Ma et

al., 2002a).

Table 2.8 ZTC Properties Prepared Using Different Methods

Materials BET .
. Total pore | Micropore
. Preparation surface
Zeolite Carbon volume volume Ref.
type source Uz arsa (cm®/g) (cm®/g)
(Sarkar
Zeolite- Carbonisation/ | 684 — 0.21 - and
NH,Y Sucrose impregnation 1033 0.4-0.676 0.293 Bhattachar
yya, 2012)
Zeolite- 1303 - (Cai, Li, et
10X Acetylene | CVD 3331 0.88-194 | 0.33-1 al., 2014)
Zeolite- | Furfuryl | Carbonisation | 632— | 0.303- 0.011 - ;'rfgrl‘a"‘éar
NH,Y alcohol /impregnation | 1886 1.314 0.513 2013) '
Zeolite 1941 — (Choi et
Nax Acetylene | CVD 2973 1.29-1.46 | 0.73-1.18 al., 2015)
Zeolite- Furfuryl Carbonisation/ | 1245 — i i (Song et
Y alcohol impregnation | 2135 0.33-0.57 1065-14 al., 2013)
Zeolite- Carbonisation/ (Guan et
NH,Y Sucrose impregnation 1500 1.30 0.78 al., 2009)
. Furfuryl . (Nishihara
\Z(eollte- alcohol, l:n\1/p[r)egnat|on- égég - 0.77-170 | 0.60-1.58 | etal.,
Propylene 2009)
. Furfuryl .
Zeolite- Impregnation- (Geng et
NaY alcohol, CVD 3751 1.512 1.154 al., 2015)
Propylene
757 _ (Antoniou
Zeolite-p | Acetylene | CVD 0.58-0.75 | 0.16-0.29 | etal.,,
1127
2014)
Zeolite- Carbonisation | 1173 — (Shi et al.,
NaY Glucose /impregnation | 1562 1.15-1.78 10.46-0.58 2015)
Zeolite- Sucrose Carbonisation | 1038 - 0.731 - 0.414 - 223:6 ot
usy /impregnation | 1218 1.068 0.498 al., 2014)
Zeolite- s (Gunawan,
v Sucrose Carbonisation | 1254 0.95 0.09 2018)
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Figure 2.16 HRTEM images of ZTC prepared through impregnation-CVVD method
(adapted from Ma et al. (2002))

The pore size distribution of ZTC calculated by the density functional
theory (DFT) method is shown in Figure 2.17. The ZTC prepared using
impregnation method (Figure 2.17a) showed the major contribution of pores with
the size above 1 nm and the sharp peak about 1.2 nm. Figure 2.17b represents the
pore size distribution of ZTC synthesized via impregnation-CVD method. It
confirmed that ZTC’s possess a very sharp and intense peak at around 1.2 nm.
Though all ZTC’s have similar intense peak, the ZTC synthesized from
impregnation method has a broader distribution due to its poor structure

regularity.
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Figure 2.17 Pore size distribution of ZTC prepared using (a) impregnation (Guan
et al., 2009); (b) impregnation-CVD method (Nishihara et al., 2009)

There are a lot of literatures reporting about this material. However, there is
a few literature discussing the sructure of ZTC deeply. Nishihara et al. (2008)
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have proposed a molecular model for ZTC using molecular orbital theory
combinated with analysis results, as illustrated in Figure 2.18. The ZTC is
comprised by single curved graphene sheets assembled into a three dimensionally
regular network. The existence of such curved graphene sheets is possible because
the sheets is forced into the spherical cavities (1.3 nm) of the zeolite-Y supercage
and the pore entrance of 0.74 nm. By calculation on the model, the inner diameter
of curved graphene is ranging from 0.9-1.3 nm and the pore size is in the range of
1-1.7 nm. Thus, the ZTC is being unique among any other nanoporous carbons, in
which stacked graphene sheets constitute the pore walls. As shown in Figure
2.18(a), all the radical edge sites of ZTC easily react with water in the air or HF
solution and then saturated by oxygen or hydrogen species (Nishihara et al.,
2008). After the addition of large quantity of oxygen atoms, Figure 2.18(b) shows
that the edge sites of the ZTC are stable and occupied by different functional
groups (66 mol% ether, 15 mol% phenol, 15 mol% acid anhydride amd 4 mol%
carbonyl group).

Such properties render the ZTC not only suitable for application such as gas
adsorbents, capacitors, batteries and catalysts, but also for gas separation
membrane. Large surface area of the ZTC may increase the adsorption capacity of
gases, leading to high gas permeability (Konwar & De 2013; Zornoza, Téllez, et
al. 2011). The ZTC have been also evidently proven to be very effective for CO,
and H, gases (Ma et al. 2002b; Sarkar & Bhattacharyya 2012; Balahmar et al.
2016), thus it can enhance the gas separation capacity (Foley, 2014). The heat
adsorption of CO;, on a carbon material is low, thus resulting in a high gas
diffusion of CO, (Ma et al. 2012). Meanwhile, the interaction between hydrogen
and carbon material is based on the van der Waals force and the thermal motion
energy of hydrogen was in accordance with the van der Waals force at low
temperature (Jin et al., 2007). Also, the electronegativity between hydrogen and
carbon has a low range, thus the bonding has a weak dipole moment, leading to a
higher gas permeability. A well defined porous array and porosity will ensure high
gas permeability and selectivity (Dong et al. 2013; Anson et al. 2004). In addition,
the tuneable properties of ZTC can control the surface area, pore volume and pore

size distribution via its synthesis conditions.
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Figure 2.18 An Idealized Model for ZTC (a) Containing Carbon and Hydrogen
Atoms and (b) Containing Some Functional Groups. Large Red Spheres Indicate
O Atoms (Nishihara et al., 2008)

Another interesting material coming from single synthesis route of ZTC is
zeolite carbon composite (ZCC), a preceding material before template removal
(Figure 2.15(b)). The ZCC substantially differs from the zeolite carbon composite
normally used, in which this composite contains a zeolite with its pores filled by
carbon. Zeolite has been found to be advantageous for separating CO, from gas
mixtures. The adsorption capacity of CO, depends on the pore size, surface
basicity of zeolite and the electric fields caused by the existence of
unexchangeable cations in the zeolite frameworks. The presence of zeolite in base
form (Na) will enhance the affinity of CO, molecules. Due to a higher quadropole
moment of CO,, the oxygen sites of CO, makes stronger interaction with Na
cations on the zeolite surface in Figure 2.19, thus CO, gas will be attracted into
zeolite pores by van der Walls force (Deng et al., 2012). This characteristic is
predicted to improve selectivity and adsorption capacity for CO,. Meanwhile,
carbon that obtained from carbonization possesses high adsorption capacity of
CO, at ambient pressure and the heat of adsorption of CO, on carbon is lower than
those of zeolite (Ma et al., 2012). Thus, the presence of carbon inside the zeolite
channels may results in high gas diffusion of CO,. These characteristics of ZCC
are predicted to be suitable as membrane filler. However, none of the literatures

paid attention to utilizing this material in the application of gas separation.
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Zeolite pore surface

Figure 2.19 The illustration of CO; interaction with zeolite surface

In this work, porous carbon with sucrose as precursor in the presence of
zeolite-Y by a simple impregnation technique is prepared. Sucrose is a kind of
small organic molecules, a green chemical and low cost. The as-synthesized ZTC
will be used to fabricate asymmetric polysulfone hollow fiber membranes. The
other ZTC prepared using impregnation-CVD method as well as ZCC with
distinct pore properties will also be used to compare their effects on the gas

permeation performance.
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Table 2.9 The Properties of Inorganic Fillers

Inorganic

i Structure Potential properties as filler Drawbacks Ref.
Zeolite e The uniform pore structure and | e The size and shape selective ability with | e The rigid nature makes the difficulty to | (Shekhawat et al.
channel diameter in the range of the presence of molecular-sized cavities form continous and defect free 2003; Yeo et al.
3-10A and pores membrane 2012; P S Goh et
o The interconnected cavities by e The capability to selectively adsorb gases | e The presence of water in the separation | al. 2011)
pore openings by polarity process tends to blockage the pores due
to the hydrophilic surface properties
e The hydrophilic in nature needs further
modification to improve interfacial
adhesion and gas selectivity
Activated e Large pore size and pore ¢ High surface area ensures higher sorption | e Wider and poorly pore size distribution (Konwar & De
carbon volume capacity of gases leads to low gas diffusion and selectivity | 2013; Zulhairun
» High surface area (>500 m?/g) etal. 2017; Dong
et al. 2013)
Carbon e High porosity and surface area e Superior adsorptivity for some specific e The lack of transport improvement due | (Yeo etal. 2012;
molecular sieve | o Good pore size distribution gases to a dead-end porous structure P S Gohetal.

(<1 nm)
¢ Having large opening with
narrow necks

¢ High porosity and fine pore size
distribution lead to high selectivity

e The gas transport through porosity of
permeable CMS also allows gas
permeation

e The constrictions of aperture help to
transport gas molecules, due to the
dispersive and repulsive interaction
between gas and carbon atoms

¢ Good affinity to glassy polymer without
introducing further process

2011; Duval et al.
1993; Vinoba et
al. 2017)

Metal organic
framework

e Consist of transition metal and
transition metal oxide connected
by organic ligands

¢ High surface area contributes to high
sorption capacity
¢ High porosity ensures high selectivity

o The presence of inorganic linkers leads
to low thermal and chemical stability of
membrane

(P S Goh etal.
2011; Perez et al.
2009; Dong et al.
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e High surface area (>1000 m?/g)
o Controlled porosity

¢ High affinity for certain gas and with
polymer chains due to the presence of
organic linkers

o The flexible structure allows the addition
of functional groups to modify pore size
and chemical properties

e Strong interaction between the walls of
particles and polymer creates interfacial
stress, leading to cavity structure and
polymer veins (plastic deformation)

e Strong contact between two phase is not
strong enough to break the
agglomeration

2013)

Carbon
nanotubes

o High surface area

o Made of graphitic sheets and
rolled into a tube

e Having a tubular structure with
nano scale diameter and high
length/diameter ratio

e The SWNTSs inside diameter of
0.4-1 nm and length up to
centimeters

e The MWNTSs inside diameter of
5-10 nm, length of 20-500 pum,
thickness of 50-90 um and inter
tube distance of 0.35 nm

¢ High surface area enhance a high sorption
capacity of gas

e The nanotube inner cores acts as channel
for transport of light gases, resulting in
high gas permeability

e Tend to form bundles in nature due to
the strong inter tube Van der Walls and
restricts a good dispersion within the
matrix

o The vertically aligned of CNT behaves
like pinholes, allowing rapid transport
without selectivity

(Cong et al. 2007;
Nejad et al. 2016;
Ismail et al. 2008)
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Table 2.10 Separation Performance of MMMSs Incorporated Various of Particles

. . Operating condition . Separation performance
Polymer Filler loading T (°C) P (bar) Gas testing Neat MMM Ref.
PSF fﬁﬁg?.ﬁer 1 RT 4 CO/CH, | a=3.73; Pcop=0.71 0 =12.17; Peop= 487 | 1 iadehi et al., 2015)
Wt%) 0,/N, a=161;Py=0.31 a=23.86;Pg=2.24 v
Carbon xerogel CO,/CH, a=1.02 ; Pco,= 187* a=1.2; Pcoy= 262 ..
PSF (5 Wt%) RT 5 0,/N, 0=1: Poy= 135 o =113 : Poy= 175 (Magueijo et al., 2013)
PSF CMS (20 wt%) - - 0,/N, a=5.50; Pg=1.58 0=5.97; Pgy=7.96 (Ismail et al., 2009)
SWCNTs (5 COZ/CH4 o=23.55; Pcor=3.90 0=18.82 ; Pcop=5.12 .
PSF Wt%) 35 4 0N, Pop= 084 0=4.94 Pog = 116 ; 0= 5.04 (Kim et al., 2007)
Zeolite SAPO- _ . _ * o=282 5 PC02: .
PSF 34 (10 wi%) RT 3.48 CO,/CH, o=17.3;Pcop=22.01 314.02% (Junaidi et al., 2014)
PSF \ﬁ%te TE RT 2 CO,/CHs | a=263: Peog= 12.33* | a=3.37 ; Peoy= 78.90% | (Mohamad et all., 2016)
PSF \',\\",t'o'/;;ml (24 - ] COJCHs | a=20;Pcop=5 0= 25 ; Peoy= 35 (Jeazet et al., 2013)
PSF ZIF-8 (0.5 wt%) CO,/CH, o =21.27 ; Pcop= 19.83* 292129?;16 + Peoz= (Abdul et al., 2015)
*Unit in GPU

Other, in barrer
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2.4 Post-treatment for Defect Free of MMMs

In addition to the appropriate membrane materials and the dope solution
components, the other MMM challenges are to guarantee interfacial defect free
between polymer and particle and to obtain better dispersion of inorganic particle
inside the polymer matrix. The strategy in the fabrication of MMM is necessary to
overcome these challenges, ensuring the membrane integrity and separation
performance (Dong et al., 2013).

Increasing the amount of inorganic particle loading is often hindered by the
formation of particle agglomeration. These agglomeration can induce some voids
within the particle agglomeration which can not be penetrated by polymer chain.
As a consequence, such voids will provide the extra pathway for gas molecules to
transport through, leading to the selectivity decrement of the membrane (Dong et
al., 2013). Junaidi et al. (2014) reported that well dispersion of SAPO-34 particles
within polysulfone matrix was obtained for zeolite loading less than 10 wt% with
selectivity improvement of CO,/CH,4 and O,/N, up to 63% and 58%, respectively.
However, large aggregation (> 2 um in diameter) at higher SAPO-34 content (20 -
30 wt%) were observed in Figure 2.20, leading to the selectivity decrement up to
83% for both separation as a result of agglomeration.

Figure 2.20 The cross section images of PSF/SAPO-34 at 20 wt% (left) and 30
wt% (right) (Junaidi et al., 2014)

The common approach to prevent aggregation is prime process (Mahajan
and Koros, 2000a). Priming the inorganic particles involves adsorbing a layer of
polymer into the particle surface. In this process, the particles are dispersed in

solvent and then sonicated, followed by the addition of a small portion of
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polymer. Then, the remaining polymer is added gradually into the primed solution
(Bastani et al., 2013). Mahajan & Koros (2000) observed that primed zeolite were
found to be different with the unprimed zeolite and they were much easier to
disperse in toluene solvent. Vu et al. (2003) was reported that MMM exhibited
increasing selectivity up to 45% in CO,/CH, selectivity when prime process was
employed.

The polymer particle interface is another challenge in the fabrication of
MMMs. Low adhesion between two phase results in the unselective voids in some
area of selective layer, leading to a less resistant for gas molecules pathway (A. F.
Ismail, et al. 2008). The formation of voids may be due to the difference in
characteristic and density between polymer and matrix (Chung et al., 2007).
Thermal treatment is an effective way to minimize or even remove the surface
defects (Dong et al., 2013). The membrane is subjected to heat treatment above
the glass transition temperature of polymer. At temperature above Tg of polymer,
the polymer chain is in the rubber state and become more flexible and mobile,
thus caused in enhancing adherence of particles to the polymer (A. F. Ismail, et al.
2008). Kusworo et al. (2013) prepared PEI/PES/zeolite membrane and then
subjected to thermal annealing above Tg and the SEM images of the membrane
are shown in Figure 2.21. The SEM image reveals that zeolite well adhered with
polymer matrix, leading to high selectivity. Also, the defects on the membrane
surface could be suppressed, as shown in Figure 2.21b. After heat treatment,
MMM become more compact in the surface layer and provide a high degree of
size and shape discrimination between gas species. This is consistent with
decreasing the CO, permeance of 56% and increasing CO,/CH, selectivity.
Ferreira and Trierweiler (2009) also investigated the effects of thermal annealing
on the morphology of matrimid/PSF/zeolite B membrane and the obtained result
are shown in Figure 2.22. The outer layer in Figure 2.22(a) is porous and most of
zeolites seems to be loosely attached to the polymer. When the heat treatment is
applied, the zeolite/polymer interface and the polymer structure appears to be

better condition.
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Zeolite

(b)

Figure 2.21 The SEM images of (a) cross section and (b) surface of PI/PES/zeolite
heated at 280 °C, 2h (Kusworo et al., 2013)

Figure 2.22 The SEM images of Matrimid/PSF/zeolite B (a) before and (b) after
heated at 200°C, 2h (Ferreira and Trierweiler, 2009)

Furthermore, immediate and natural cooling after thermal annealing result in
different performance of MMMs. Li et al. (2005) tried to compare the effects of
different cooling of PES/zeolite-A MMM on its morphology and the performance
of O,/N; and H,/N, separation. The representative SEM images are presented in
Figure 2.23. The interaction between polymer and zeolite of MMM made from
natural cooling better improved than those with immediate cooling. The use of
immediate cooling causes the polymer chains suddenly frozen since the polymer
chains are still in the random condition. This results in a higher free volume in the
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polymer matrix and higher permeability with loss in selectivity. Conversely,
natural cooling makes the polymer chains harden and shrink slowly and gradually
with deacreasing of temperature. This leads to high selectivity and low
permeability with better adherence of polymer chains onto the particle surface
(Ismail, et al. 2008). This confirms that PES/zeolite made by natural cooling
showed lower H,, O, and N, permeability, but higher H2/N, and O,/N; selectivity.
The effect of thermal treatment on the gas separation properties is also presented
in Table 2.11.

Figure 2.23 The cross section SEM images of (a, b, c) : PES/zeolite 3A, 4A and
5A MMMs with immediate cooling, respectively; (d, e, f) : PES/zeolite 3A, 4A
and 5A MMM s with natural cooling, respectively (Ferreira and Trierweiler, 2009)

Surface coating is another attempt to reduce any defects or pinholes on the
membrane surface (Vu et al., 2003). The post-treatment coats the membrane
surface with highly permeable silicone rubber polymer (PDMS) in order to fill the
possible surface voids and improve membrane selectivity for gas separation
(Jomekian, Pakizeh, et al., 2011). Pfromm et al. (1993) reported the gas
permeation with silicone coating substantially defect-free asymmetric
polysulfone, polyestercarbonate and polycarbonate membranes and compared to
dense membrane from the same polymers. The asymmetric membranes exhibited

higher selectivity compared to dense membrane. Chen et al. 1989 found that
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membrane with multiple surface coating exhibited the most efficient performance
due to the reduced pore size of porous sublayer with optimal dense thickness.
PDMS possesses weak intermolecular forces which results in broad

distribution size of intersegmental gap, promoting high gas diffusion, but low

sieving ability. The gas diffusion through PDMS layer is governed by its

solubility, as listed in Table 2.12. Marchese et al. (1995) proposed an approximate

representation of the coated membrane in Figure 2.24. They assumed that dense

layer is partially coated by rubbery polymer and the membrane consists of five

regions as follows :

= An ultrathin skin layer with thickness | (labelled 1);

= Pores in the dense layer without coating material, associated with Knudsen
diffusion mechanism (labelled 2);

= Pores in the dense skin closed and filled by the coating material (labelled 3);

= Coating material with thickness d (labelled 4);

= A thick and porous sublayer region, the resistance of gas diffusion is
considered to be negligible (labelled 5).

