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Abstract

Compared with the conventional separation process, membrane technology is a
promising alternative for hydrogen purification, natural gas purification and
olefin/paraffin separation because of the low energy cost and small footprint. Polymer
membranes have excellent processability and high reproducibility. Highly permeable
polymer membranes have low selectivity. Therefore, the gas transport properties of
polymer membranes are below an upper bound. Inorganic membranes exhibit excellent
separation property and mechanical stability; however, their fabrication process is costly.
The separation performance of polymer membranes could be improved to surpass the
upper bound by blending inorganic particles. The obtained hybrid membranes are the so-
called mixed matrix membranes (MMMSs). In the MMMs, the inorganic particles are the
dispersion phase (filler) and polymer as the continuous phase (matrix). The preparation
cost of MMM s with inorganic particle powder and polymer matrix is expected to be lower
than that of inorganic membranes. Hence, much attention has been paid on the
development and application of MMMs. Various inorganic materials, such as zeolite,
silica carbon molecule sieve, and metal organic frameworks (MOFs), have been
employed in the preparation of MMMs.

The silicoaluminophosphate-34 (SAPO-34) zeolite with 0.38 nm pore size and zeolitic
imidazolate framework-8 (ZIF-8) particles with 0.34 nm aperture size are the promising
filler candidate in the preparation of the MMMs, due to their pore size approaches the

range of the sizes of the gas molecules. In this thesis, we had blended the SAPO-34 zeolite



and ZIF-8 particles into the polyethersulfone (PES) and polyimides (PI) to prepared the
MMM s. The separation performance and mechanism of the MMMs had been investigated.

In Chapter 2, the mechanochemically synthesized ZIF-8 nanoparticles were blended in
the 4,4~  (hexafluoroisopropylidene)diphthalic =~ anhydride-2,4,6-trimethyl-1,3-
phenylenediamine (6FDA-TrMPD) polyimide to prepare the MMMs. The reported ZIF-
8 MMMs all used particles synthesized by solvothermal-synthesized method which
requires organic solvents. Mechanochemically synthesis can avoid the use of organic
solvent. The C3He/C3Hs separation performance of the mechano-synthesized ZIF-8
MMM was similar to that of the conventional solvothermal-synthesized ZIF-8§ MMM.
This separation performance was in good agreement with the theoretical values predicted
by using Maxwell model. Compared with the solvothermal synthesized ZIF-8, the
mechanochemically synthesis method has some advantages including solvent-free,
simple synthesis process, high yield, and large-scale production availability. These merits
can be expected to promote the application of mechano-synthesized ZIF-8 in the
membrane separation.

In Chapter 3, the commercialized SAPO-34 zeolite had been added to the PES
membrane for the CO2/CHy4 separation. It is not only confirmed that the diffusivity
selectivity was essential to the ideal selectivity but also identified that the commercial
SAPO-34 was better than the lab-made SAPO-34 sample. The performance of the MMMs
in this study was also superior to that of the reported SAPO-34/PES MMMs in literature.
The comparison with the reported MMMs and our MMM s reveals that it is possible to
further improve the separation performance of the SAPO-34/PES MMMs.

In Chapter 4, the 6FDA-2,6-diaminotoluene (6FDA-mDAT) polyimide was selected as

the polymer matrix to be blended with the SAPO-34 zeolite. Sieve-in-a-cages (defects)
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appeared in the MMMs due to the poor compatibility of the zeolite particles and polymer
matrix. The silane coupling reagent, N-phenylaminopropyltrimethoxysilane (PhAPTMS),
was the first time applied to modify the surface of the SAPO-34 particles in order to
improve the compatibility of the zeolite particles and 6FDA-mDAT matrix. When the
filler content was 5 wt%, the PhAPTMS-modified SAPO-34 both increased the gas
permeability and selectivity compared with the neat polymer membrane and the original
SAPO-34 MMM. This was attributed to that the aminosilane enhanced the affinity of the
filler particles with polymer matrix. When the filler content over 10 wt%, the separation
performance of the PAnAPTMS-modified SAPO-34 MMMs was lower than the original
SAPO-34. This was due to the agglomeration of the PhAPTMS-modified filler in the
MMMs. Therefore, the PAAPTMS was effective to enhance the separation performance
of the SAPO-34/6FDA-mDAT MMMs when the filler content less than 10 wt% in this
study.

Finally, Chapter 5 summarized the main contents and prospects of this thesis.
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Chapter 1 General Introduction

1.1 Gas Separation

Gas separation is an important process and be widely applied in the industrial

production. Table 1-1 lists the major practical application of gas separation.