Each region is characterized by its own permeability. In order to optimize the

separation properties, the pores in the surface of membrane would be completely

covered by the coating material diminishing the chance of Knudsen diffusion as

gas transport mechanism of the membrane.

//// 7 coating
o/ pores or defects

/ = e
& dense skin
e = //

|_ porous substrat

A

Figure 2.24 The illustration of asymmetric composite membrane partially coated
by silicon rubber polymer (Marchese et al., 1995)
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Jomekian, Mansoori, et al. (2011) prepared PDMS-coated MCM-48/PSF
MMM and the representative SEM images are shown in Figure 2.25. The figure
reveals that the surface membrane is fully covered by PDMS layer that removes
the possible membrane defects. Also, the cross section confirms no interfacial
voids between PSF and particles. The CO,/CH, and O,/N, permselectivities of
coated MMM are higher than selectivities for uncoated MMM with no significant
reduction in permeabilities. Agustin and Sakti (2010) also investigated the effect
of surface coating of polyimide/zeolite MMM on the morphology and permeation
properties. The images in Figure 2.26 confirm that coated MMM has defect-free
structure. Magueijo et al. (2013) showed the permeation properties of coated
membranes closer to the intrinsic characteristics of the polysulfone membrane and
improving the selectivity of membrane performance. The effect of surface coating
on the gas separation performance is summarized in Table 2.13 and selectivities of
coated MMMs significantly enhanced with acceptable permeance. It can be
concluded that the introducing silicon rubber into the membrane surface is

predicted to seal the defects on the membrane surface structure.

Figure 2.25 SEM images of surface (left) and cross section (right) of 20 wt%
MCM-48/PSF MMM coated by 30 wt% PDMS solution (Jomekian, Mansoori, et
al., 2011)
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4 béfect-free
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Figure 2.26 The cross section images of  (a) uncoated, (b) coated
polyimide/zeolite MMMs and surface images of (c) uncoated, (d) coated
polyimide/zeolite MMMs (Agustin and Sakti, 2010)
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Table 2.11 The Effect of Heat Treatment on the Gas Separation Properties of MMMs

Heat Treatment (HT) Separation properties
Membrane Temgtér;lture Time Gas test Before HT After HT Ref.
. Pcoz = 55b PCOZ = 29b
. 280 20 min CO/CH, a=175 0=47.5 (Kusworo et al.,
PI/PES/zeolite P, = 55° Pcoy = 25° 2013)
280 120 min CO,/CH, e17.5 e 58
—_ a
PES/zeolite-A 250 12h 04N, - Poo ™ 3 (Li et al., 2005)
o . Poz = 206 Poz = 0.302° .
PSF/zeolite-B/matrimid | 200 2h 0,/N, 0= 0.97 061 (Ying et al., 2006)
] Po; =0.8°
PSF/zeolite-B/matrimid 0 20 oM =62 (Ferreira and
- 2 . : :
200 6h 0,/N, ) Zozz g 0.75 Trierweiler, 2009)
. i Po, = 5.9 (A. F. Ismail,
PES-Pl/zeolite-4A 280 12h 0,/N, =45 Rahim, et al., 2008)
0N, Po, = 0.0611° Po, = 0.0612°
a=06.4 o=06.56
220 2h = o
CO,/CH, ] Pc_02 =0.239 _
PES-P84/zeolite-p 0327 (A F. Ismail,
0N Po2 = 0.0569° Po2 = 0.0572° Rahim, et al., 2008)
2 0=6.4 o= 6.60
235 2h CO./CH _ PCOZ = 0183b
A o=232.6

4unit in barrer
Pynit in GPU
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Table 2.12 The Solubility of Gases With PDMS (Jomekian, et al. 2011)

Pure gases Solubility, Sx10” (cm*(STP)/cm*(mHg)
CO, 1.75
CHy 0.27
0, 0.24
No 0.12

Table 2.13 The Effects of Surface Coating Parameter on the Gas Separation Properties of MMMs

PDMS

Separation properties

Membrane - Coating time Drying time Gas test (best performance) Ref.
concentration
Uncoated membrane Coated membrane
PCOZ = 187a Pcoz = 84.9a
PSE 3 Wt% in n- ) ) CO./CH, a=1.02 a=403
hexane 0O./N P02 = 135a P02 = 849a
2 a=1 o=8.35 (Magueijo et al.,
Pcos = 365° Pcoz = 95.4° 2013)
PSF/carbon 3 Wt% in n- ) ) CO./CH, a=091 a=39.1
xerogel hexane O,/N P2 = 280° Po; = 15.3%
2 0.=0.96 0=7.03
_ Pcoz = 12057a
CO/CH, 0=25.93
O./N poz =25.97°
04 i _ 2/TN2 - _ .
PSE/TNTS 3wtdinn 10 min RT. for 48 h a 6._20 a (Zulhairun et al.,
hexane CO./N i Pco2 = 120.57 2017)
272 0=28.76
] P2 = 269.07%
H,/CH, 0=757.86
. ® 3 wt% in n- . ] Pcoz = 56.25° (Zulhairun, Ng, et
PSF/cloisite®15A hexane 10 min RT, for 48 h CO,/CH, 0= 4026 al., 2014)
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CO,/CH PCOZ = 31.6El PCOZ = 26a
PSE/MCM-41 30wt%inn- | 1. 5s 1. RT, 30 min 2 o=18.51 0=35 (Jomekian, Pakizeh,
hexane 2. 30s 2. RT,12h [~ Poz = 5.3%° Pos = 5.02° etal., 2011)
2 0=538 0=7.1
Pcoz = 69.66° Pooz = 64.54°
. CO,/CH, co2 co2 .
3 wt% in n- . a=2.96 a=28.06 (Zulhairun et al.,
PSF hexane 10 min RT, for24h CO/N Peoy = 69.66° Peoy = 64.547 2015)
272 o=3.87 o=31.34
_ Pcoz = 9004a
oS fumed sifica | 3 W6 N1 ] ] co/CH, 0= 32.74 (Wahab et al.,
hexane 0./N i Pgs = 15.83° 2012)
22 0=6.35
2 Wt% in n- . Pop = 4.03° Pop = 0.402°
PSF/zeolite- hexane 30 min RT,for48h | Od/N, a=1.03 a=>53 (Ying et al., 2006)
B/Matrimid 2wi% iniso- | 5o ST for48h | ON Pop = 1.84° Pop = 0.0529° getat,
octane : 272 a=1.01 a=>5.2
PCOZ = 667a PCOZ = 162a .
PES/modified | 3wisinn- |, s0°C CO/CH, 0= 28.75 o= 4628 %‘S@me‘tgl
zeolite hexane Pgp = 2.71° Poz = 0.574% ’ N
O2/N, o=4.78 0=7.26 2008)
) 3wt% in n- . o Pcoz = 21.2° (Nordin et al.,
PSF/ZIF-8 hexane 10 min 60°C, 12 h CO,/CH, - 0= 34 2017)
unit in GPU

48




CHAPTER 3
RESEARCH METHODOLOGY

This chapter explains the details of some experimental and analytical
techniques used to achieve the goals of this research. The experimental aspects
including filler preparation and membrane fabrication were conducted. The single
and biner gas permeation study were studied in order to investigate the feasibility
of filler materials for gas separation MMMs. To improve the MMMs performance
for gas separation, some treatments of MMM were performed by surface coating
and heat treatment process. The details of calculation were also described in this
chapter.

3.1 Materials

Sodium aluminate powder (NaAlO,) and sodium silicate solution (Na,SiO3),
both provided by Sigma Aldrich, sodium hydroxide pellets (NaOH, 99% pa
purchased from Merck) and deionized water were used to synthesize zeolite-Y
template. The materials used for ZTC-1 synthesis were sucrose (C12H22,011 98%
Fluka) as the carbon source, sulfuric acid (H,SO4, 98% pa), fluoric acid (HF, 48%
purchased from Merck), hydrochloric acid (HCI, 37% SAP), distilled water and
nitrogen gas with purity above 99.999%. While, the ZTC-2 was synthesized using
zeolite-Y template (Na-form, HSZ320NAA) supplied by Tosoh. Polysulfone
(Udel-P3500) supplied by Amoco Chemicals (USA) was selected as polymer
matrix. N,N-dimethylacetamide (DMAc, 99% provided by Merck) and
tetrahydrofuran (THF, 99.8% supplied by QreC) were used as non volatile and
volatile solvent, respectively. Ethanol (EtOH) was selected as non solvent additive
provided by Merck. N-Methyl-2-pyrrolidone (NMP) chosen as bore liquid
coagulant was purchased from QreC. Methanol (MeOH, 99.9% procured from
Merck) was used for hollow fiber membrane post treatment. Silicon elastomer
base and curing (Sylgard 184) from Dow Corning (USA) and n-hexane solvent
from Merck were used to coat the membranes. Pure gases (O, N2, CO,, CH4 and
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Hz, 99.99%) were purchased from Mega Mount Industrial Gases Sdn Bhd,

Malaysia for single gas permeation test.

3.2 Preparation of Zeolite Templated Carbon (ZTC)

The zeolite-Y template was synthesized using three type of gel composition
. seed gel, feedstock gel and overall gel (Zones and Yuen, 2016). The seed gel
was prepared with molar composition of 10.67Na,0:1Al,05:10Si0,:180H,0 and
the molar ratio of feedstock gel to seed gel was 18. For preparing seed gel, NaOH
was dissolved in deionised water followed by adding NaAIO, and stirring until
homogeneous. The preparation of feedstock gel was conducted by similar steps.
The feedstock gel was then mixed with 16.5 g seed gel to form the overall gel.
Then, the mixture was poured into the stainless steel autoclave and left for 24 h at
room temperature followed by hydrothermal process at 100 °C for 7 h. The wet
solid product was filtered and washed using deionised water to get pH of filtrate
below 9, followed by drying at 110 °C for 12 h. Prior to use, the zeolite-Y was
treated at 200°C for 4 h under N, stream to release trapped water.

Sucrose impregnation : About 12.5 g of sucrose was dissolved in 50 mL of
0.35 M sulfuric acid and 10 g of pretreated zeolite-Y was then added to this clear
solution (Kayadoe & Nurul, 2013). The zeolite-Y can maintain its structure from
H.SO,4 up to 5 M without complete dissolution (Wang et al. 2016). The solution
was stirred for 72 h at room temperature. The resulted wet solid was then filtered
followed by carbonization process. The carbonization was conducted in a tube
furnace under N, flow to a fixed temperature of 800°C and 2°C/min for a heating
rate for 4 h, then cooled until room temperature using N, stream. The material
obtained is called as zeolite-carbon composite (ZCC-1). Based on our previous
finding, the ZCC-1 was washed using three steps of acid treatment for template
removal. Firstly, about 8 g ZCC-1 was treated by 50 mL of 5% HF solution for 1
h for silica removal from template framework. The sample was then filtered and
washed with deionized water until pH of decanted solution was neutral followed
by drying at 110°C for 12 h. Secondly, 5 g of composite sample was refluxed in
50 mL concentrated HCI at 60°C for 1 h to dissolve aluminium content in zeolite

framework, then washed until pH 7 with deionized water followed by drying at
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120°C for 12 h. Subsequently, about 3 g solid sample was soaked in 50 mL of
48% HF for 1 h to to totally remove the zeolite framework, followed by washing
with deionized water until neutral pH of filtrate. The solid sample called as zeolite
templated carbon (ZTC-1) was then dried at 120°C for 12 h.

FA impregnation-CVVD : zeolite-Y channels were first impregnated with
furfuryl alcohol (FA). The dried zeolite-Y was placed in a flask and dried at 200
°C under vacuum for 6 h. Liquid FA was then put into the flask under reduced
pressure. Then the pressure was returned to atmospheric pressure by flowing N,
into the system. The mixture was stirred at room temperature for 3 h, and
subsequently filtered, followed by washing with mesitylene to remove residual
FA on the external zeolite surface. The washing process was repeated three times.
The FA polymerization was conducted by heating at 150°C for 24 h under a N,
flow. The obtained zeolite/PFA composite was heated at 700°C for 2 h to
carbonize PFA in the zeolite channels. Then, the propylene gas (4% in N;) was
passed through the reactor and kept for 2 h. The thermal decomposition of
propylene resulted in pyrolitic carbon deposition in the zeolite channels. The
prepared zeolite/carbon composite was further heat treated at 900°C for 3 h under
a N, flow and the obtained sample is referred to a ZCC-2. The zeolite framework
in the composite sample was dissolved by washing with an excess amount of 46%
aqueous HF solution at room temperature for 5 h. The sample was then filtered
and washed with pure water three times, followed by drying. The obtained black
solid is referred to a ZTC-2.

3.3 Membrane Preparation

For MMMs preparation, a certain amount of ZTC-1 was suspended in 30 g
DMAC via sonication. To achieve better dispersion, the suspension was further
sonicated with Q125 Micro-tip sonicator (amplitude 100%, 2s elapsed time) for a
certain time, depending on the amount of filler loaded. 30 g of THF was added
into the suspension and put in ultrasonic bath for 10 min for sonication process.
30 g of PSF was then added through three parts for priming purpose and the
solution was further stirred to obtain homogeneity. About 10 g ethanol was added

dropwise into the mixture solution with vigorously stirring. At last, the resulting
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mixture was sonicated in an ultrasonic water bath for 1 h and left for 24 h at room
temperature to remove microbubbles. The loading of ZTC-1 in MMMs was
adjusted to 0.25, 0.4; 0.5; 0.7 and 1 wt% on the basis of Equation 3.1.

mfiller
mfiller+mPSF

filler loading (Wt%) = ( ) x 100 (3.1)

where mgjer and mpse are mass of filler and PSF in the MMMs, respectively. The
dope solution for pure PSF membrane was also prepared using similar steps.

The MMMs were fabricated according to dry-jet wet spinning process using
the customized machine (Figure 3.1). The dope reservoir was connected to a
spinneret with outer/inner diameter dimensions of 0.8 mm/0.4 mm by a gear
pump. The dope flow rate was set at 1 ml/min. Bore coagulant containing 90 vol%
NMP and 10 vol% distilled water was simultaneously connected to the spinneret
by a syringe pump at flow rate of 0.7 ml/min. The fibers were then extruded from
the spinneret and guided into a coagulation bath of water. The dry gap distance
between the water and the spinneret was controlled at 4 cm. The hollow fibers
were then collected by a wind-up drum at take-up speed of 10 m/min. The
obtained fibers were cut and immersed to another water bath for 48 h to remove
excess solvent and the water was replaced several times. The fibers were then post
treated in methanol for 4 h to reduce the pore collapse and shrinkage during
drying process at room condition for 48 h. The membrane preparation is adopted
from the previous literatures (Bhardwaj et al. 2003; A K Zulhairun et al. 2017;
Wahab et al. 2012).

The optimum loading of ZTC-1 was used to prepare MMMs filled with
different ZTC and ZCC (material prior template removal). All MMMs were
prepared by same condition.

3.4 Heat Treatment of Fibers
Hollow fiber MMMs after the air drying were heated at 200 °C with a
heating rate of 0.6°C/min in a vacuum furnace to reduce the surface defects. Heat

treatment was performed for different durations of 30, 120 and 240 min (Ferreira
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& Trierweiler 2009; Ying et al. 2006). After this, the fibers were cooled down
slowly to room temperature. The treated fibers after being subjected to heat
treatment were assembled into lab-scale modules, containing of ten fibers in

length of 20 cm prior to testing.

V2 collection

Figure 3.1 Schematic diagram of dry-wet spinning system to prepare the hollow
fiber membranes for gas separation : (1) N gas cylinder, (2) dope reservoir, (3)
gear pump, (4) spinneret, (5) bore fluid syringe pump, (6) bore fluid reservoir, (7)
coagulation bath, (8) washing bath, (9) collection bath and (10) collection drum.

3.5 Membrane Surface Coating

Before subjected to coating treatment, the fibers were potted in a laboratory-
scale module containing of five fibers with length of 20 cm. One end of fibers was
sealed using epoxy (Loctite E-30CL Hysol Epoxy) and the other side was potted
into stainless stell tubes (1/4 in SS 316) with the lumen of fibers open. To prepare
3 wt% PDMS coating solution, 5.46 g elastomer was mixed with 194 g n-hexane.
The solution was stirred for 15 min followed by adding 0.54 g hardener. The
mixture solution was continuously stirred for 30 min until homogeneous. For
membrane coating, the potted fibers were immersed into solution for 10 min

followed by drying and curing at room temperature for 48 h.

3.6 Permeation Test
The module design has an outside-in separation configuration with feed gas
permeation through the outer surface of fibers and the collected gas permeation

through the fiber lumen. The gas permeation was tested for membranes before and
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after heating and coating process with single gases to determine the membrane
performance. The testing was conducted using customized stainless-steel housing
(Figure 3.2) at room temperature with a constant operating pressure of 5 bar.
When the gas has permeated through the lumen, the volumetric flow rate was
determined using a soap bubble flow meter according to the Equation 3.2 :

P; _ Q; 273.15
L~ AAP T

(3.2)

in which Pi/L represents the permeance of gas in GPU unit (1 GPU = 1 x 10°
cm3(STP)/cm? s cm Hg), i is the gas penetrant, Qi is the volumetric flow rate of
permeation gas i across the membrane (cm®/s), 4P is the trans-membrane pressure
gradient (cmHg), T is the temperature of permeation testing (room temperature)
and A is the effective membrane surface area according to the Equation 3.3 :

A=2nXrxnxl (3.3)

where 7 is the ratio of circumference of a circle to diameter (x = 3.14), r is the
outer radius of fiber (cm), n is the number of fibers in the module and | is the
length of fiber. The ideal selectiviy was determined by taking the ratio of
permeance of the fast gast i over slow gas j, as following equation :

_ Pi/L
@ij = P;/L

(3.4)

The gas permeation data was conducted for at least 4 replicated modules to get the
accuracy and realibility of the measurement.

Mixed gas measurements were also conducted for MMMs before coating
treatment by using 50/50% CO,/CH,4 and 50/50% H,/CH, gas mixture at ambient
temperature. The gas was fed into the module at 5 bar and allowed to permeate
through the outer surface of fibers, while the permeate gas was collected from the
fiber lumen, and no sweep gas was used. The gas composition on the permeate
side was analyzed by a gas chromatography (model: Shimadzu GC-8A), equipped
with a thermal conductivity detector (TCD). The schematic The gas selectivity
showing the ability of membrane to separate binary gas mixture was calculated
according to the Equation 3.5 (Lin et al., 2015) :
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_ Ya,permeate/yb,permeate
Cap = (3.5)

Ya,retentate/ Vb retentate

Where Yapermeate/Ybpermeate 1S the molar ratio of the components A and B in
permeate, respectively, whereas Va retentate/Yb retentate 1S the molar ratio of the

components A and B in retentate, respectively.
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Figure 3.3 Mixed-gas permeation testing rig

Mixed-gas permeation measurement was also employed to determine the
true permeation characteristics of the membranes. The non-ideal gas behavior may
result the deviation of mixed-gas separation from that of pure gas measurements.
The influence of non-ideal gas behavior on the gas transport across the membrane
is determined by calculating the fugacity coefficient as follows (Wang et al.,
2002):
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f=¢p (3.6)

where, f and p are the fugacity and pressure, respectively, ¢ is the fugacity
coefficient. For a single component, the fugacity coefficient can be determined

using the virial Equation 3.7.

Ing =2 3.7)
where, B is obtained from

Bpe _ £(0) €]

R, f9+of (3.8)

While, p. and T, are the critical pressure and temperature, respectively, w is the
eccentric parameter of the gas. f” and f¥ can be obtained from the Equation 3.9.

0.33 0.1385 0.0121 0.000607

fO=01445 - "= - == - = - 2o
f® = 00637 + 25— 22— 22 (3.9)

where Tr is the relative temperature defined as T, = T/T,. For a binary mixed-gas,

Equation 3.7 is rewritten as follows :
ln(b = 212=1 ki In éi (310)

where ki, k; are the fractions of component 1 and 2 in the mixture, respectively.
The fugacity coefficients can be obtained by the Equation 3.11 if the interaction of

two gases is considered.
Ing, = (Byy + k368:2)p/RT,
In g, = (By, + k$612)p/RT,
812 = 2By — B13 — B2 (3.11)

where B1; and By, refer to the single component and they can be estimated using
Equations 3.8 and 3.9, while By, can be calculated by Equations 3.8 and 3.9 with

the empirical combination rules
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Tcl,Z = (Tcl-Tcz)l/za
W12 = (w1 + w2)/2,
Ze12 = (ch + Zcz)/z’

Ve = ZCRTcl,Z/Vcl,Zv

1 1

Verz = [(V3 +V2)/2)%,
Pc12 = Zc1,2RTc1,2/Vc1,2 (3.12)

where z. and V. are the critical compressibility and critical volume, respectively.
The critical properties of some gases are listed in. These Equations is applied for

the conditions below.
p < Tp./2T, forapure gas,

p < T(kype1 + kapey)/2(k T., + k,T,,) for binary gas (3.13)

Table 3.1 Critical Properties and Omega Values (Wang et al., 2002)

Component T (K) P. (bar) ) Z.

CO; 304.19 73.81 0.228 0.274
CH,4 190.58 46.04 0.011 0.288
CO,/CH, 204.77 58.31 0.120 0.281

3.7 Material Characterizations
3.7.1 X-Ray Diffraction (XRD)

The X-ray diffractograms of zeolite-Y, ZCC, ZTC, neat PSF and MMMs
were recorded with radiation of CuKo at wavelength of A = 0.154 A at 40 kV and
30 mA by Expert PAN Analytical. The X-ray scans were determined ranging from
3-50° to identify the changes on the crystal structure and the intermolecular
distances between intersegmental chains of polymer upon the filler adding. The

intermolecular (dsp) spacing was calculated using the Bragg’s equation.

nA = 2d sin @ (3.14)
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3.7.2 Braunauer-Emmett-Teller (BET)

The nitrogen sorption was conducted at -196 °C by Micromeritics, ASAP
2020 (V4.02 E) to determine the specific surface area and pore volume of zeolite-
Y, ZCC and ZTC. While the specific surface area was obtained using Braunauer-
Emmett-Teller (BET) method at P/P, between 0.06 to 0.27, the total pore volume
was determined from the amount of N adsorbed. The pore size distribution (PSD)
was determined from the N isotherm via non-local density functional theory
(NLDFT) using SAIEUS software of Micromeritics equipment. Prior to analysis,
the sample was heated at 250 °C under vacuum for 12 h.

3.7.3 High Resolution Transmission Electron Microscopy (HR TEM)
The microstructure of zeolite-Y, ZCC and ZTC were analyzed using HR
TEM H9500 operated at 200 kV acceleration voltage.

3.7.4 Scanning Electron Microscopy (SEM)

The morphology and particle size for zeolite-Y, ZCC and ZTC were
examined by SEM (model: SU-3500, Hitachi) operating at 10 kV equipped with
an energy-dispersive X-ray (EDX) spectroscopy. The samples were coated with
palladium prior to analysis. The particle size distribution was calculated using
ImageJ software. The cross section and surface morphology of pure PSF and
MMMs were performed using Hitachi TM3000. This analysis was also used to
observe the compatibility between particles and matrix as well as particle
distribution in MMMs. The surface morphology was further examined using field
emission scanning electron microscope (FESEM), made by Carl Zeiss, on the
selected MMM samples. In order to get smooth fraction, the cross section of
membrane were cut inside liquid nitrogen. The fractured membranes were placed
on the carbon tape and coated with platinum before scaninng. To confirm the
successful coating on the membrane surface and the particle distribution, the SEM
equipped with EDX were also performed. The elements observed for PDMS-
coated MMM mapping were C, O, S and Si. The detection of Si element can
indicate the presence of PDMS layer.
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3.7.5 Atomic Force Microscopy (AFM)

The surface roughness properties of all prepared MMMs were also
investigated by AFM. The analysis was conducted using AIST-NT, Inc. with a
silicone tip cantilever to analyze the specimen area of 2um x 2 pm. The
membrane roughness was investigated in terms of root mean square and average

roughness.

3.7.6 Fourier Transforms Infrared Spectroscopy (FTIR)

The presence of surface functional groups on the ZCC, ZTC, PSF
membrane and MMM was analyzed using FTIR (model: Thermo Scientific
Nicolet iS10). Powder samples were homogenised with KBr and pressed into a

disc. Then, the spectra were recorded over 500-4000 cm™ at a resolution of 4 cm™.

3.7.7 Thermogravimetric Anaysis (TGA)

In order to investigate the thermal stability of all prepared MMMs, TGA
analyses were obtained using a Mettler TGA/SDTAB851°. About 4-5 mg samples
were cut into small pieces and loaded in sample crucible. The membranes were
heated in a high purity flowing N, atmosphere (20 mL/min) within the
temperature range 30-800 °C at a heating rate of 10 °C/min.

3.7.8 Differential Scanning Calorimetry (DSC)

To determine the glass transition temperature (Tg) of membranes, DSC
analyses were obtained by a Mettler Toledo DSC 822e. The membrane was heated
in the temperature range 30-250 °C at a heating rate of 10 °C/min for twice
heating scan. The first heating was aimed to remove the thermal history of sample
and the Tg value was measured from the midpoint temperature of the transition

region during the second heating.

3.8 Filler Interparticle Spacing and Size of Polymer Molecule
Knowing the weight fraction of filler (Cyijier) in the MMM, the filler particle
weight (Mpareite), and the densities of polymer (ppoymer) and filler (priner), the

number of filler particles per unit volume of polymer matrix and, thus the
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interparticle spacing can be estimated using simple geometry and assuming

uniform dispersion.

Density of polymer/filler composite :

PfillerPpolymer (3 15)
ppolymerCfiller+pfiller(1_Cfiller) .

Pcomposite =

Number of particles per unit volume of membrane :

__ PcompositeCriller
nparticle - M ] (3-16)
particle
Interparticle spacing :
_ .,~1/3
XP—PJ' = Nparticle (3.17)

The interparticle spacing will be compared to the diameter of the particle to
determine the adjacency of the inclusions in the polymer matrix. Given the
moelcular weight of the polysulfone (M,, = 66,100), the weight (M,s = 442) and
approximate length (Xs = 80 A) of each repeating unit in the macromolecular
chain, the size of polysulfone molecules can be calculated (Magueijo et al., 2013;
Bhardwaj et al., 2003; Hwang et al., 1999).

Mo \1/2
Xpotymer = X5 (3) (3.18)

MWS

Furthermore, in order to know the voids contribution in the membrane as the

gas transport mechanism, the Knudsen selectivity was calculated as follow.

Hgp = |=2b (3.19)

Mwg
where M, is gas molecular weight.
3.9 Summary the Sample Designation

In this study, there are several sample prepared using different treatment.

The list of the sample designation is summarized below.
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Table 3.2 Sample Designation of Membrane

Membrane Sample

Membrane treatment

(?[g%‘:;‘;o\fv‘;;!fr Filler type Coating | Heating

PSF/ZTC-1 .

Zeolite templated carbon
\(,8,[02/05) 04,05,07,1 prepared by impregnation ) )
E(:)o;;edOZSIS%Tg %11 Zeolite tem!olated ca_rbon v
wt'%)’ o prepared by impregnation
Heated PSF/ZTC-1 Zeolite templated carbon i v
(0.25, 0.4, 0.5 wt%) prepared by impregnation
PSE/ZTC-2 Zeolitedt(;mplated car_bon

prepared by impregnation- v -
(0.25 wt%) c\VD

Zeolite carbon composite
PSF/ZCC-2 (ZTC  prior template v i
(0.25 wit%) removal) prepared by

impregnation-CVD

Zeolite carbon composite
PSF/ZCC-1 (ZTC  prior template v i
(0.25 wit%) removal) prepared by

impregnation
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CHAPTER 4
SYNTHESIS AND CHARACTERISTICS OF ZEOLITE
TEMPLATED CARBON AS MEMBRANE FILLER

This chapter discusses characteristics of Zeolite Templated Carbon (ZTC)
that is used as filler for Mixed Matrix Membrane (MMM) in this study. High
resolution transmission electron microscopy (HR-TEM), Scanning electron
microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy and BET
analysis were conducted for understanding the structural morphology of the
synthesized ZTC. The different ZTC with distinct pore properties was also used in
order to find the influence of filler structure on the membrane performance. We
synthesized the ZTC through different method of carbon filling into the zeolite-Y
channels. In this study, there are two types of ZTC, synthesized by impregnation
method with sucrose as carbon source, named as ZTC-1, and by combination of

impregnation-chemical vapor deposition (CVD), nhamed as ZTC-2.

4.1 Characteristics of Zeolite Templated Carbons (ZTCs)

The ZTC is a structurally engineered carbon having a negative replica of
zeolite template, thus its structure is different from traditional porous carbons. The
use of zeolite in its synthesis increases the structure regularity of ZTC and keeps
the similar morphology as the zeolite. Combined with large surface area and high
pore volume, the ZTC was found to be potential in application of hydrogen (H)
and carbon dioxide (CO,) adsorption and the results have also exhibited to be
beneficial (Stadie et al. 2012; Zhou et al. 2012). With this unique structure, the
ZTC ensures higher gas adsorption capacity. Therefore, the ZTC is suited for
other gas related application such as membrane gas separation.

In this study, to determine the structure of zeolite-Y template, Zeolite
Carbon Composite (ZCC-1, material prior template removal) and ZTC-1, XRD
analysis is performed and the results are given in Figure 4.1. Figure 4.1 provides
XRD spectra that reveals all diffraction patterns and intensities for zeolite-Y were
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matched with the standard data of JCPDS No. : 39-1380 (ICDD, 1997). The
typical structure of zeolite-Y was characterized by many sharp peaks at 20 = 6.14°
(111), 15.53° (331), 23.46° (533), 27.56° (551), 31.18° (555). All diffraction
peaks of zeolite-Y were still observable in the peak patterns for ZCC-1 with a
slight shift to high angle position. The change in the peak direction might be due
to a shrinkage of the zeolite framework after carbonization at high temperature
(Su et al., 2004). Also, the reduction in peak intensities was observed in the XRD
patterns of ZCC-1 sample due to the coverage of zeolite particles by carbon layer
(Konwar and De, 2013). Furthermore, the ZTC-1 exhibited a weak and broad
XRD peak around 6.05°, indicating poor ordering structure in the carbon
originated from (111) plane of zeolite-Y (Ma et al. 2000; Kyotani et al. 2003). The
ZTC also showed a very broad and low intensity peak around 25°, corresponding
to the (002) peak from graphitic carbon. The low intensity and broadening of
these peak indicates low graphitic level and essentially an amorphous character
(Cai, et al. 2014). This peak may be due to the presence of some disordered
carbon layer at the outside surface of zeolite-Y. Sucrose can partly penetrate
through the zeolite-Y channels and the suitable conformation enables to diffuse
through the pore window of zeolite-Y (Figure 4.2a). Meanwhile, sucrose with
diameter more than 0.74 nm (Figure 4.2b) unables to enter the zeolite channels,
resulting in the formation of disordered carbon shell on the zeolite surface. Such
external carbon layer could hinder the filling of carbon precursors into the zeolite-
Y channels, hence, result in the incomplete carbon filling. Additionally, the
disappearance of other zeolite-Y diffractions indicated that the template was
successfully removed in the ZTC sample. From the XRD result indicates that
ZTC-1 preserve some pore ordering structure of zeolite-Y with some external
carbon deposits. These results are comparable to those reported by Cai, et al.
(2014), who investigated the ZTC synthesis using sucrose impregnation.

The low graphitic degree of ZTC-1 as observed in XRD data is consistent
with the Raman spectra (Figure 4.3). The ZTC shows bands at 1354 cm™ and
1585 cm™, attributing to the D-peak (amorphous carbon) and G-peak (graphitic
carbon domain), respectively (Balahmar et al., 2016). The intensity ratio between

D-peak and G-peak (Ip/lg) was 1.25. These value of Ip/lg is in the range for non
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graphitic carbon, indicating the presence of some sp® configurations for the carbon
element in amorphous carbon (Cai, et al. 2014). However, the graphitic level of
sucrose-based carbon in this work is higher compared to that of sucrose-based
carbon in the literature (Song et al. 2013). The formation of higher mesopores or
the micropores collapse leads to the graphitisation process.
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Figure 4.1 XRD spectra of (a) synthesized zeolite-Y, (b) ZCC-1 and (c) ZTC-1
(zeolite-Y standard is indicated by triangle symbol)

(b)

Figure 4.2 The possibility filling of sucrose molecules into the pore window of
zeolite-Y
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Figure 4.3 Raman spectra of ZTC-1

Figure 4.4 shows the XRD patterns of material prepared by FA
impregnation and propylene-CVD over zeolite-Y. In the case of ZTC-2, the XRD
pattern exhibits a sharp diffraction at 260 = 6.36° and also a weak peak at 26 =
10.3° with corresponding distance of 1.39 nm and 0.43 nm, respectively. These
peaks are attributed from the (111) and (220) planes originating from the zeolite-
Y, respectively (Nishihara and Kyotani, 2012). The sharp peak suggests that the
ordering structure of the ZTC-2 is better than those of the ZTC-1. It is due to that
FA possess smaller molecular dimension than the channel size of zeolite-Y
template (Figure 4.5). Hence, FA molecules can diffuse and deposit into the
zeolite-Y channels. Also, the ZTC-2 did not exhibit any detectable peaks at
around 25° and 44°, which originated from the (002) and (100), respectively. The
disappearance of these peaks supports that most of the carbon precursor is formed
inside the zeolite-Y channels. As a result, the long range ordering structure of the
ZTC-2 can be well formed.

The zeolite-Y, ZCC and ZTC used in this study were also characterized
using SEM in order to confirm the particle morphology. The corresponding
images are exhibited in Figure 4.6. SEM micrograph of the zeolite-Y shows clear
octahedreal crystal faces from each particles. The histogram in Figure 4.7a

exhibits particle size distribution of 500 — 1300 nm with an average diameter of
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about 916 nm. Furthermore, there is a different morphology between zeolite-Y
and ZCC-1 as shown in Figure 4.6b. As surface coverage with carbon occurred,
the particle surface looks rough than those of zeolite surface. The surface
roughness was caused due to the precursor deposition on the external zeolite
surface. The particle size of ZCC-1 also seems to be larger with an average
particle size of approximately 1069 nm, which may be due to a higher aggregation

in the presence of sucrose.
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Figure 4.4 XRD spectra of ZCC-2 and ZTC-2

Figure 4.5 The possibility filling of FA molecules into the pore window of zeolite-
Y
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Figure 4.6 SEM images of (a) zeolite-Y, (b) ZCC-1 and (c) ZTC-1

As can be seen in Figure 4.7b, the histogram shows wider particle size distribution
(600 — 1700 nm) than that of zeolite-Y. Furthermore, there is no obvious change
in morphology between ZCC-1 and ZTC-1 (Figure 4.6¢). The morphology of the
ZTC-1 was obviously observed as smooth surface with sharp particle edges (red
circle) and also accompanied by some graphitic sheets (yellow circle), indicating
that a carbon deposition on the external zeolite-Y surface occurs. The formation of
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stacked graphene sheets is due to the absence of spatial limitation on the external
surface. The SEM image is well agreement with the XRD pattern with respect to
the appearance of (111) and (002) planes. Furthermore, the particle size histogram
of the ZTC-1 in Figure 4.7c is ranging from 190 to 500 nm with an average
diameter of about 369 nm, smaller than those of template crystal. It may be due to
the zeolite shrinkage during carbonization process, as observed by XRD data
(Chen et al., 2007).
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Figure 4.7 Particle size histogram of (a) zeolite-Y, (b) ZCC-1 and (c) ZTC-1
obtained from the SEM data

Figure 4.8a exhibits the TEM image of zeolite-Y depicting its morphology
with octahedral configuration. In the TEM image of ZCC-1, a deposition of

carbon precursor was clearly observed on the external surface of microporous



carbon region. Also, a TEM equipped with EDX analysis was conducted in order
to further observe the element distribution of ZCC-1. Figure 4.8c,d exhibited the
EDX scanning on the ZCC with intensities of C, O, Na, Al, Si elements. The
scanning results confirmed that a high concentration of carbon was distributed
inside the zeolite channels with a small amount of carbon in the outer surface of

zeolite. This result supports the XRD and SEM observations as discussed above.
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Figure 4.8 TEM images from zeolite-Y (a), ZCC-1 (b), The EDX mapping for
ZCC-1 (c) and the concentration of elements represent of zeolite and carbon
particles (d)

The TEM images of the ZTC-1 in Figure 4.9a further exhibited that some
carbon source have deposits on the external surface of zeolite-Y, which
corresponds to the (002) diffraction. Such external carbons have randomly
distributed mesopores with average thickness of about 57 nm, as shown in Figure
4.9b. A little mesopore was also observed in the inner surface of zeolite-Y (Figure

4.9c), resulted from insufficient carbon filling, and the carbon could not maintain
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the ordered structure of zeolite-Y during the etching process. Meanwhile, the
ordered microporous structure was detected in the deep inner region of ZTC-1,
corresponding to a (111) plane of zeolite-Y, as shown in Figure 4.9c. The results
showed that ZTC-1 obtained possessed both micro and mesoporosity, which were
in well agreement with XRD and SEM analyses.

(©

Figure 4.9 The TEM images of ZTC-1 (a), the HRTEM images for the ZTC with
randomly distributed mesopores structure, the region indicated by an arrow is the
carbon layers deposited in the external surface of zeolite-Y (b) the partial ordered
micropores (i) and little mesopores (ii) in the inner surface of zeolite-Y (c)

The SEM images of ZCC-2 and ZTC-2 are also given in Figure 4.10. In
Figure 4.10a, the image of ZCC-2 demonstrates the similar uniformity in
morphology of zeolite-Y particles. The histogram in Figure 4.11a shows a narrow
particle size distribution of about 200 — 550 nm with an average crystal size of
288 nm. The element distribution of the ZCC-2 was further observed by EDX
analysis, as shown in Figure 4.12. It can be observed from the EDX mapping, the
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carbon was uniformly deposited inside the zeolite framework, which supports the
XRD and SEM results. During the zeolite removal, the ZTC-2 particles in Figure
4.10b showed obvious crystal like morphology with an average particle size of
about 247 nm, showing faithful replication. This is the main reason for the
appearence of a sharp peak at around 6.36°. It is also seen in Figure 4.11b that the
particle size appears to be uniform with a size distribution of 200 — 410 nm. Based
on these results, it can be concluded that carbon deposition method would be the
key factor for the faithful replication of ZTC. The use of two step methods results
in the faithfully replicated ZTC since the deposition of disordered external carbon
layer is largely suppressed. Therefore, the ZTC with high structural regularity can
be obtained (Choi et al., 2015).