1.1.1 Purification of Natural Gas

The increasingly serious energy crisis and environmental pollution urgently require the
development and utilization of clean energy source. It is necessary to search for potential
energy alternatives [1]. Natural gas consists primarily of methane (CH4) and some
contaminating substances such as CO2, hydrogen sulfide (H2S), vapor and other higher
alkane [2]. It produces less carbon dioxide (CO2) when burned than other fossil fuels,
result in a lower greenhouse effect, and thus can fundamentally improve environmental
quality. Hence, natural gas is a clean, environmentally friendly, and high-quality energy
source. However, the presence of contaminates especially acid gas would corrode the
transport pipeline and reduce the heating value of natural gas. Hence, it is necessary to

remove the acid gas and other impurities from natural gas.

Table 1-1 Major practical application of gas separation

Practical application Gas pairs

Purification of natural gas CO,/CHa4, H2S/CHy, vapor/CH4
Purification of hydrogen H,/CHy, Ha/N,, Ho/CO, Hy/H,S
Separation of olefin/paraffin C,H4/CoHg, C3sHe/C3Hs, C4Hs/CaHo




1.1.2 Purification of Hydrogen

Hydrogen is one kind of the most promising energy sources because of its high
energetic efficiency and zero carbon emission (the byprodcut is only water). Therefore,
promoting the application of hydrogen energy not only reduces the energy crisis, but also
helps to eliminate the greenhouse effect and environmental pollution. The current major
method of hydrogen production is the steam reforming of light hydrocarbons methane
and other fossil fuels [3]. The CH4, CO, and H»S are the major impurities in the production.
In the downstream process of the hydrogen energy industrial production, the separation
of Ho/CH4 and other gas pairs contribute to breaking the chemical balance to obtain high

quality of H> and enhance production efficiency.

1.1.3 Separation of Olefin/Paraffin

In the chemical and petroleum industries, light olefins including ethylene and propene
play a vital role due to their wide use as raw materials for many products. Ethylene (C2H4)
is the basic chemical raw material for synthetic ethanol (alcohol), synthetic fibers,
synthetic rubber, synthetic plastics, and other petrochemical production [4]. In 2016, the
worldwide production of ethylene was over 150 million tons [5]. This value exceeded that
of any other organic compound. Propylene (C3Hg) can be used to prepare important
industrial products such as polypropylene, propylene oxide, isopropanol, phenol, and
acetone. It is one of the important raw materials for the three major chemical materials.
The world production of propene is currently about half that of ethylene [6].

The dominant technology for producing olefins is gasoline cracking or catalytic

dehydrogenation of paraffins [7]. In this case, the actual production of olefins usually



contains the paraffin as the impurity. However, the similar physical and chemical
properties of olefin and paraffin such as molecular size and boiling point, make their

separation very difficult, especially the separation of CoH4/C>He and C3Hg/C3Hio [8].

1.2 Membrane Separation Technology

The major technologies for gas separation are absorption [9], adsorption [10], and
distillation [11] and the membrane separation [12]. Compared to other technologies, the
membrane separation has environmentally friendly (no extra chemicals/solvent addition),
simple operation, low energy consumption, small footprint, sustainable production, and
other advantages. Therefore, the membrane materials have been widely investigated in

gas separation [13].

1.2.1 Milestones

A membrane is defined as a selective barrier that allows some substances (molecules,
ions, or other small particles) to pass through but stops others. The background/milestone
of the development of the membrane gas separation are shown in Figure 1-1 [14-16].

Dried CA membranes for COL/CH, Polyimide hollowfiber
natural gas separations membrane for CO/CH,

Dow (Generon) produces first Ny /air Separex, Cynara, Grace separation installed-1994

separation system- 1982

First test membrane contactors

for COJUN. Kvacrner 1988

2000

. Largest plants with cellulose
Graham’s | Henis and Tripodi

Law of Diffusion

acetate membranes for

Spiral-wound and Prism” membranes | CO,/natural gas separations
hollow fiber introduced 1980 ‘ Pakistan, UOP-1995-2008

modules d

for reverse 0smosis

Van Amerongen. Barrer Pilot plant with polycthylenc

Advanced membrane First commercial vapor

make first systematic oxide membranes for € O
materials for Ny O 1L NS (eparation plants nstalled