(b)
Figure 4.10 SEM images of (a) ZCC-2 and (b) ZTC-2

The HRTEM images of ZTC prepared by impregnation-CVD method was
studied by Ma et al. (2002), as shown in Figure 2.16. The ordered microporous
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Frequency

structure with straight lattice fringes could be clearly observed. The periodicity of
this array structure is about 1.4 nm, corresponding to the pattern from a (111)
plane of zeolite-Y with <110> direction, and suggests microporous structural
ordering replicated from the zeolite-Y. The distance of this plane was similar to
the XRD result. In addition, its diffraction pattern (inset in Figure 2.16) was
obviously observed as two pairs of spots, which corresponds to a (111) reflection
of zeolite-Y. This observation indicates that the regular ordering of carbon
originates from the zeolite-Y crystal planes, mostly from the ordering of (111)

plane as observed by a strong and sharp XRD peak at 6.36° (Figure 4.4).
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Figure 4.11 Particle size histogram of (a) ZCC-2 and (b) ZTC-2
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Figure 4.12 The EDX mapping for ZCC-2 (c) and the content of elements
represent of zeolite and carbon particles
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To understand the pore properties of the particles, the N, adsorption analysis
of zeolite-Y, ZCC and ZTC are conducted and the corresponding N sorption
isotherm are presented in Figure 4.13. The adsorption isotherm of zeolite-Y was a
characteristic type 1, indicating a high surface area and developed microporosity.
However, a small desorption hysteresis at P/Py = 0.45 - 1.0 indicates the presence
of narrow mesopores in the zeolite-Y structure due to the formation of
interparticle voids (Cai, Yang, et al., 2014). Furthermore, the N, isotherms for
ZCC-1 and ZTC-1 were same to each other. Both samples exhibit type IV
isotherm which indicates the multilayered adsorption on mesoporous surface (Shi
et al., 2015)(Khanday et al., 2017). The hysteresis loops on the desorption branch
(P/Po = > 0.4) is indicative of capillary condensation in mesopores, while the
adsorption at low pressure corresponds to the filling of micropores. The type
hysteresis loops can be categorized as H4, indicating narrow slit-like pores. Those
observations show that both ZCC-1 and ZTC-1 possess not only micropores, but
also some portion of mesopores with narrow slit-like pores. These mesopores are
exposed to the external surface and a little portion in the inner of zeolite-Y
channels as observed in HRTEM result. In the case of ZTC-2, the adsorption
isotherm is largely type 1 which indicates the existence of a microporous nature.
The amount of N adsorbed in ZTC-2 at low pressure (P/Py = 0.05) is larger than
those in ZTC-1, showing a larger proportion of microporosity for ZTC-2. The
formation of micropores is perfectly consistent with the high structural ordering of
ZTC-2 as observed in XRD analysis.

The results above are also reflected in the pore size distribution (PSD) curve
as seen in Figure 4.14. The zeolite-Y contains micropores in the size range of 4 —
10 A with a mean pore size of 8.04 A that confirms a microporous character.
When the carbon was deposited inside the zeolite channels, the micropore peak
reduces and shifts toward a maxima pore size of 7.29 A with an average mesopore
diameter of 23.9 A. Meanwhile, the PSD curve of ZTC-1 displays broad peaks
with average micropore size at 9.23 A, which is ascribed to the templating effect
of zeolite-Y framework. Furthermore, some proportion of mesopores which
correspond to the hysteresis loop in N, sorption isotherm of the ZTC-1 are

observed in a mean pore size of 24.6 A. The formation of mesopores is originated
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from the carbon layer deposited on the external zeolite surface, as observed by
HRTEM. Also, a little amount of mesopores was observed inside the zeolite-Y
channels, coming from the collapse of unstable carbon framework during the
etching process. On the contrary, the ZTC-2 shows a major micropore size at
around 12.1 A indicating the faithful replication of zeolite-Y, as reported in

previous studies (Cai, Li, et al., 2014).
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Figure 4.13 Nitrogen adsorption-desorption isotherms of (a) zeolite-Y, (b) ZCC-1
(c) ZCC-2, (d) ZTC-1 and (e) ZTC-2 (solid and dot line : adsorption and
desorption branch, respectively)
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Figure 4.14 Pore size distributions of (a) zeolite-Y, ZCC-1, ZTC-1, (b) ZCC-2 and
(c) ZTC-2 obtained by the 2D-NLDFT method

From the PSDs coupled with XRD results support a fact that the greatest
level of zeolite-like structural ordering gives a larger contribution to a high
surface area and pore volume, as listed in Table 4.1. The results show that carbon
incorporation inside the zeolite-Y reduces the surface area and pore volume of
ZCC-1, due to the formation of external carbon layer. Furthermore, the particle
size increment may also contribute to the decrease of the surface area. For ZCC-2,
the surface area decreases significantly than those of ZCC-1 due to the perfect
filling of zeolite channels with carbon. Furthermore, the amount of N, adsorbed
on the ZTC greatly increased compared to the ZCC, suggesting the formation of
new pore structure and porosity after the zeolite removal. If we observed the
textural properties of ZTC, the ZTC-2 exhibited higher surface area with almost
no mesoporosity, while the lower surface area of ZTC-1 is due to the presence of
mesoporous carbon layer. The larger surface area and pore volume indicate that

the zeolite structure was well replicated by a carbon framework.
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Table 4.1 Textural Properties of Zeolite-Y Template, ZCC and ZTC

Sample Sger’ (M°/g) Ve (em /) Vaiero® (cm°/g) d,” (A)
Zeolite-Y 656 0.344 0.31 8.04
ZCC-1 133 0.098 0.05 7.29
ZCC-2 38 0.099 0.08 26.5
ZTC-1 1254 0.950 0.86 15.4
ZTC-2 2939 1.929 1.90 12.2

*BET surface area.
"Total pore volume.
“The micropore volume
YMean pore width size.

4.2 Summary

Based on the results presented in this chapter, it can be summarized that the
carbon filling process is indispensible for preparing ZTC with highly ordered
structure. The structural ordering of ZTC from the two steps routes is much higher
than the ZTC from the single carbon deposition. The schematic representation of
carbon deposition on the zeolite at different step is presented in Figure 4.15. In the
case of sucrose-impregnation, the amount of disordered mesoporous carbon layer
was deposited on the external zeolite-Y channels, indicating the (002) diffraction.
This layers restricts the continous filling of sucrose to the zeolite-Y channels.
Hence, the zeolite-Y structure could not be fully replicated by the carbon.
However, the broadening and low intensity of these diffraction peak suggests that
the ZTC is amorphous and the carbon precursor is mostly deposited inside the
zeolite-Y channels rather than on the external zeolite-Y surface. This results in the
porous carbon consisted of both micropores and mesopores. Therefore, a ZTC
with lower BET surface area (1254 m?/g) and pore volume (0.950 cm®/g) than the
ZTC synthesized by FA-impregnation and propylene CVD. This indicates that the
obtained ZTC posseses poor ordering structure as proven by a broad and low peak
at 260 = 6.05°. By combining the carbon impregnation with CVD process, the
amount of carbon filled inside the zeolite-Y channels was enough to maintain the
network structure. In results, such carbon was amorphous with a very porous
structure and exhibited high BET surface area up to 2939 m?/g. The porosity of

ZTC-2 posses micropores with almost no mesopores, indicating high degree long
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range ordering and it was also revealed by the appearance of sharp peak at 26 =
6.36° and a weak peak at 26 = 10.3°.

The ZTC with a large surface area and porosity has a great potential as
filling material in gas separation membrane. The gas adsorption capacity
increased by increasing the particle surface area. Hence, a higher gas permeance is
predicted for MMM filled with higher surface area of filler. Also, a high porosity
and good pore size distribution of particles will ensure high gas selectivity due to
the size selective property. Therefore, the simultaneous increase in permeability

and selectivity is well achieved of these filler.
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Figure 4.15 Illustration of carbon deposition at different routes (a) sucrose
impregnation (ZTC-1) (b) FA-impregnation and propylene CVD (ZTC-2)

78



CHAPTER 5
MIXED MATRIX MEMBRANE CHARACTERISTICS AND
ITS PERFORMANCE FOR GAS SEPARATION

This section describes characterisation of all prepared Mixed Matrix
Membrane (MMMs) as a function of ZTC-1 loading, followed by discussion of
the experimental results on the MMMs performance for gas separation. Single
(COy, Oy, Hy, CH4 and N») gas permeation through the membrane is investigated
and mixed (50/50% CO,/CH,4 and H2/CH,) gas is also important for the practical

implementation.

5.1 Characteristics of MMM

The effects of ZTC-1 loadings on the structural, morphological and thermal
properties of PSF membrane were conducted in order to investigate the
effectiveness of MMM to separate gases.

To determine the changes on the intermolecular distances between
intersegmental chains of polymer during the particle incorporation, X-ray
diffraction (XRD) analysis was conducted and the results are given in Figure 5.1.
Neat PSF membrane in Figure 5.1a exhibited an amorphous nature with a weak
peak observed at 26 = 17.77°. For comparison, the peak positions for PSF/ZTC-1
MMMs are listed in Table 5.1. The results showed that no significant change in
the diffraction angle for PSF after particles were added, indicating a slight
changes on the polymer chain mobility. Also, the peak intensity slightly reduced
after ZTC-1 was loaded. This results indicate that the slight increase of disorder in
the sample with increasing filler loading. This might suggest that the arrangement
of polymer chain packing has been disturbed by the presence of filler.
Furthermore, the characteristic of pristine ZTC-1 at around 26 = 6.05° was
observed for MMM at higher ZTC-1 loading. Meanwhile, the disappearence of

the ZTC-1 characteristic peak in some MMM s is attributed to the low contents of
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ZTC-1 and indicates a good particle dispersion within PSF, as proven by Raman

analysis in the following discussion (lonita et al., 2014)(N. M. Ismail et al., 2015).
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20

30

40

50

Figure 5.1 XRD spectra of PSF/ZTC mixed matrix membrane with (a) 0, (b) 0.25,

(c) 0.4, (d) 0.5, (e) 0.7 and (f) 1 wt% ZTC-1 loadings.

Table 5.1 XRD Parameters for Pure PSF and PSF Based Membrane Filled with

ZTC-1

Angle d-spacing
Sample 26) (nm)
Pristine PSF 17.77 0.50
0.25% ZTC-1 in PSF 17.88 0.50
0.4% ZTC-1in PSF 17.55 0.51
0.5% ZTC-1 in PSF 17.06 0.52
0.7% ZTC-1 in PSF 8.92, 17.96 0.99, 0.49
1% ZTC-1in PSF 6.27,17.57 1.41, 0.50
ZTC 6.05 1.46

In order to further observe the structure of PSF/ZTC-1 MMM, Raman

spectroscopy is used and the results are given in Figure 5.2. The neat PSF

membrane shows four typical peaks at ~790, ~1148, ~1587 and ~3064 cm™,

ascribed to the asymmetric C-S-C, C-O-C, aromatic ring chain and C-H

vibrations, respectively (lonita et al., 2015). The Raman spectrum of
PSF/ZTC-1 membrane possess both the PSF and ZTC characteristic peaks

(Figure 5.2a). The G-band at approximately of 1585 cm™ slightly splitted in
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two peaks for MMM at lower ZTC-1 contents (0.25 and 0.5 wt%) and became
one peak for 1 wt% ZTC-1 loading (Figure 5.2b). The peak broadening at
higher ZTC-1 loading can be ascribed by a higher amount of ZTC
aggregations due to higher ZTC-1 concentration in the membrane (lonita et
al., 2014). The prominent D band is coming from the disordered carbon
structure on the ZTC-1 and this indicates the presence of particles within the
composite membrane (Lee et al., 2013). The intensity ratio values of D to G
bands are also presented in Figure 5.2b (inset). The values of Ip/lg ratio of
ZTC-1 slightly decreased after adding with PSF up to 1.1 at 0.25 wt% ZTC-1
loading. By increasing the ZTC-1 loading to 1 wt% within PSF matrix, the
Ip/ls ratio was slightly increased to about 1.12. The enhanced of the intensity
ratio of D and G bands indicates the increase of disordered structure due to a
higher of ZTC-1 consistent with XRD data.
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Figure 5.2 Raman spectra of (a) selected MMM s (Inset : Ip/lg peak intensity ratio
vs ZTC-1 loading) and (b) selected MMMs between 1200-2000 cm™

In order to further investigate the particle dispersion within PSF matrix and
the morphology of all prepared MMMs, SEM analysis was used. The cross
sectional SEM images of MMMs are shown in Figure 5.3. All MMMs revealed
asymmetric structure containing dense top layer followed by finger-like structure
beneath the outer layer and interconnected pores from the inner layer (lumen

side). The development of dense layer was a result of the slow solvent evaporation
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during the dry-phase inversion and the presence of ethanol caused rapid
solidification in the surface layer, resulting the membrane with thinner surface
layer. Conversely, the formation of porous sub layer is due to a faster diffusion
rate of non solvent into low concentrated polymer phase during wet-phase
inversion. Furthermore, the presence of volatile solvent reduced the interaction
between non solvent and solvent, hence, leading to the formation of finger-like
instead of large macrovoids structure. The dispersion of particles was hardly
identified throughout the cross-sectional view for MMMs containing 0.25 and 0.4
wt% ZTC-1 loadings, indicating a good particle distribution within the PSF
matrix. This might be due to a rigorous ultrasonication force during the dope
solution preparation, hence, aiding the particle dispersion (Zulhairun and Ismail,
2014). However, the presence of particles can be observed at the top surface of
membrane containing 0.5 wt% filler and the particles seem to be well embedded
inside the polymer matrix. Further incorporation of 0.7 and 1 wt% of ZTC-1 into
PSF matrix leads to the particle agglomeration within the pores. The fast liquid-
liquid demixing obstructs the particles mobility and leads to the entrapment of the
particles within the pores. The entrapment of particles within the closed pores was
observed from the cross-sectional view in Figure 5.3e,f and the interfacial voids
were detected for these membranes.

The surface images of PSF/ZTC-1 MMMs at different filler loadings are
revealed in Figure 5.4. The surface of neat PSF membrane in Figure 5.4a is
considered a dense and defect-free. Furthermore, the particles seemed to be
randomly loaded on the surface and no obvious voids were observed for MMMs
at 0.25 to 0.4 wt% loading, indicating good adhesion with the polymer matrix.
Further increasing the particle loading to 0.5 wt% exhibited the localization of
particles without voids around the particles. However, the agglomerated particles
with diameter more than 1 um were observed for MMM with 0.7 and 1 wt% ZTC-
1. The particles naturally aagglomerated in a viscous polymer solution and
become severe aggregated at higher loadings (Zulhairun et al., 2017). The
particles were assembled to each other resulting large voids formation on the

membrane surface.
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()
Figure 5.3 SEM micrographs of cross section of (a) neat PSF and PSF/ZTC-1
MMM with (b) 0.25 wt%, (c) 0.4 wt%, (d) 0.5 wt%, (e) 0.7 wt% and (f) 1 wt%

ZTC-1 loadings
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Figure 5.4 SEM micrographs of surface of (a) neat PSF and PSF/ZTC-1 MMM
with (b) 0.25 wt%, (c) 0.4 wt%, (d) 0.5 wt%, (e) 0.7 wt% and (f) 1 wt% ZTC-1
contents

The void formation was detected from the surface view of MMM at higher ZTC-1
loading, regarded as defects. Therefore, 0.7 wt% seemed to be the threshold ZTC-

84



1 loading for preparing membrane in this study. The threshold limit of filler
content is normally < 5 wt% for asymmetric membrane due to a thinner skin layer
(Zulhairun et al., 2017).

In order to further scrutinize the compatibility between the two phase, the
FESEM was used on the neat PSF and the selected MMM samples and the images

are shown in Figure 5.5 and Figure 5.6, respectively.
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Figure 5.5 FESEM images of cross section morphology of neat PSF membrane at
different magnification (a) 700x, (b) 2000x and (c) 5000x revealing the average
dense selective layer of ~189 nm

Figure 5.5 shows a dense selective layer of about 189 nm in thickness supported
by porous sub layer containing finger-like macrovoids. It also assumes that the
dense layer thickness did not change by filler loading because all membranes were
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fabricated by similar conditions and parameters. Furthermore, the surface
morphology of PSF/ZTC-1 MMMs at different amount of ZTC-1 loadings is
shown in Figure 5.6. From the image, the adding of 0.25 wt% particles into PSF
membrane resulted in a homogeneous particle dispersion and seemed to be in
good interfacial contact with PSF matrix. A well adhered particle within the
matrix with no voids around the particles was visible for PSF/ZTC 0.5 wt%.
Furthermore, a few agglomerates with diameter up to > 1 pm can be observed for
MMM with 1 wt% particle loading. Also, these membrane exhibited some voids
of approximately 60 nm, hence, the higher permeance with poorer electivity is
anticipated. These observations were in well accordance with SEM results
previously discussed.

Further supporting investigation on the membrane surface is conducted
using AFM analysis. Both the plane and three-dimensional images are presented
in Figure 5.7. A relatively smoother surface area was noticed for neat PSF
membrane. According to AFM images in Figure 5.7b-f, the brighter and darker
spots can be identified as filler and polymer area, respectively. The presence of
filler resulted in the increase of valleys (depressions) and nodules (peaks), leading
to a higher surface roughness and becoming rougher by increasing ZTC-1 in the
membranes (Table 5.2). The particles well distributed on the surface layer of
membrane at low concentrations (0.25 — 0.5 wt%) with a size within the range of
ZTC size. Meanwhile, the particle agglomeration was observed with a size of 777
nm for 0.7 wt% loading, indicating that two particles combined to each other.
Also, the particle with 1046 nm in size was clearly detected for 1 wt% loading,
which is in well agreement with FESEM observation (Figure 5.6c). Therefore, a
high surface roughness can be attributed to a high viscosity, more agglomeration
and less dispersion of particles on the membrane surface. Referring to AFM
images, the peaks with a height of about 20 - 55 nm indicated that the filler body
were well incorporated on the membrane surface, thus preventing the particles to

peel-off from the membrane.
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Figure 5.6 Surface FESEM images of PSF/ZTC-1 with (a) 0.25 wt%, (b) 0.5 wt%
and (c) 1 wt% ZTC-1 loadings

Table 5.2 Surface Roughness Parameters of PSF/ZTC-1 MMMs

Roughness Parameter

Membranes Average rough (nm) Rms rough (nm)
Neat PSF 2.50 3.26
0.25wt% ZTC 3.20 5.40
0.4 wt% ZTC 5.11 7.54
0.5wt% ZTC 5.22 7.28
0.7 wt% ZTC 7.30 12.89
1wt% ZTC 7.09 11.14
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Figure 5.7 AFM images of the surface of PSF/ZTC-1 MMM : (a) 0, (b) 0.25, (c)
0.4, (d) 0.5, (e) 0.7 and (f) 1 wt% ZTC-1 loadings

In order to have fundamental understanding of the interaction of polymer
with particle surface, the FTIR analysis of filler, neat PSF and MMMs was
conducted and the results are shown in Figure 5.8. From Figure 5.8a, the ZTC
showed several peaks at around 3341 cm™ (O-H functional group stretching),

89



1700 cm™ (C=0 stretching), 1575 cm™ (C=C aromatic stretching) and 1173 cm™
(C-C stretching) (Nishihara et al., 2008). On the other hand, neat PSF revealed
several absorption peaks at around 852 and 872 cm™ (C-H rocking), at 1013,
1079, 1104 and 1168 cm™ (C-C stretching), at 1147 and 1322 cm™ (Ar-SO,-Ar
symmetric bending), 1236 cm™ (Ar-O-Ar stretching), 1293 cm™ (S=O symmetric
stretching) and 1583 cm™ (C=C aromatic stretching). The similar peaks of neat
PSF were observed in other study reported by Junaidi et al. (2014) and Zornoza et
al. (2009). Similarly to PSF/ZTC MMMs in Figure 5.8b, the spectrum was noticed
to be the same with that of the neat PSF. By adding ZTC, no occurrence of new
peaks or wavenumber change was detected besides neat PSF spetrum. This shows
no interaction between PSF molecules and ZTC functional groups, hence, it can
be said that the adhesion between the two phase in all MMMs was poor.
Furthermore, the intensity of all PSF peaks in MMM spectra at 0.7 and 1 wt% was
observed to decrease in comparison to neat PSF spectra, indicating a high amount
of ZTC-1 embedded into PSF matrix (Mahmoudi et al., 2019).
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Figure 5.8 FTIR spectra of (a) neat PSF and ZTC-1 (b) all prepared MMMs
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In order to support the interaction between the two phase, the glass
transition temperature (Ty) is performed by DSC. The Ty value shows the
flexibility of polymer chains. From the Table 5.3, the T4 of MMM s up to 0.4 wt%
was higher in comparison to neat PSF. The increased Tg is caused by reducing the
polymer segmental mobility. We speculated that due to the interface rigidification
effect, the decreased segmental mobility resulted in higher selectivity than that of
neat PSF. The good interaction between ZTC surface and the PSF might result in
the formation of rigidified polymer. This examination was in well accordance
with the surface observation. However, the rigidification effect at higher ZTC

loading was negligible due to the unchanged Tg compared to the neat PSF.

Table 5.3 The Thermal Behavior of PSF/ZTC-1 MMMs

i Weight loss .

Membrane ZTC loading T,(°C) (%)g Residue (%)

(Wt%) 0 0

400-600 °C 800 °C

Neat PSF 0 178 64.18 27.86
PSF/ZTC MMM 0.25 213 62.59 33.24
PSF/ZTC MMM 0.4 182 62.45 36.77
PSF/ZTC MMM 0.5 179 62.53 34.62
PSF/ZTC MMM 0.7 179 61.92 36.35
PSF/ZTC MMM 1 178 62.00 35.28

All prepared MMMs were then examined using TGA to study the thermal
stability. Figure 5.9 shows the TGA curve of all MMMs with different filler
contents. It can be seen that neat PSF was thermally less stable than those of
MMMs, while the thermal stability of MMMs was improved with increasing of
filler loadings. The weight loss of neat PSF quickly started at about 120°C due to
removal of residual solvent, followed by significant weight loss when the
temperature reached to 500°C. The major degradation of neat PSF and MMM s are
due to decomposition of PSF main chains. Moreover, the MMMs showed a lower
weight loss between 400 — 600 °C and the residue at the end of temperature
analysis (800°C) was higher in comparison to neat PSF (Table 5.3). The addition
of ZTC-1 within PSF matrix acts as shielding effect to hinder the transport of

degradation product. As a result, a higher amount of MMMSs residue was obtained
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compared to neat PSF. Subsequently, the final decomposition started at around
550°C was detected for all MMMs, indicating further degradation of membrane
residue (Zulhairun et al., 2017).
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Figure 5.9 Thermal Decomposition Curve of PSF/ZTC-1 MMMs

5.2 Gas separation performance of MMM

Single gas permeation is used to evaluate the possible performance of all
prepared MMMs under ideal conditions. The permeance of each membrane was
measured for carbon dioxide, oxygen, hydrogen, nitrogen and methane at ambient
temperature and at a pressure of 5 bar. For each membrane, the pair gas
selectivities were obtained by taking the ratio of the permeances.

The permeances and selectivities of MMM are shown in Figure 5.10. The
results revealed that the reduction in the gas permeance of neat PSF was
proportional to the decrement Kinetic diameter of gas with permeance order : N,
(17 GPU) < O3 (21 GPU) < CH,4 (23 GPU) < CO; (60) < H;, (183 GPU). However,
CH, (3.8 A) had a higher permeance than O, and N, due to its higher solubility in
polysulfone matrix (Ghosal et al. 1993). The CO,/CH4, CO,/N;, O./N, and
H,/CHy, selectivity of neat PSF were 2.56, 3.64, 1.28 and 7.77, respectively, and
the results were comparable with the data reported previously (Table 5.7).

When comparing to neat PSF, the selectivities of MMMs up to ZTC-1

loading of 0.5 wt% enhanced and the gas permeances varied (Figure 5.10). These
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good performance indicated an ideal polymer-filler interface resulting from the
formation of rigidified polymer around the ZTC particles consistent with the
increased Tg. However, the rigidification effect is negligible at above 0.5 wt%
loading due to the stable Tg compared to neat PSF. As the ZTC loading was
further increased to 0.7 and 1 wt%, the MMMSs showed significant increase of
permeances with poorer selectivity for all separation. The reduced selectivity was
observed due to the higher enhancement permeance of larger kinetic diameter gas
(CH4 and Ny). Such gases would take bigger advantages of Knudsen diffusion
mechanism, either through the voids between particles and polymer or the pores
within the particle agglomerates. It was previously showed from the surface
observation, the surface defects were detected for MMMs (0.7 and 1 wt%
loadings) and these unselective voids formation was believed to be related to
higher permeance and selectivity loss. The voids could be formed within the
particle agglomerates and the polymer chains could not be adsorbed within the
voids, hence, they would act as extra channels to provide gas diffusion swiftly.
The calculated values of Knudsen selectivity obtained from the Equation 2.19 are
listed in Table 5.6. The obtained selectivity values for MMMs with 0.7 and 1 wt%
loading were consistent with the Knudsen selectivities, indicating that the gas
transport through the membranes was controlled by Knudsen diffusion
mechanism. The Knudsen mechanism is the diffusion mechanism governed by
interfacial voids. However, the selectivity values for other MMMs were not in
accordance, hence, these high selectivity could not be attributed to a Knudsen
mechanism. Also, these results could not be described by molecular sieving
mechanism since the pore size of ZTC-1 (1.54 nm) is larger than molecular
diameter of penetrants. These increasing selectivity might be associated to a
surface flux mechanism through micro-mesoporous ZTC-1, with mechanism of
more favorable surface diffusion of fast, lower kinetic diameter gases relative to
slow, larger kinetic diameter gases (CH4 and N), followed by gas diffusion in the
ZTC-1 micropores (Magueijo et al., 2013; Anson et al., 2004).

Table 5.7 compares the gas performances of PSF-based MMMs with
different type of porous filler for some separation. The improvement in CO, and

O, permeances by using carbon xerogel filler was reported by Magueijo et al.
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(2013), while the enhancement of CO,/CH,4, CO,/N;, and O,/N, selectivities was
not significant. Also, Bhardwaj et al. (2003) investigated a higher O, permeances
of PSF-based MMMs by incorporating TiO, and carbon, but the selectivities of
O2/N, were still lower than those of value in this work. Though the slight
increment in permeances was observed in this work, but it would be accompanied
with sufficient selectivity enhancement. Interestingly, the low ZTC loading (0.4
wt%) could compete with the MMM utilizing larger percentage of fillers to

provide higher selectivity improvement.
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Figure 5.10 Gas permeability and selectivity of (a) CO2/CH,, (b) CO2/N,, (c)
0O,/N; and (d) H,/CH, of all prepared membranes

Single gas permeation is a necessary fisrt step for new material screening
process, but in reality, the transport of a component is affected by the presence of
other component. Therefore, this study must be followed by gas mixture
measurement in realistic condition. As seen from Table 5.6, the performances of
MMMs up ZTC-1 loading of 0.5 wt% were higher compared to neat PSF and the
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greater selectivity improvement was obtained for CO,/CH, and H,/CH4 gas pairs.
Therefore, the MMMs were used to separate CO,/CH,4 and H,/CH,4 binary gas
under room temperature and total feed pressure of 5 bar. However, all the
membranes showed poor mixed-gas separation performances, which was
inconsistent with single gas measurement data (see Table 5.4). At the same feed
pressure, it was supposed that the permeance under mixed-gas flow were almost
lower than those of single gas. The diffusion of a penetrant in mixed-gas through
the membrane is likely different from that in single gas measurement. This could
be explained considering the presence of competition of other gas penetrant. The
decreased CO, or H, permeances can be attributed to a competition with the CH,4
for the sorption sites in the membrane (Jiang et al., 2007). In the case of H,/CH,4
mixed-gas, the reduction of H, was higher than that of CH,. The H, gas has a
lower critical temperature of 33.2 K than that of CH, (190.55 K), leading to a
larger sorption of CH,4 than H,. Consequently, the sorption of CH,4 on the polymer
matrix competitively diminished the sorption of H,, leading to a further reduction
in H, permeance (Kim et al. 2019). For CO,/CH,4 mixed-gas, the greater critical
temperature of CO, (304.25 K) may reduce the CH, sorption. Furthermore, the
fast diffusion of CO, through the membrane would facilitate the diffusivity of
CH, (Jiang et al., 2007). The increment of CH,4 diffusion is much larger than the
decrease in CH, sorption, leading to smaller decrement or even increment in
permeance for CH, than for CO..

In addition, the non-ideal gas behaviors in the gas mixture containing CO,
lead to the deviation performance from that of single gas measurements. As seen
from Table 5.5, the fugacity coefficient of CO, in the mixed-gas was lower
compared to that in pure CO,. This can be explained by the existence of CH, in
the mixture giving a contribution to the total pressure. Consequently, the
thermodynamic driving force for CO, through the membrane decreased in a
mixed-gas system, leading to a lower permeance (Wang et al., 2002). As a result,
the mixed-gas selectivities obtained are significantly lower than the ideal gas
selectivities. The decreased performances of mixed-gas from the single gas
measurement were also observed in the previous studies (Kim et al. 2019),
(Yoshimune and Haraya, 2013b), (Khan et al., 2010).
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Table 5.4 Binary Gas Permeance and Selectivity

Mixture (gg:)ﬁ(;rmeance Mixture (gg;B(;rmeance Mixture gas Ideal gas Selectivity
Membrane 50/50% CO,/CHs 50/50% H,/CHs selectivity (this work)
Co, CH, H, CH, | COJCH, | H.JJCH, | COJCH, | H,/CH,
21662032 | 12358018 | 44+041 | 16.26+0.15
Neat PSF | #2270 o) (oo o) 175 271 256 7.77
PSFIZTC-
34194146 | 1571+0.67 | 76+140 | 9.16+0.17
a2 (-82%) (+25%) (143%) | (28%) | 218 | 830 | 528 | 1567
PSFIZTC- | 17.60£0.17 | 7.11t0.07 | 91.95¢187 | 9.46£0.19
104wt% | (-231%) (+17%) (-84%) (+38%) 249 9.12 9.99 28.88
PSFIZTC- | 31.12£0.94 | 17.46053 | 44.22£0.70 | 9.62%0.15
105Wt% | (-160%) (-13%) (-463%) (-106%) 1.78 4.60 4.10 12.60

Number in parenthesis showed percentage decrement (-) and increment (+) of gas
permeance with respect to pure gas permeation measurements. * values in table are
standard deviation from 4 samples.

Table 5.5 Fugacity Coefficients for Single Gases and Mixed-Gases at Equivalent
Feed Pressure and Temperature of 25 °C

Single gases Mixed-gas (50/50%)
Fugacity coefficients* Mixed fugacity coefficients*
dcoz dcra dcoz dcHa
0.9753 0.9913 0.9440 0.9839

Calculated using Eq.3.7 — 3.12

53  Summary

A series study performed on the structural, morphological properties and
thermal stability of PSF-based MMMs with ZTC-1 was evaluated. The XRD
investigation has demonstrated that adding ZTC-1 within PSF matrix had a slight
effect on the amorphous nature of PSF and induced minor change on the polymer

chain mobility. The absence of the ZTC-1 peak characteristic at 26 of about 6.05 °

in the MMM (0.25 — 0.5 wt% loading) spectrum is attributed to a low

concentrations with the possibility of good particle dispersion. Raman
spectroscopy, XRD and SEM observations suggested a good interaction and
dispersability with PSF matrix for MMMs at low ZTC-1 loading (0.25 — 0.5
wit%). Meanwhile, it was observed that ZTC-1 dispersion was low due to some
agglomerated structures for MMMs with higher ZTC content. The particles were
easily merged to each other and formed larger agglomerates at a higher ZTC-1

loading due to the lack of strong interaction between the PSF matrix and the

fillers, as revealed by FTIR results. The aggregated structure was also proven by
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the AFM analyses. According to AFM images, the membrane surface was rather
rough by adding ZTC-1 and the roughness values enhanced by increasing ZTC-1
in the membranes. The TGA analysis presented a higher thermal stability when
ZTC-1 was embedded within PSF matrix. The Tg of the membranes was found to
be enhanced and the values were slightly dropped with the increase in ZTC-1
loading.

Results from permeation measurements showed that permeance and
selectivity depended on the filler loadings. With increasing ZTC-1 loading up to
0.5 wt%, the permeance of all gases varied and the selectivity for all pair gases
raised. When the ZTC content was further increased to 1 wt%, the higher
permeances with loss selectivity were achieved. The gas transport in the
membranes through the voids between ZTC-1 and polymer chains is the main
reason for enhanced gas permeance due to the higher ZTC loading. Consequently,
the gas selectivity dropped as the ZTC loading increased from 0.25 wt% to 1 wt%.
Binary gas measurement were also performed to know the effect of other gas
penetrant in the mixture. It has been revealed that there was a difference in the
membrane performances between single gas and mixed-gas measurements under
similar operating conditions. The results showed that permeance and selectivity in
the mixture gas were significantly lower than that in single gas. This can be due to
the influence of competitive sorption and the effect of non-ideal gas behavior in a

mixed-gas system.
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Table 5.6 Gas Permeation Properties of All Fabricated Membranes

Sample Pllcoz (GPU) Pllcya (GPU) Pl/lo; (GPU) P/ln2 (GPU) P/l (GPU) OCO2/CH4 002/N2 0CO2IN2 OH2/CH4
Neat PSF 60.13+5.17 23.49+1.41 21.174£3.11 16.53+1.11 182.57+10.59 2.56 1.28 3.64 7.77
PSF/ZTC 0.25 wt% 62.0948.72 11.7743.23 19.76+0.37 10.26+0.81 184.40+22.35 5.28 1.93 6.05 15.67
PSF/ZTC 0.4 wt% 58.53+4.17 5.86+1.96 13.99+1.15 5.04+1.07 169.2045.65 9.99 2.78 11.62 28.88
PSF/ZTC 0.5 wt% 80.93+7.02 19.75+3.59 25.11+1.97 14.9742.02 248.91+12.99 4.10 1.68 5.41 12.60
PSF/ZTC 0.7 wt% 160.19+3.14 224.97+9.95 146.26+4.89 150.39+8.60 487.93+24.82 0.71 0.97 1.07 2.17
PSF/ZTC-1 wt% 169.43+2.86 230.64+4.14 139.65+3.68 149.49+3.14 512.69+10.80 0.73 0.93 1.13 2.22
Knudsen selectivity 0.60 0.94 0.80 2.82
1 GPU = 10° [cm*(STP) s cm™ cmHg™], + values in table are standard deviations from 4 samples
Table 5.7 The Comparisons of Gas Separation Performances of PSF Based MMMs Loaded with Several Type of Fillers

Filler loading Oper_a ting Pristine membrane performance MMM performance (best performance)

(best condition
Membranes Ref.

performance, T 5 5 5 5

Wt%) (OC) P (bar) (Gcgzu) (CCSJE’U) 0.CO2/CHA 0lco2/N2 002/N2 (GCCI:),ZU) (ééu) 0 CO2/CHA Olco2/N2 0Q02/N2
PSF/ZTC ?(.)22))-1 25 5 60.13 21.17 2.56 3.64 1.28 58.53 13.99 9.99 11.62 2.78 This work
PSF/carbon ) (Magueijo et
xerogel 5-10 (5) 25 5 187 135 1.02 1.40 1.00 262 175 1.20 1.68 1.13 al., 2013)
PSF/TiO, 5 25 5 - 97.71 - - 1.06 - 119.52 - - 0.97
PSF/carbon .
black 2-10(2) 25 5 - 97.71 - - 1.06 - 292.84 - - 1.76 (Bhardwaj et
PSF/vapor- al., 2003)
grown carbon 5 25 5 - 97.71 - - 1.06 - 119.56 - - 1.78
nanofiber

1 GPU = 10° [cm*(STP) s* cm™ cmHg™]
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CHAPTER 6
MEMBRANE MODIFICATION BY SURFACE COATING AND
HEATING TREATMENT

Based on the results presented in Chapter 5, the obtained MMMs result in
the formation of interfacial voids between the two phase, especially at higher
particle loading, thereby causing the enhancement in permeance with loss
selectivity. The MMM at 1 wt% showed an average of 522% permeance
enhancement for all gases and 60% selectictivity decrement in all separation. The
results clearly exhibited that MMM possessed less ability to separate gas due to
some particle aggregates at the membrane surface. These filler aggregates would
be responsible for defects between the polymer matrix and particle and/or among
the particles. However, such membrane can be still a promising candidate for a
new membrane material with necessary modification of the membrane.

Post-treatment by surface coating can be performed to seal the pinholes
(voids) on the surface of the skin layer without affecting structural integrity, thus
improving gas pair selectivity. Polydimethylsiloxane (PDMS) has been used as
coating material to modify the surface of hollow fiber membranes (Roslan et al.,
2018). In addition to surface coating, annealing process at temperature above the
polymer Tg has been investigated to result a better polymer-filler adhesion. The
membranes which were heated at temperature above the polymer Tg minimized
the void formation when the filler loading was increased (Mahajan & Koros
2002). The annealing treatment affects the polymer chain flexibility and
subsequently leads to the contact between particles and polymer matrix (A. F.
Ismail, Rahim, et al., 2008). As discussed in Chapter 2 Literature Review, the
polymer chains become quite mobile and flexible and easily surround the
particles, thus causing the increase in the adhesion of particles to the polymer
matrix. However, by combining the thermal annealing with surface coating, the

membrane selectivity was further improved (Ferreira and Trierweiler, 2009).
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This chapter describes the single gas permeation performance of post-
treated membrane as a function of ZTC-1 loading incomparison to untreated
membrane. The post-treated membrane by surface coating is referred to a coated
MMM, while the post-treated membrane using heating treatment is referred to a
heated MMM. Scanning Electron Microscopy (SEM) was conducted for
understanding the different of the treated and untreated membrane surface. The
EDX measurement was also conducted to confirm the successful coating on the
outer surface of the membranes. Moreover, in order to determine the effect of heat
treatment on the thermal stabilities and glass transition temperature (Tg) of
membrane, thermogravimetric analysis (TGA) and differential scanning

calorimetry (DSC) were also conducted.