H./CH, separation launched 1y VTR, €
by Ube. DuPont, Dow-1987

permeability measurement separation GKSS

(HZGYNMTR-2008-2010

Figure 1-1. Milestone on the development of membrane gas separation [14—16].
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The research of membrane science can be traced back two centuries. In 1831, John
Kearsley Mitchell had investigated the gas diffusion through the wall of balloons which
made of natural rubber [17]. This observation has been verified as the first scientific
research on the membrane gas separation. In 1850, Thomas Graham, the father of
membrane science, had studied the diffusion of gases and liquids through various media
[18]. He discovered that the glue, gelatin, starch, and other certain substances passed
through a barrier more slowly than inorganic salts and other substances, leading to
establishing a distinction between the two types of particles made by the separating media
or barrier. In 1855, Adolf Eugen Fick had studied the gas transport mechanism through
the nitrocellulose membrane and then postulated the concept of diffusion, the “Fick’s First
Law” [19]. This law is a quantitative description of material transport through barriers. In
1866, Thomas Graham proposed the solution-diffusion model [20]. In 1980, Permea
(Monsanto) company launched the first large industrial application of membrane-based
separation that separating hydrogen from the purge gas stream of ammonia plants by
using the Prism membrane [21]. Since then, the membrane gas separation technology has
been developed rapidly [22].

Membranes are generally classified into three main categories based on the nature of

the materials: polymeric membrane, inorganic membrane, and mixed matrix membranes.

1.2.2 Polymeric Membrane

The polymeric membrane is the first and also the most industrial applied membrane
materials for gas separation. The polymeric membrane can be divided into the glassy and
rubbery polymer membrane according to the glass transition temperatures (7%) [23]. The

values of 7ig can be measured by differential scanning calorimetry (DSC) [24], as shown



in Figure 1-2. Table 1-2 lists the classification of the polymeric membranes [25-30].
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Figure 1-2. Glass transition temperature (7%) of polymeric membrane measured by DSC analysis.

Table 1-2 List of polymeric membranes [25-30]

Type Materials Abbreviation T (°C)

Glassy Cellulose Acetate CA 100-130
Polycarbonate PC 150
Polyetherimide PEI 217
Polyethersulfone PES 210-230
Polyethylene terephthalate PET 73-78
Polyimide PI 250-340
Poly(p-phenylene oxide) PPO 215
Polyphenylene sulfide PPS 88-93

Rubbery Polyethylenes PE -125t0 -130
Poly(ethylene oxide) PEO —67
Polycaprolactone PCL —60
Polypropylenes (atactic) PP —20to -5
Polydimethyl siloxane PDMS -125
Poly(vinyl acetate) PVAc 25-30
Polyvinylidene Fluoride PVDF —42 to 25




Rubbery polymers have T, below room temperature and usually contain flexible chains
[31]. Glassy polymers have T, above room temperature and possess rigid chains with
restricted segmental motion [32]. In general, the glassy membranes possess relatively
high gas selectivity and low gas permeability, whereas rubbery membranes show high gas
permeability but low gas selectivity. In a word, high permeable polymer membranes have
low selectivity and vice versa. Figure 1-3 shows that these gas separation properties of
polymeric membranes are below an upper bound as illustrated by Robeson [33,34]. The
commonly application of polymeric membrane is due to their excellent processability,
high reproducibility, and other merits. However, the properties including the trade-off
between gas permeability and selectivity, and easy aging and plasticization limit the

promotion of application for the polymeric membranes.
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Figure 1-3. Robeson upper bound of polymeric membrane for CO,/CHj4 separation [34].



1.2.3 Inorganic Membrane

Inorganic membranes can be classified into porous membrane and nonporous (dense)
membrane based on the structure of the materials. The membrane made of zeolite [35],
metal organic frameworks (MOFs) [36], porous silica [37], carbon and its derivatives [38]
belong to porous membrane. The membrane made of nonporous silica [39], metal [40],
metal oxide [41], and their derivatives membranes are assigned to the dense membrane
[42]. Compared with the dense membranes, the porous membranes have been studied
more because of the lower gas permeability and higher cost. The inorganic membranes
have excellent separation property and mechanical stability and other advantages due to
their orderly framework. Hence, the porous inorganic membranes have attracted a lot of
interest in membrane gas separation. Herein, the zeolite membrane and MOFs membrane

are introduced as follows.

1.2.3.1 Zeolite Membrane

The zeolite crystal has porous framework made of TO4 units. The T presents the
tetrahedral framework atoms including Si, Al, B, P, Fe, Ti and so on. Zeolite can be
divided into two categories, pure silica zeolite and heteroatom zeolite. Heteroatom
zeolites are considered to be formed by replacing silicon atoms in pure silicon zeolite
with other atoms such as metals. The difference in number, size, charge and arrangement
of heteroatoms produces different types of zeolite. Table 1-3 lists the framework types
and pore size of the zeolite materials [43—46]. International Union of Pure and Applied
Chemistry (IUPA) recommend that: (1) the microporous materials have pore diameters of

less than 2 nm; (2) mesoporous materials have pore diameters between 2 nm and 50 nm



(3) macroporous materials have pore diameters of greater than 50 nm [47]. In this case,

the zeolites belong to the microporous materials.