6.1 The Improvement of MMM Performance by Coating Surface

To improve the existing performance of PSF-based MMMs, polydimethyl
siloxane (PDMS) solution was used to form a thin coating layer on the outer
surface of membrane. This is further supported by SEM images as shown in
Figure 6.1. Figure 6.1(1) shows the cross-sectional images of selected coated
MMMs. This images suggest a good quality coating of membrane. Furthermore,
the surface images in Figure 6.1(2) also confirm that all MMM surface is perfectly
coated by PDMS layer that seals the membrane surface voids or pinholes.
Consequently, the surface of coated MMMs is more defect free and smoother
compared to that of uncoated MMMs in Figure 5.4.

Table 6.1 shows the EDX results on the surface of coated MMMs. The
selected area for each membrane surface is presented in Figure 6.2. The presence
of silicon (Si) confirms the successful formation of PDMS layer and it is well
distributed on the membrane surface. As determined from Figure 6.1, the coating
layer of PDMS is ranging from 83 — 112 nm. However, the EDX results could not
precisely indicate the absolute amount of PDMS material on the membrane
surface since the penetration depth of EDX (1000 nm) is much larger compared to
the thickness of coating layer. As a result, this analysis would also cover the

elements of the PSF and particles. The detection of carbon (C), oxygen (O) and
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sulfur (S) on the membrane surface is the characteristics of ZTC itself and PSF

matrix containing sub unit of aryl-SO,-aryl.

NL D48 x6.0k 10um

NL D4.8 x8.0k

10um NL D46 x6.0k 10um

NL D4.7 x6.0k 10um

cl c2
Figure 6.1 SEM images of (1) cross section and (2) surface of (a) 0.25 wt%

ZTC/PSF, (b) 0.4 wt% ZTC/PSF and (c) 0.5 wt% ZTC/PSF MMMs with 3 wt%
PDMS solution
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Table 6.1 EDX Surface Mapping Result for the Coated MMMSs

Element (wt%o)

Membrane Carbon Oxygen Sulfur  Silicon Total
0.25 wt% ZTC/PSF 46.54 29.49 9.36 14.61 100
0.4 wt% ZTC/PSF 54.00 27.18 10.15 8.67 100
0.5 wt% ZTC/PSF 47.03 31.24 8.65 13.09 100

MAG: 1000 x HV:150kV_D:86 mm

() (2)

Figure 6.2 SEM EDX surface marking for (a) 0.25 wt% ZTC/PSF, (b) 0.4 wt%
ZTC/PSF and (c) 0.5 wt% ZTC/PSF MMMs, respectively (1) and their
representative mapping (2)
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After coating treatment, the membranes were tested using single gases and
the results are listed in Table 6.2. The performances of coated MMMs are more
relevant since it represents the membrane performance. For instance, the
CO,/CH,4, CO,/N;, Ho/CH4 and O2/N, ideal gas selectivities of neat PSF were
improved from 2.56, 3.64, 7.77 and 1.28 to 28.77, 32.27, 66.27 and 5.87,
respectively, upon PDMS surface coating. The results revealed that neat PSF
showed selectivities exceeding the intrinsic selectivity of PSF (Castro-mufioz,
2018). Fast gases (CO,, H, and O,) are now preferred compared to the slower and
larger kinetic diameter gases (CH4 and Ny). As a result, it leads to a higher
selectivity. Compared to uncoated PSF, the permeances of coated neat PSF
against all gases are dropped. This suggests that the presence of PDMS layer has a
strong effect in the pores sealing, hence, it significantly increases gas selectivity to
solution diffusion level and reduce permeance. The hydrophobic nature of PSF
makes interaction with hydrophobic ZTC surface, thus perfectly sealing the voids
between these two phases. Furthermore, the reduced permeance of CO, are
reported to be lower compared to other gases since the PDMS coated membrane
showed a greater affinity towards CO, molecules (Roslan et al., 2018).

These coating process also improves all PSF/ZTC-1 MMMs selectivity and
reduces permeance in comparison to uncoated MMMs. Moreover, the presence of
filler improved the permeance of all gases compared to the coated PSF. The larger
permeance of coated MMMs might be arise from the porosity induced by the
filler. The mesopore structure in the outer layer of ZTC would assist the gases to
diffuse faster into the inner micropores of the ZTC. This could be attributed to a
higher permeance of MMMs. Furthermore, the ZTC also possesses strong
physisorption properties for carbon dioxide (CO;) and hydrogen (H) and results
in higher permeance. Based on our previous study, the CO, and H; sorption on the
ZTC material was up to 9.51 wt% and 1.72 wt%, respectively, at room
temperature and 1 bar pressure (Gunawan, 2018)(Wijiyanti 2015). The
permeances for MMMs at 0.4 wt% loading were lower than 0.25 wt% loaded
filler. If filler induced voids were playing significant role for MMMs at these
loadings, the greater permeance would be observed from 0.4 wt% loaded ZTC-1

due to the higher number of particles, but this was not the case. Meanwhile, the
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slight enhancement in permeance with reduced selectivity was observed at 0.5
wt% loading, which can be ascribed to the decrease in polymer chain rigidity
consistent with the decrease in Tg. Further increment of filler loading up to 1 wt%
led to the prominent increment of slow and large kinetic diameter (CH4 and Ny)
permeances which take greater advantage of Knudsen diffusion opportunity due to
severe interfacial voids in the initial membrane structure. Due to the great portion
of large interface voids or pinholes, the silicon rubber which has a very high
permeability will highly contribute as a third phase in the dense layer and the gas
molecules will diffuse through this, leading to a very high permeance.
Furthermore, there was an improved selectivity of coated PSF membrane
with the presence of ZTC-1. The highest selectivitiy improvement was found in
0.25 wt% loaded ZTC-1 with the permeance remained higher compared to the
coated PSF, but only the modest selectivity was seen for 0.5 wt% loading. We
argue that the reduced segmental mobility which consistent with the increase in
Tg, 0.25 wt% loaded MMM resulted in higher selectivity improvement than that
of 0.5 wt% MMM. The selectivity improvement could not be explained by
molecular sieving mechanism as the average pore size of ZTC-1 (1.54 nm) is
larger than molecular diameter of penetrants. Also, the enhanced selectivity might
not be related to a Knudsen diffusion mechanism since the experimental
selectivity was not in accordance with Knudsen selectivity value. These high
selectivities could be associated to a surface flux mechanism through mesoporous
ZTC-1, with mechanism of more favourable surface diffusion of fast and lower
kinetic diameter gases rather than slow and larger kinetic diameter gases,
subsequently followed by gas diffusion in the ZTC-1 micropores. Furthermore,
the lower prevalence of inclusions in the MMM containing 0.25 wt% ZTC, as
shown in the interparticle spacing (Table 6.3), might allow a higher portion of the
gas flow to be solution diffusion through the polysulfone instead of diffusion
through the ZTC pores. This phenomena is similar with those of previous
published work (Magueijo et al., 2013). However, at higher ZTC-1 loading (0.7
and 1 wt%) the selectivity can not be improved because of coating material

overtake the function of the bulk mixed matrix material.
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The separation performances of coated PSF/ZTC-1 MMM for CO,/CHy,
0,/N3, CO,/N; and H,/CH, are compared with that of other PSF-based MMM s in
the literature with respect to Robeson trade-off line (Figure 6.3). The diagram
suggests that the permselectivity values for all MMMs are located below the 1991
and 2008 upper bound line, while the points of coated PSF/ZTC-1 MMM trascend
the 1991 upper bound of polymer membrane performance for CO,/N, separation.
However, PSF/ZTC-1 MMM exhibited a better separation performance,
approaching the upper bound line as compared to other MMMs in the literature.
As shown in Table 6.4, the prepared PSF/ZTC MMM showed a higher permeance
and selectivity than the reported MMM containing zeolite and other carbons. In
addition, an interesting result was that the small amount of ZTC-1 content (0.25
wt%) loaded in this study can compete with MMM in other studies incorporated
relatively higher percentage of filler loadings. Here, the high permeance and
selectivity of MMMs in this work can be correlated to the intrinsic selectivities
properties of PSF matrix, the selective gas capacity of ZTC-1 adsorption and the
good compatibility between PSF matrix and particles as revealed by increasing Tg
and SEM image. The results exhibited that PSF/ZTC MMM possess a great
potential and favorable for carbon dioxide (CO;), oxygen (O2) and hydrogen (Hy)

separation.
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Figure 6.3 Gas separation performance of PSF/ZTC-1 MMMs for CO,/CHy,
CO,/N;, O2/N, and H,/CH,4 gas pairs with respect to Robeson trade-off line,
compared with the data on other PSF-based MMMs from literatures. The detail

citations are listed in Table 6.4.



Table 6.2 Gas Separation Performance of Coated MMMs

Sample Pllco2 (GPU)  Pllcna (GPU)  Plloa (GPU)  PlIn2 (GPU)  Pll2 (GPU)  acozcHa @ozn2  @coziN2  @H2icH4
Neat PSF 41.34+3.87 1.44+0.19 7.52+0.85 1.28+0.12 95.23+10.54  28.77 5.87 32.27 66.27
0.25 wt% 59.67+5.83 1.29+0.25 10.29+1.01 1.70+0.19 119.01+16.40 46.42 6.06 35.14 92.57
0.4 wt% 51.51+7.96 1.66+0.36 9.03+1.20 1.51+0.29 116.49+18.31 30.98 5.99 34.15 70.07
0.5 wt% 71.45+6.87 2.45%0.27 14.35+2.86 2.15+0.22 163.97+11.90 29.12 6.69 33.29 66.81
0.7 wt% 45.00+5.42 7.52+1.45 10.61+1.21 4.72+1.16 98.73+15.32 5.99 2.25 9.53 13.14

1 wt% 28.29+1.72 17.43+2.45 13.37+1.56 11.11+3.00 75.15+3.33 1.62 1.20 2.55 431

1 GPU =1 x 10° cm® (STP)/cm? s cmHg, * values in table are standard deviation from 4 samples

Table 6.3 Filler Interparticle Spacing and Size of PSF Molecule, Assuming Uniform Dispersion of Filler

Membranes  Filler density  Filler particle Number of Interparticle Size of PSF
(g/cm®) diameter (nm) particles per m? spacing (nm) molecule (nm)

0.25 wt% 1.57 x 10" 1854

0.4 Wt% 0.75 369 2.51 x 10" 1586 97.8*

0.5 wt% 3.13 x 10" 1472

Calculated using Eq. 3.15 — 3.18.
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Table 6.4 Gas Separation Performances of Coated PSF Based MMMs from Previous Work

Eiﬁsetr Operating condition Neat Membrane performance MMM performance
Membranes . Ref.
loading ——— P P P P P P
Wt co2 02 H2 co2 02 H2
( 0) (°C) (bar) (barrer) (barrer)  (barrer) dco2iCHa QcozNz A02/IN2 OH2/CH4 (barrer) (barrer) (barrer) ACO2/CHA4 0.coz/N2 A02IN2 OH2/CH4
0.25 % 5 4134  752% 95.23* 28.77 3227 587 66.27 59.67* 10.29%  119.01*  46.26 3514 6.06 92,57
PSF/ZTC-1 This work
0.25 % 5 7.86° 1.43° 18.09° 28.77 3227 587 66.27 11.34° 1.96° 22.61° 46.26 3514  6.06 92,57
PSF/GO 0.25 % 5 5.22 . - 1715 1726 - . 5.96 - - 29.90 a4 - ; gf fg*l‘g) et
PSF/Carbon ¢ % 5 8490%  150% - 4030 4354 835 - 1033*  17.8* - 32.70 3121 595 - (Magueijo et
xerogel al., 2013)
PSFICMS 20 %5 1 - 158 - - - 550 - - 7.96 - - - 5.97 - ggg‘g" etal,
(Kimetal.,
PSF/SWNT 5 3B 4 3.90 0.84 ; 22.94 2294 494 - 5.12 116 ; 18.96 2226 504 - 5007)
PSF/GO 0.25 % 5 447 - - 1920 - - - 86.80% - - 25.98 ; - ; %é‘;h” etal,
PSF/SAPO-34 10 25 348 44.02 - ; 17.3 165 ; - 471.03 ; ; 282 26.1 ; - %’{‘gm etal,
PSFIMCM-41 30 ) 753 1.50 ; 19.40 2930 584 ; 20.50 3.83 ; 19.60 2722 508 . %g'ld) etal,
(Zulhairun et
PSF/TNT0 0.4 %5 3 4.04 0.94 9.85 21.85 2493 580 53.31 10.61 2.29 23.68 25.93 2876  6.20 5785 1 5017)
— (Zulhairun,
Eg;’ Cloisite- 2% 5 4.97 1.10 . 23.12 2454 543 . 18.72 4.09 . 20.98 2348 513 . Ismail, et al.,
2014)
PSF/Fumed 4 % 5 483 0.92 - 3105 3441 653 - 5.56 0.98 - 32.74 3602 635 - (Wahab et al.,
silica 2012)
PSFIMCM-48 10 %5 4 4.46 0.98 ; 25.88 2478 547 ; 8.45 1.84 ; 25.47 2641 575 . gégg)et al,
PSFIMSS 8 35 5 - - 11.80 - - - 58.90 - - 26.50 - - - 79.20 go?ooozga)et
PSF/zeolite- (Tian-ming et
oA 20 5.60 ; ; ; 2240 - - 3.22 ; ; ; 2713 - al. 2012)

*unit in GPU, 1 GPU = 1 x 10° cm® (STP)/cm” s cmHg
®Dense skin layer thickness of 190 nm is assumed
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6.2 The Improvement of MMM Performance by Heating Treatment
Heat treatment above PSF’s Tg is another attempt to compact the polymer-
particle contact and densify the surface layer. Figure 6.4 and 6.5 represent the
cross sectional and surface SEM images of MMMs heat treated at 200°C for 30
min and the results partially confirm the assumptions. It is noticed in Figure 6.4
that the mixed matrix structure was quite dense as compared to the untreated
membranes and the particles were evenly distributed in the membrane structure.
The polymer seemed to be in better attached to the particle surface, but some
voids between the particles and polymer were also detected for all MMMs and the
whole outer layer was rough. It can be seen in Figure 6.5 in which the polymer
and particles possess a distinct boundary. Though the heat treatment can help the
polymer chains to surround the ZTC-1 surface more easily, the interaction
between these two phase possibly can not totally prevent the particle detachment
upon the treatment (Ferreira and Trierweiler, 2009). In addition, the surface layer
is formerly porous and some particles loosely adhere to the polymer (Figure 5.3).
It possibly occurs since the soaking time (30 min) may not be adequate enough to
compact the polymer and particle contact.
Figure 6.6 shows the permeability and selectivity of the heated MMMs.
With heating, the permeances of all gases significantly dropped as compared to
the untreated MMMs. This was due to decrement of void spaces between the
polymer chains and particles (A. F. Ismail, Rahim, et al., 2008). The flexible
chains of polymer are thermodinamically easier to be reoriented during the heat
treatment process. As a result, the membrane possess better chain packing. The
segmental mobility of polymer is decreased by the heat treatment as revealed by
an increase in Tg (see Table 6.5) and this has contributed to the permeance
reduction. Because of the thicker dense layer at higher filler loading (Figure 6.4),
the diffusion rate of big molecules increased compared to small gases, thus

leading to a lower selectivity.
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NL D5.0 x1.0k 100um

(a)

ZTC0.25%

NL D53 x80k 10um

ZTC0.4% NL D53 x20k 30um

(b)

ZTC0.5% NL D51 x2.0k  30um

(©)

Figure 6.4 SEM micrograph of the cross-sectional view of the (a) 0.25 wt%, (b)
0.4 wt% and (c) 0.5 wt% ZTC-1 loaded MMM s after heat treated at 200°C
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Table 6.5 The Glass Transition Temperature of MMM s at Various Heating Period

Membrane Tg (°C)
0.25 wt% ZTC-1 MMM (30 min) 480
0.4 wt% ZTC-1 MMM (30 min) 480
0.5 wt% ZTC-1 MMM (30 min) 484
0.25 wt% ZTC-1 MMM (120 min) 483
0.4 wt% ZTC-1 MMM (120 min) 490
0.5 wt% ZTC-1 MMM (120 min) 477
0.25 wt% ZTC-1 MMM (240 min) 486

ZTC0.25% NL D4.0 x6.0k 10um

(@)

NL D4.0 x6.0k  10um ZTC 0.5% NL D4.0 x6.0k 10um

(b) (c)

Figure 6.5 Surface morphology of the (a) 0.25 wt%, (b) 0.4 wt% and (c) 0.5 wt%
ZTC-1 loaded MMMs with heat treatment at 200°C
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To demonstrate whether the long thermal soaking time is effective in
achieving a less defective polymer-ZTC-1 structure, the membranes are heated at
200°C for 120 min. The SEM micrographs in Figure 6.7 and Figure 6.8 exhibit
the morphology of the heated membrane. The cross-sectional images showed that
the outer layer became denser in contrast with that in Figure 6.4. Also, the
prolonged heating treatment suppressed the free volume in the polymer matrix.
Both surface and cross-sectional images showed that the voids has been reduced
by increasing heating period, but some nanosized polymer-particle interface voids
still existed for all MMMSs and the surface layer was still rough (see in Figure

6.7). It can be concluded that the increase in soaking period to 120 min is still not
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(©)

Figure 6.7 SEM micrograph of the cross-sectional view of the (a) 0.25 wt%, (b)
0.4 wt% and (c) 0.5 wt% ZTC-1 loaded MMM s after heat treated at 200°C
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(b)

Figure 6.8 Surface morphology of the (a) 0.25 wt%, (b) 0.4 wt% and (c) 0.5 wt%
ZTC-1 loaded MMMs with heat treatment at 200°C

Figure 6.9 shows the single gas permeation data (permeance and selectivity)
of the heat treated membranes. The permeances of the membranes generally
dropped with increasing ZTC-1 loading. However, up to 0.4 wt% loading, the
lowest permeance for all gases was observed. This would be associated to the
increase of polymer chain rigidity consistent with the Tg increment (Table 6.5).
As the filler loading was further increased to 0.5 wt%, the permeances rose due to
the increase in Tg. These values of permance of the heat treated membranes were
significantly lower compared to that of untreated membranes due to the relatively
thicker selective layer and the denser substructure. Furthermore, it can be
observed that all the heated MMMs exhibited sensible CO,/CH,4, CO2/N, and
O,/N; selectivities and the values dropped with increasing ZTC-1 loading for
three separations. Note that 0.4 wt% MMM showed simultaneous permeance and
selectivity loss, which might be due to the blockage of ZTC pores as a result of
severe interface rigidification. However, the decrement selectivity with increasing
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CO,/CH, selectivity

ZTC-1 loading could also be associated to the the interface voids, which were still
exist even in small amount and the gas transport through the voids is assumed to
be Knudsen diffusion. This phenomena can be explained by the mechanism of gas
transport through the polymer matrix, pore network of the particles and through

non selective voids between the matrix and particles.
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Figure 6.9 The permeance and selectivity of membrane as a function of ZTC-1
loading after heat treated at 200 °C for 120 min.

The optimum membrane (0.25 wt% loading) is further heated at 200°C for
240 min to investigate the possibility of reducing the voids. The obtaining
morphology is exhibited in Figure 6.10. The prolonged heat treatment highly
suppressed the pore structure in the polymer matrix and the outer layer became
denser and more homogeneous (Figure 6.10). The compact packed chains in the
substructure and the outer layer provide a high degree of size discrimination
between the gas penetrants and this leads to undesirable resistance to gas
transport. Another effect after the prolonged heat treatment was made the better
adherence of ZTC-1 particles with polymer matrix and no obvious voids between
two phases were observed. The defects on the fiber surface due to the poor
interaction between polymer and particles could be minimized as shown in Figure

6.10b. The good compatibility between these two phases may have resulted in the
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formation of rigidified polymer around the particles as revealed by the increase in
Tg. After prolonged heat treatment, the permeance showed the average decrement
of 138% for all gases and recorded average of 45% selectivity enhancement
(Table 6.6). Consequently, it was no surprise that the permeance was lower but
higher selectivity, as a result of the densification of substructure and the outer
layer as well as the rigidification effect.

Table 6.6 Single Gas Permeation Data of 0.25 wt% ZTC Loaded MMM Heat
Treated at 200° C for 240 Min

Soaking Permeance (GPU) Selectivity
E’;rl'no)d Co; 0 CH, N,  CO,CH, CO.JN,  O,N,
240 0.1403+ 0.0277+ 0.0035 £ 0.0042 £

0.0063 00048 00014  0.0005 3965 3379 6.66

ZTC0.25% NL D46 x1.0k 100 um

(a)

ZTC0.25% NL D4.0 x400 200 um

(b)

Figure 6.10 SEM images of (a) cross sectional and (b) surface of 0.25 wt% ZTC-1
heat treated at 200 °C for 4 h.
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6.3 Summary

Based on the results presented in this section, it can be concluded that both
coating and thermal treatment can be used as effective methods to improve
adhesion of ZTC-1 particles with polymer matrix. It can reduce the interfacial
void formation in hollow fiber mixed matrix membrane. As a result, the
membrane selectivity can be improved.

After surface coating, the initial structure with observable interfacial voids
becomes more defect free and smoother, resulting in a higher selectivity. The
change in structure suggests that the surface coating treatment can effectively fill
the voids. Nevertheless, the separation characteristic of coating material as a third
phase in MMM will contribute in the whole performance of the membrane. Since
the great amount of voids were observed for 0.7 and 1 wt% ZTC loaded MMMs,
the silicon rubber (PDMS) dominates as a third phase in the surface layer and the
gas will diffuse through this instead of mixed matrix. Since PDMS has no
molecular sieving properties and possesses broad distribution of intersegmental
gap size, the selectivity can not be improved and very high permeance was
observed for all gases. Due to the small portion of existing defects at lower ZTC-1
loading, the selectivity of CO,/CH,4, O2/N,, CO,/N, and H,/CH,4 enhanced up to
780%, 215%, 481% and 491%, respectively, with a slight change in permeance
compared to uncoated MMM. These selectivity improvement was observed for
MMM at 0.25 wt% ZTC-1 loading.

Because of the thermal effect the packed chains in the polymer matrix and
the packed structure in the surface layer and substructure became denser.
Consequently, the membrane became more compact as compared to the untreated
membrane. In addition, the heat treatment increased the glass transition
temperature (Tg) of the fibers. The increase in Tg suggests the reduced segmental
mobility, and hence lower permeance than untreated membrane. The permeance
of heated membrane was significantly low depending on the thermal soaking
period. Thermal treatment at shorter period (30 min) produces a less defective
membrane in the surface layer since the voids were still observed. However, the
selectivity of CO,/CHg, O,/N, and CO,/N, was found to be improved up to 457%,

162% and 277%, respectively as compared to that of untreated membrane. The
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membrane selectivity with prolonged heat treatment (120 min) was further
improved, but the permeance was severely diminished, as a result of the more
densification of the substructure. However, some interfacial voids and the surface
roughness were still observable. Obviously, at the prolonged soaking period (240
min) these voids have been removed and it seriously densify the polymer layer
structure. As a result, the selectivity improvement of CO,/CH,, O,/N; and CO,/N;
was recorded up to 652%, 246% and 458%, respectively. The selectivity was
enhanced by the prolonged heat treatment, the permeance was significantly
dropped and this lead to undesirable resistance to gas transport.

For both treatments, the highest selectivity improvement was obtained at
lower ZTC-1 loading (0.25 wt%). Also, it is found that surface coating can more
effectively improve the performance of mixed matrix membrane with increasing

selectivity without compromising the permeance.
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CHAPTER 7
GAS SEPARATION PROPERTIES OF POLYSULFONE
BASED MMMs

In Chaper 6, post-treatment to the PSF/ZTC-1 MMM by surface coating
with PDMS and heat treatment above the PSF’s Tg were investigated to obtain
high performance membranes for gas separation. The results show that membrane
with the most efficient performance can be produced by blocking the defects or
pores with silicone coating. From the gas permeation results presented in the
previous chapter, we considered that 0.25 wt% was the optimum loading to
fabricate PSF/ZTC MMMs with the highest selectivities and acceptable
permeances. In this study, we have used two types of ZTC prepared by different
methods of carbon filling and we succeed to produce ZTC of distinctive
structures. Another interesting material that obtained during the ZTC synthesis is
zeolite carbon composite (ZCC), a material prior template removal. This
composite substantially differs from those zeolite-carbon composite normally
used since its pore is covered by carbon material. This material would be suitable
as membrane filler due to the surface characteristic of zeolite with the presence of
carbon inside, as explained in Chapter 2. Therefore, the polysulfone membrane
filled with this type of material was extensively characterized and CO,/CHy,
CO,/Ny, Ho/CH, and O,/N, gas separation properties were discussed in this
chapter.

7.1 Characteristics of Polysulfone (PSF) Based MMMs

Three different fillers (ZTC-2, ZCC-1 and ZCC-2) were used in order to
find the effect of filler structure on the membrane characteristics. To determine
the stability of particles in MMMs, XRD was conducted on the MMMs and the
results are shown in Figure 7.1. Due to the amorphous structure of PSF, the XRD
pattern of PSF membrane shows a broad peak from 26 of 15° to 20°. The
diffraction patterns of MMMs confirmed the presence of both PSF and filler
phases. The XRD patterns of MMMs (see Figure 7.1c and d) appeared of any
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zeolite characteristic peak in the range of 5°-35°, which indicate the presence of
ZCC particles. Furthermore, coated PSF/ZTC-2 exhibited no characteristic peaks
induced by the integration of ZTC-2 particles, suggesting that good particle
dispersion through polymer matrix has occurred. We can also see that the
characterisic peak of amorphous PSF was slightly shifted to the lower angle from
260 = 17.77° to 16.38°. This slightly shift is related to the low interaction between
the filler and polymer, leading to an increase of the distance between polymer
chains. These increase is expected to affect the gas permeation rate since a higher
d-spacing provides a faster diffusion and therefore larger permeances (Boroglu et
al., 2017). Furthermore, the integration of filler reduces the peak intensity and
results in peak broadening, indicating the changes in PSF structure (lonita et al.,
2014).

111)

(551) (555)
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26(°)

Figure 7.1 XRD patterns of (a) neat PSF, (b) PSF/ZTC-2, (c) PSF/ZCC-2 and (d)
PSF/ZCC-1 at 0.25 wt% filler loading

Table 7.1 XRD Parameters for Neat PSF and PSF Based MMMSs

Angle d-spacing
Sample 26) (nm)
Pristine PSF 17.77 0.50
ZTC-2 in PSF 17.40 0.51
ZCC-2in PSF 17.23 0.51
ZCC-1in PSF 16.38 0.54
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SEM is conducted to understand the different morphology of the neat PSF
and PSF MMM embedded with filler, which is used to support the XRD and their
results are represented in Figure 7.2. All membranes show a dense skin supported
by small to large macrovoids finger-like substructure beneath the outer layer and
interconnected pores from the inner layer (lumen side). These micrographs exhibit
no considerable changes in cross sectional membrane morphology between neat
PSF (Figure 5.3a). However, it was hard in spotting the fillers through hollow
fiber samples, except for PSF/ZCC-1. The disappearance of filler particles
confirm that particle might be homogeneously dispersed throughout the polymer
matrix which possibly obtained due to sonication filler dispersion technique used
during the dope solution preparation (Zulhairun, Ng, et al., 2014). The bulk
particle might be segregated to its smallest form by the aid of rigorous
ultrasonication force. On the other hand, the ZCC-1 particles were observed
locating in the in the sub layer region of the membrane since the ZCC-1 possessed
larger particle size compared to other fillers. The agglomerate of particle with a
more than 3 um diameter in the porous sub layer may be due to fast liquid-liquid
demixing, which restricts the particle mobility (N. M. Ismail et al., 2015). These
particle agglomerates in the pore probably give insignificant influence on
permeability and selectivity.

Furthermore, the surface images of the MMMs were considered smooth and
almost defect free representing the active dense layer. The existence of particles
can be clearly detected on the dense layer and well distributed throughout the
membrane surface. Moreover, the particle size was below 0.3 pum, which was in
the range of the ZTC-2 (0.247 um) and ZCC-2 (0.288 um) average particles size.
Nevertheless, membrane with ZCC-1 loading showed some particle agglomerates
which may not be completely segregated due to its large bulk particle size. Thus,
an increase in permeance with lower selectivity is expected.

The EDX scanning on the ZCC embedding MMMs cross sectional images is
shown in Figure 7.4. The images confirmed relatively homogeneous dispersion in
depth of PSF matrix. The results of elemental analysis for the area selected in
Figure 7.4(a and b) are shown in Table 7.2. This exhibited a larger intensity of

carbon (C) element, which represent the PSF matrix and the composite carbon
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filler. The existence of zeolite in the composite filler was identified by low
contents of aluminium (Al) and silica (Si) elements due to a small concentration
of filler. In addition, the intensity of oxygen (O) content was also high,
representing the presence of O element in the structure of ZCC particle (AlO4 and
SiOy).

NL D44 x20k 30um NL D44 x50k 20um

ZCC Imp. NL D43 x2.0k 30um ZCC Imp. NL D44 x5.0k 20 um
(ci) (cii)

Figure 7.2 Cross section view of PSF membrane incorporating (@) ZTC-2, (b)
ZCC-2 and (c) ZCC-1 particles at (i) low and (ii) high magnification
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NL D45 x6.0k 10um NL D44 x6.0k 10um

ZCCCVvD

ZCC-1 particles

NL D46 x6.0k 10um

ZCC Imp.

Figure 7.3 Surface view of PSF membrane incorporating (a) ZTC-2, (b) ZCC-2
and (c) ZCC-1 particles

Table 7.2 SEM-EDX Cross Sectional Elemental Analysis Results for 0.25 wt%
Filler Embedding MMMs

Membrane C content O content Al content Si content
(at.%) (at.%) (at.%) (at.%)

PSF/ZCC-2 | 74.5 23.2 2.2 0.1

PSF/zCC-1 | 73.9 23.2 2.6 0.3
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D: 7.8 mm

MAG: 1000 x_HV KV_D:7.8mm

MAG: 1000 x HV:15.0kV_D: 7.8 mm

MAG: 1000 x HV:15.0kV _D: 7.8 mm

Figure 7.4 Cross sectional X-ray mapping of (a) PSF/ZCC-2 and (b) PSF/ZCC-1
MMMs containing 0.25 wt% ZCC (blue, yellow and red represent to Al, Si and C
elements, respectively)
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To further investigate the nature of the interaction between filler particles
and polymer, FTIR spectroscopy was performed on the selected MMMs and the
result are given in Figure 7.5. ZCC particles showed a band at 572 cm™, which is
attributed to the deformation vibration of Al-O-Si group (Khanday et al., 2017).
The bands at 706 and 980 cm™ are assigned to the symmetric and asymmetric
stretching vibrations, which respectively related to the AlO4 and SiO, structure.
On the other hand, the bands at 1618 and 2049 cm™ correspond to the O-H
stretching vibrations occuring due to proton vibrations in water molecules. The
strong and broad peak between 3300 to 3700 cm™ is related to the stretching
vibration of surface hydroxyl group of the zeolite structure (Wongcharee et al.,
2018). As shown in Figure 7.5b, the PSF/ZCC MMM demonstrated similar FTIR
patterns to the neat PSF membrane. However, the MMM showed the band in the
wavelength range of 500 — 750 cm™, indicating the vibration of Al-O-Si and Al-O
tetrahedral in zeolite structure, which were not appeared in the neat PSF (Figure
7.5¢). Furthermore, the band in the wavelength range of 750 — 800 cm™ appear to
form Si-C aliphatic arising owing to the bond between zeolite and carbon
(Velayudhan and Yameni, 2012). However, there were no observable peaks
indicating the interaction between ZCC and PSF in the MMM. Hence, poor
adhesion of ZCC in the PSF matrix occurred which was consistent with XRD
data. Also, comparing the spectra of the PSF/ZTC-2 MMM (Figure 7.5d) with
neat PSF, slight changes in the wavenumber peaks and a new peak with very low
intensity at around 3650 cm™ were observed. The new peak can be assigned to
hydroxyls in phenols from ZTC. Further, peaks at 1236 and 1293 cm™ related to
the absorption of Ar-O-Ar and S=0O groups, respectively, are slighly shifted to
1238 and 1295 cm™. These slightly changes suggests that there probably occurs a
low degree of hydrogen bonding interaction between aryl ether and sulfonyl
groups of PSF and the surface hydroxyl group of the ZTC.
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Figure 7.5 FTIR patterns of (a) ZCC-2, (b) neat PSF with PSF/ZCC-2, (c) neat
PSF with PSF/ZCC-2 between 1200-500 cm™ and (d) PSF/ZTC-2
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To determine the effect of filler on the thermal properties of PSF membrane,
the glass transition temperature (T) and degradation temperature were determined
using DSC and TGA analysis. The interaction of filler inside PSF matrix was
shown by means of Ty value. Table 7.3 showed that the measured T4 of MMMs
increased than those of neat PSF. This is a typical of reduced polymer chain
mobility due to particle stiffening and/or decrease in the amorphous PSF structure
as proven by XRD. Nevertheless, PSF/ZCC-1 demonstrated lower improvement
in Tg. From SEM images, we have observed some assembled particles, locating in
between polymer chains, thus decreasing the surface area and reducing the effect
on polymer chain flexibility (Zulhairun et al., 2017).

Furthermore, the TGA curves of neat PSF and MMMs are shown in Figure
7.6. The thermal stability of PSF membrane was enhanced with the presence of
filler particle. The initial weight loss of neat PSF membane occurred at about 120
°C indicating the removal of residual solvents and this was not observed in the
PSF-based MMMs. Furthermore, major degradation of neat PSF and MMMs
occurred at about 500 °C, corresponding to the decomposition of PSF main
chains. However, the MMMs showed lower weight loss than those of neat PSF
membrane. The major weight loss at temperature between 400 and 600 °C and the
precent residue at 800 °C are presented in Table 7.3. A lower weight loss of
MMMs indicated that a good thermal properties of particles could maintain higher
heat adsorbed and thus, the decomposition of MMMs become slower. Moreover,
the final degradation occured for all membranes at around 550 °C indicating the
decomposition of membrane residue and the increase in the mass residue was
observed for MMMs.

Table 7.3 Summary of Thermal Properties for Neat PSF and MMMs Filled with
Different Fillers

: Weight loss . 0

Membrane ZTC loading T, (°C) (%) Residue (%)
(Wt%) o 0
400-600 °C 800 °C
Neat PSF 0 178 64.18 27.86
PSF/ZTC-2 0.25 186 63.86 34.02
PSF/ZCC-2 0.25 185 64.14 30.07
PSF/ZCC-1 0.25 180 63.59 33.78
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Figure 7.6 Thermogravimetric analysis for different MMMSs

7.2 Comparation of ZTC and ZCC as a Filler Toward The Improvement of

MMM Performance

Gas permeation experiment on ZTC-1 exhibited good improvement in
selectivity of fast gas over the slow gas as the filler contents were reduced. In
order to ensure the influence of these filler on gas permeation properties,
especially the selectivity improvement at extremely low loading, MMMs
containing different type of filler with low amount of particle loading were tested
by single gases. Figure 7.7 and Table 7.5 compare the gas permeance and
selectivity of ZTC and ZCC loaded MMM of same loading. The MMMs
containing ZTC filler exhibited enhanced gas pair selectivities as well as gas
permeances. The selectivities were higher for ZTC-2 filled fibres than for the
ZTC-1 loaded fibers. This is not surprising given the lack of mesoporosity,
prevalence microporosity, and hence small pore size in the ZTC-2 inclusions
(Table 4.1). The highly microporous of ZTC-2 inclusions would also significantly
increase the flow of the fast, low kinetic diameter, solution diffusion dependent
gases (CO,, O, and Hy) and slightly improve the larger kinetic diameter, but lower
molecular weight gas (CH4 and N;) through these sample. The presence of
inclusions containing more micropores is more favourable for gas separation
MMM than the presence of inclusions with more mesopores, suggesting the
favourability of sub-Knudsen micropores over larger mesopores (Magueijo et al.,

2013). Furthermore, the specific surface area and pore volume of ZTC-2 were
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2939 m%g and 1.929 cm?®/g, respectively. As opposed to ZTC-1, its specific
surface area and pore volume were greatly lower, 1254 m?g and 0.950 cm®/g,
respectively. The higher gas permeance of MMM embedded with ZTC-2 can be
attributed to its higher ZTC-2 specific surface area, leading to a higher adsorption
capacity for gases. In addition to specific surface area, higher permeance
enhancement can be ascribed to its higher pore volume with a good pore size
distribution (Figure 4.14), providing a highway for molecular transmission (Dong
etal., 2013).

The high selectivities of PSF/ZTC-2 membrane could be associated to a
surface flux mechanism through microporous ZTC, with mechanism of more
favourable surface diffusion of fast gases rather than slow gases. However, a low
ZTC-2 inclusions in the MMM, as reflected in the particle spacing (Table 7.4),
possibly allow the dominant gas transmission to be solution diffusion through the
matrix rather than diffusion through the pore network of ZTC-2. It can be said that
high productivity and selectivity of membrane can be attributed in part to the
intrinsic properties of PSF matrix, the selective gas capacity of ZTC-2 adsorption
correlated with its good textural properties and the good interfacial contact
between polymer matrix and filler phase.

Similar to ZTC loaded MMMs, ZCC-2 MMM exhibited enhanced gas
permeance as well as selectivity. However, it was no surprise to find that ZCC-2
MMM had lower permeance since the specific surface area of ZCC-2 was found
to be lower than ZCC-1. Also, the selectivity of ZCC-2 MMM was better due to a
higher micropore portion of particles. Furthermore, the lower prevalence of ZCC-
2 inclusions in the membrane, as observed in the interparticle spacings, should
permit the gas transmission through the polymer matrix than through the ZCC-2
pores. Though the polymer dominating the gas transmission, the filler still give
some contribution to the gas diffusion. In addition to surface area, the lower
permeance of ZCC-2 than ZTC-2 filled MMM can also be attributed to the
presence of zeolite enveloping the carbon in the composite filler. The heat of
adsorption for the high quadrupole moment of gas (CO,) on zeolite is higher than
on carbon (Ma et al., 2012). The presence of Na* ions with CO; gas results in the

strong interactions between the gas and zeolite surface, and hence lower gas
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permeance (Shao et al., 2009). As observed from Table 7.5,

a tremendous

increase in the gas permeance can be achieved when the ZCC-1 particles are

loaded into the PSF membrane due to the particle agglomeration in the membrane

surface. These agglomerates lead to the formation of channels surrounding the

particles, providing a path for the gas to bypass the particles. If particles induced

defects were significant, increased Knudsen diffusion of bigger gases, and hence

lower selectivity.
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We can see variations of the gas transport performance of MMMs upon
the addition of different fillers. As shown in Table 6.4, the ZTC filled MMMs

showed a higher selectivity with good permeance than the reported MMMs

containing zeolite and carbon alone, indicating potential for CO,, O, and H;

separation. K. Zahri et al. (2016) demonstrated an improvement on the selectivity,

but the CO, permeance were slightly improved by incorporating GO. By contrast,

Ismail et al. (2009) and Junaidi et al. (2014) showed significant enhancement on
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a CO,/CH,

o Hy/CH,

the O, dan CO, permeances by incorporating CMS and zeolite, respectively, but
the improvement on selectivity was minimal. In this work, the selectivity of all
gas pairs was found to be relatively higher with good permeance compared to neat
PSF and other MMM s. It was interesting to note that the use of very low loading
of ZTC was sufficiently considered to provide high improvement to those for a
high percentage of loading with different filler. Figure 7.8 shows comparison of
the gas separation properties for the PSF based MMMs with other types of filler in
the literature (Table 6.4) with respect to Robeson trade-off line. The performance
of PSF/ZTC-2 MMM s located below the 2008 upper bound line, but it clearly
lies on the 1991 upper bound for polymeric membrane performance. Specifically,

these membrane transcends the 1991 upper bound for CO,/N; gas pairs.
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Figure 7.8 Gas separation performance of the MMM at 0.25 wt% filler loading
with respect to Robeson trade-off line, compared with the data on other MMMs in
the references. Detailed citations of MMM s are listed in Table 6.4
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Table 7.4 Filler Interparticle Spacing and Size of PSF Molecule, Assuming
Uniform Dispersion of Filler

Membranes Filler Filler Number of Interparticle  Size of PSF
density particle particles  spacing (nm) molecule
(g/cm®)  diameter  perm® (nm)
(nm)
ZTC-2 0.45 247 8.70 x 10" 1048 97.8*
ZCC-2 0.44 288 5.61 x 10" 1212

Calculated using Eq. 3.15 - 3.18.

7.3 Summary

The different fillers, ZTC and ZCC prepared using different method of
carbon filling were used in this study in order to find the influence of filler
structure on the membrane properties. The adding of ZTC-2, ZCC-2 and ZCC-1
fillers had a slight change on the amorphous structure of the PSF and induced
slight change on the polymer chain packing. No substantial of interfacial voids
indicates a good interfacial adhesion of particles with the PSF even without
surface modification, except for PSF/ZCC-1. In addition, the thermal stability and
the Tg of MMMs were also shown to be improved. A very interesting result was
that all four types of MMM gave higher permeance of the fast and solution
diffusion dependent gases, such as carbon dioxide, oxygen and hydrogen than neat
PSF. ZTC filled MMMs showed selectivity improvement for all separation, but no
selectivity increment was observed for ZCC filled MMMs. Most importantly, the
MMM filled with ZTC-2 (ZTC where microporosity dominates) showed
appreciable enhancement in permeance and selectivity when compared to the
ZTC-1 filled MMM. By contrast, the MMM filled with ZCC-1 exhibited a strong
increase in the permeation of slow gases with high kinetic diameter, such as
methane and nitrogen, leading to a decline in the selectivity. The selectivity loss
can be attributed to particle aggregates in the PSF polymer matrix, which generate
interfacial voids between the particles due to bigger size of filler particles. Based
on the results presented in this chapter, the effect of porous filler on the gas
separation characterics will depend on its properties, such as the particle size,

porous structure (micropore and mesopore) and the surface chemistry.
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Table 7.5 Gas Separation Performance of Coated MMM Containing Different Filler Types

Sample P/|coz (GPU) P/ICH4 (GPU) P/|02 (GPU) P/|N2 (GPU) P/|H2 (GPU) d.CO2/CH4 0d02/N2 OCO2/N2 OH2/CH4
Neat PSF 41.34+3.87 1.44+0.19 7.52+0.85 1.28+0.12 05.23+10.54 28.77 5.87 32.27 66.27
7.86* 0.27* 1.43* 0.24* 18.09* - - - -
ZTC-2 81.86+33.87 1.37+0.59 15.66+7.11 2.14+2.74 218.40+2.58 59.75 7.32 38.25 159.42
15.55* 0.26* 2.98* 0.41* 41.50* - - - -
ZTC-1 59.67+5.83 1.29+0.25 10.29+£1.01 1.70+0.19 119.01+16.40  46.42 6.06 35.14 92.57
11.34* 0.24* 1.96* 0.32* 22.61* - - - -
ZCC-2 69.49+8.27 2.48+0.98 12.96+£2.19 2.35+0.51 172.15+£16.38 28.02 5.51 29.57 69.42
13.20* 0.47* 2.46* 0.45* 32.71* - - - -
ZCC-1 80.15+22.06 18.18+4.96 23.17+1.43 13.72+3.19 223.051£94.29 441 1.69 5.84 12.27
15.23* 3.45* 4.40* 2.61* 42.38* - - - -

1 GPU =1 x 10 cm® (STP)/cm” s cmHg, * values in table are standard deviation from 3 samples

*Dense skin layer thickness of 190 nm is assumed
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

This thesis has aimed to investigate the feasibility of separating gas using
ZTC filler inside the PSF matrix, including an efforts to enhance the membrane
performance by post treatment with surface coating and heat treatment. The
present research has focussed on the application for CO,, O, and H, separation.

The following conclusions have been drawn from the current research.

8.1.1 Synthesis and Characteristics of Zeolite Templated Carbon (ZTC) as
Membrane Filler

In this research, the ZTC and its zeolite-Y template has characterized using
XRD, SEM, HRTEM and BET analysis. The zeolite-Y has successfully prepared
which matched with the standard data of JCPDS No. : 39-1380. The octahedral
zeolite-Y possessed BET surface area of 656 m%/g and total pore volume of 0.344
cm®/g with major micropore content. The average pore size of zeolite-Y was
0.804 nm. When the carbon (sucrose) was deposited on the zeolite channels by
impregnation, the reduced pore of zeolite-Y (0.729 nm) with the formation of
mesopores (2.39 nm) was attained. In this case, the surface area and total pore
volume of ZCC-1 significantly decreased. After template removal, the ZTC-1
could not fully replicate the zeolite-Y structure and it was nongraphitic as
reflected by a broad and low XRD peak at 26 = 25°. These peak suggests (002)
diffraction from a few carbon deposited on the external surface, as observed by
HRTEM. In addition, an XRD peak was observed at 26 = 6.05°, originating from
the ordering of (111) plane of zeolite-Y. The broadness and low intensity of this
peak indicates the low structure regularity of the resulting carbon. The specific
surface area of ZTC-1 was 1254 m?/g and 90% of its total pore was micropore
content. The formation of mesopores with average pore size of 2.46 nm is

originated from the carbon on the external zeolite surface and the carbon inside
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the zeolite-Y channels coming from the collapse of unstable carbon framework.
Meanwhile, the ordered microporous structure was observed in the deep inner
region of ZTC-1 with a mean pore size of 0.923 nm. On the contrary, when the
carbon source was filled by two step routes (FA impregnation and propylene
CVD), the surface area and porosity of ZCC-2 significantly decreased than that of
ZCC-1 due to the perfect filling of zeolite channels with carbon source. After
zeolite removal, the ZTC-2 showed higher surface area (2939 m?/g) with almost
no mesoporosity and the major micropore size was observed at 0.121 nm. Its
XRD pattern showed a sharp peak at 20 = 6.36° and also a weak peak at 26 =
10.3° with corresponding distance of 1.39 nm and 0.43 nm, respectively. These
peaks has revealed the long ordering structure of ZTC-2. The use of two step
method of carbon filling results in a better ordering of the carbon because the
carbon can totally deposit on the zeolite channels. Having a high surface area with
microporous structure (ZTC where microporosity dominates) is more favourable
as filler material for gas separation membrane since mesopore leads to a poor

selectivity.

8.1.2 Mixed Matrix Membranes Embedded with ZTC-1 for Gas Separation

The effectiveness of ZTC-1 to separate gas was then examined as a function
of ZTC-1 loading. Results indicated that a slight changes on the amorphous nature
of MMMs as the ZTC-1 loading increased. Also, irregular shift in diffraction
angle was observed during addition of the ZTC-1, suggesting a changes on the
polymer chain packing. However, addition of the ZTC-1 did not alter the
microscopic structure containing dense top layer, followed by finger-like structure
beneath the outer layer and interconnected pores from the lumen side. The thermal
stability was also found to be improved with increasing of filler loadings, but the
glass transition temperature (T4) was dropped by increasing loadings. By adding
ZTC, no occurrence of new peak and wavenumber change was observed beside
neat PSF spectrum since no functionalizatios regarding the surface chemistry of
ZTC-1 were done. Membrane with no severe interfacial voids were achieved up to
0.5 wt% addition of ZTC-1. The selectivity for all separation increased with the
addition up to a ZTC-1 loading of 0.5 wt%. PSF/ZTC-1 0.4 wt% MMM showed
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the highest selectivity enhancement up to 290% for CO2/CH,, with CO,/CHy,
CO,/N3, O2/Ny, Ho/CHy4 selectivity of 9.99, 11.62, 2.78, 28.88, respectively, with
acceptable permeances. Unlike low ZTC loading, the loss selectivity with very
high permeance shown by 0.7 and 1 wt% ZTC loadings indicated that interfacial
voids plays a key role in the overall performance of MMMs. The observable
agglomeration with some interfacial voids were revealed by surface observation
(FESEM and AFM). Furthermore, all new materials are initially characterized by
single gas measurements, but must be followed by mixed-gas measurements.
Therefore, in this thesis MMMs were conducted to separate CO,/CH,4 and H,/CH4
mixed-gas. However, the separation performance under mixed-gas system was
almost lower than those of single gas due to the competition between the gas
penetrants and the effect of non-ideal gas behaviors particularly for separation
containing condensable gas. Moreover, the increase in CO,/CH; and Hy/CH4
mixed-gas selectivity compared with neat PSF was attained for all ZTC-1

loadings.

8.1.3 Membrane Post-treatment using Heat Treatment and Surface Coating

To improve the existing performance of MMMs, surface modification was
conducted in this research by surface coating, and hence, repairing any surface
defects. This treatment allows the membrane to achieve permeation properties
closer to the intrinsic characteristics of the PSF membrane. The coating process
was conducted by dip-coating method with 3 wit% PDMS solution. Thus, this
research investigated the influence of surface coating on the gas separation
performance of MMMs.

The SEM images showed defect-free and smoother membrane and the
existing voids were blocked by the coating solution. The coating markedly
increased selectivity and reduced permeances. After coating treatment, note that
even the smallest amount of ZTC-1 loading (0.25 wt%) resulted the highest
selectivity improvement (up to 780% for CO,/CH,), with CO2/CH,, CO2/Ny,
0O,/Ny, Ho/CH, selectivity of 46.42, 35.14, 6.06 and 92.57, respectively, without
sacrificing the permeances. These high selectivities could be explained by a

surface flux mechanism through mesoporous carbon surface, with mechanism of
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more favourable surface diffusion of fast gases instead of slow penetrants,
subsequently followed by gas diffusion in the ZTC micropores. Moreover, the
lower prevalence of filler in the 0.25 wt% ZTC-1 loaded MMM, as shown by
interparticle spacing, permitted a higher portion of the gas diffusion to be solution
diffusion through polysulfone matrix rather than diffusion through the ZTC pore
network. The highest permeance with poor selectivity were found in the MMMs at
higher ZTC-1 loading (0.7 and 1 wt%). It was no surprise the lower performance
of higher ZTC-1 loaded MMM s than the other MMMSs, considering the formation
of severe interfacial voids. As a result, highly permeable silicone rubber
dominated as a third phase and the gas molecules would diffuse through this
easily, unselectively.

Other approach have been proposed in this thesis in order to fabricate void-
free MMMs by employing high processing temperature higher than the T4 of PSF.
Due to the thermal effect, the polymer packed chains in the surface layer and
substructure became more compact as compared to untreated MMMs, depending
on the thermal soaking period. At shorter period (30 min), some voids in the
surface layer were still detected. The selectivity was improved compared to that of
untreated MMM, with CO,/CH,, O,/N, and CO/N, selectivity up to 29.41, 5.04
and 21.78, respectively. However, the permeances of all gases tested were
severely diminished, as a result of membrane densification. Further selectivity
improvement was attained by the prolonged heat treatment (120 min), with
CO,/CH4, O2/N, and CO,/N; selectivity of 30.43, 6.42 and 30.39, respectively.
These highest selectivity was attained at 0.25 wt% addition of ZTC-1, while the
selectivity enhancement was lower as the ZTC-1 loading increased. Obviously,
the prolonged soaking period (240 min) totally removed the voids in the
membrane surface and seriously densified the polymer structure. A better
compatibility of polymer with particles was revealed by increasing Tg and its
value enhanced with the longer thermal soaking period. As a result, the CO,/CHy,
O,/N, and CO,/N, selectivity was recorded up to 39.65, 6.66 and 33.79,
respectively.

Based on those approaches, surface coating is considered simple and

effective way to improve membrane selectivity with acceptable permeance, but
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without affecting structural integrity. Unlike to surface coating, heat treatment
produced a high selectivity membrane, but very low fluxes which lead to

undesirable resistance to gas transport.

8.1.4 Gas Separation Properties of Polysulfone Based MMMs

From the gas permeation results, we have considered that 0.25 wt% was the
optimum loading to fabricate PSF/ZTC-1 MMMs with acceptable permeances,
but highest selectivities. In this thesis, we synthesized PSF based MMMs with
different fillers (ZTC and ZCC) and the effects on the membrane structural,
morphological, thermal stability and gas permeation properties were compared
with ZTC-1 filled MMM of same loading. Similar to ZTC-1 MMM, addition of
ZTC-2, ZCC-2 and ZCC-1 had a minor change on the amorphous structure and
the polymer chain packing. In addition, the same microscopic structure (thin dense
layer, finger-like structure beneath the outer layer and interconnected pores from
inside layer) was noticed for all MMMs. The particles were well dispersed inside
the matrix with no observable voids, except for PSF/ZCC-1 MMM. The formation
of agglomerations in ZCC-1 filled MMM was due to a bigger size ZCC-1
particles. However, the thermal stability and the glass transition temperature of
MMMs were also found to be improved. Prior to test, the MMMSs were silicone-
coated and all ZTC loaded MMMs recorded higher selectivity and permeance of
fast gases (CO,, O, and H;) compared to neat PSF. The significant improvement
in permeances (up to 98% for CO,, 108% for O, and 129% for H,), with
CO,/CHy4, O2/N,, CO,/N; and H,/CHy, selectivity of 59.75, 7.32, 38.25 and 159.42,
respectively, were attained for MMM filled with ZTC-2. The permeance and
selectivity improvement of PSF/ZTC-2 were higher than PSF/ZTC-1 which
ascribed to its higher surface area, total pore volume and narrower pore size
distribution. Furthermore, the high selectivity of ZTC-2 filled PSF could be
explained with a surface flux mechanism through microporous ZTC, with
mechanism of more favourable surface diffusion of fast gases instead of slow
gases. The performance of PSF/ZTC-2 MMM transcends the 1991 upper bound
for polymeric membrane performance. The high permeance and selectivity

improvement could be attained even at 0.25 wt% loading and the ZTC filler could
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be a potential candidate for a new filler for CO,, O, and H; separation. Compared
to ZTC-2, the lower permeance of PSF/ZCC-2 could be ascribed to the presence
of zeolite outside the carbon. The adsorption heat of high quadrupole moment of
gas on zeolite is higher than on carbon, leading to strong interaction between the
zeolite surface and gas, and hence lower permeance. Smaller surface area of ZCC-
2 also contributes to the lower permeance. On the contrary, strong increase in the
permeation of slow gases (CH4 and N,) for PSF/ZCC-1 lead to poor selectivity.
The selectivity decrement of CO,/CH4, O,/N;, CO,/N, and H,/CH,; was 85%,
71%, 82% and 81%, respectively. This was no surprise that Knudsen diffusion
opportunity for the slow gases increased due to the presence of agglomerations in

the PSF matrix resulting voids between the particles.

8.2 Recommendations

This thesis has focussed on the feasibility of gas separation using ZTC filler
inside the PSF matrix including an attempt to improve the membrane performance
through silicone-coated and heat treatment. Results of this present work have
exhibited good potential of all ZTC types as filler inside PSF membrane for CO;,
O, and H; separation and provided a significant improvement of the MMM
through modification with surface coating and heat treatment. In comparison to
heat treatment, surface modification through silicone-coated have demonstrated
better membrane performance without affecting the membrane integrity.
However, several issues regarding to a further understanding on the scientific
level and the practical applications should be addressed in future work.

Further understanding regarding to the PDMS coating treatment should be
conducted. For instance, the distribution of PDMS solution in the membrane
structure should be further analyzed. FESEM combined with EDX analysis could
be performed in order to confirm the presence of PDMS inside the membrane.
PDMS concentration and the coating time should be also studied to ensure the
PDMS only sealing in the outer surface of membrane.

A Dbetter understanding on the transport mechanism through PSF-based
MMMs could be attained by performing single gas sorption isotherm on the pure

filler (ZTC and ZCC), neat PSF and composite membrane. By carrying out the
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gas sorption on the solid particles, the adsorption selectivity of gas on the solid
surface can be determined. Meanwhile, the permeation mechanism inside the
polymer can be described by the dual sorption model and the sorption parameter
can be achieved from the isotherm experiments through the neat PSF and MMM.

Single gas experiments are a necessary to give an indication of possible
performance of membranes under ideal conditions. But in reality, the transport of
a gas is affected by the presence of other penetrants. Future work could include
gas mixture measurements for membrane after coating in realistic conditions.
Furthermore, studies of several parameters such as feed concentration, permeation
temperature and total feed pressure, would also be important for practical
application. The results of single gas measurements are usually far higher from
what is found with mixed-gas measurements.

In addition, chemical modification on ZTC should be conducted in order to
improve interfacial adhesion with polymer matrix. The ZTC could be oxidized
using mixture of H,SO,/HNO;3; to form carboxylic acid group. Also, chemical
treatment on the membrane would be performed using xylenediamine or other
molecules containing amine groups before subjected to silicone coating. It is
predicted that —NH, of the molecules containing amine groups forms hydrogen
bonding with aryl ether or sulfonyl oxygen groups in the PSF and the -OH groups
on the ZTC surface simultaneously, thus enhancing the contact between the two

phase and improving the membrane separation performance.
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