Table 1-3 Major structures of zeolite/zeolite membrane [43—46]

Structure Example Pore size (nm)
AEI AIPO-18, SAPO-18 0.38%0.38
CHA SAPO-34, SSZ-13 0.38x0.38
DDR ZSM-58, DD3R 0.36%X0.44
ERI T, AIPO-17 0.36X%0.51
FAU NaX, NaY 0.74%0.74
LTA NaA, ITQ-19 0.41x0.41
MFI Silicalite-1, TS-1, ZSM-5 0.51%0.53
RHO Rho, LZ-214 0.36x0.36

The zeolite membranes are formed by loading the zeolite crystals on the support by in-
situ growth, secondary hydrothermal synthesis and other method. The first zeolite
membrane was reported by Suzuki in 1987 [48]. Since then, the development and
application of the zeolite membrane has been widely investigated. The types and quality
of the zeolite membrane has been improved. Due to the pore size of zeolite crystal close
to the diameter of gas molecules, the zeolite membrane is a promising candidate for the
gas separation. Currently, the gas-separation available zeolite membrane includes MFI
[49], LTA [50], CHA [51], FAU [52], AEI [53], RHO [54], ERI [55], and DDR[56] and

so on [35].

1.2.3.2 MOFs Membrane

Metal-organic frameworks (MOFs) are a class of compounds consisting of metal ions

8



or clusters coordinated to organic ligands to form one dimensional (1D), 2D or 3D
structures [57,58]. Since the MOFs was first reported by O.M. Yaghi and his research
group in 1999 [59], there are more than 20000 MOFs including zeolitic imidazole
frameworks (ZIFs) [60], MIL-101 [61], UiO-66 [62] and NU-110 [63] have been
synthesized and studied [57]. They have fixed pore sizes that show potential for excellent
size-sieving ability depending on the pore aperture and the molecular diameter of the
gases to be separated. Due to this property, MOFs are of interest for the storage of gases

such as hydrogen and carbon dioxide.

1.2.4 Mixed Matrix Membranes

The application of polymeric membrane is limited by the trade-off between gas
permeability and selectivity. Inorganic membranes have high cost (expensive support)
and poor processability and other disadvantages. Recently years, the researchers have
blended the porous inorganic particles to the polymer to prepare a novel membrane

material, so-called mixed matrix membranes (MMMSs, as shown in Figure 1-4) [64—66].

Filler Particles
, silica, , CMS)

Permmeoeatce
Mixed Matrix Membranes
Polymer Matrix ( )

Figure 1-4. Mixed matrix membranes (MMMs) composited of inorganic filler and polymer matrix.

The preparation cost of MMMs with inorganic particle powder and polymer matrix is

expected to be lower than that of inorganic membranes. The porosity framework of the



filler promotes the separation performance of the polymeric membrane. Hence, the
MMMs can combine the both merits of the polymeric membrane and inorganic membrane.
Therefore, much attention has been paid on the development and application of MMMs.

Normally, the inorganic particles act as the dispersion phase (filler) and the polymer as
the continuous phase (matrix). Most of researchers focus on the choice of the filler for the
preparation of MMMs. Owing to their uniform porosity and excellent thermal,
mechanical, and chemical stability, the zeolites are widely investigated in the MMM s.
The first investigation of the gas separation using the MMMs was LTA/PDMS for
CO»/CHj4 separation as reported by Paul and Kemp in 1973 [67]. They discovered the
addition of the zeolite had greatly affected the diffusion time-lag of the polymeric
membrane and minor influenced the steady steady-state permeation. MOFs have
adaptable chemical properties and porosities. Especially, interaction of the linker with
polymer chains enhance the affinity of MOFs and polymer. Carbon, silica and others
substances, have also been blended the polymer matrix to prepare the MMMs for the gas

separation [68].

1.3 Separation Mechanism

Membrane gas separation is based on the difference in the permeation of the gas molecules
driven by the pressure gradient imposed between upstream and downstream streams. Except
the pressure, the permeation of membrane also varies from the temperature, flow rate, and
membrane area. This leads to the difference in the selective performance of the membrane.
The permeability of different gases components was calculated as the permeate flux through
the effective area of the membrane under its partial pressure. And the selectivity was

calculated by the ratio of the permeance with different components. According to the pore
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sizes in membrane materials, the gas transport process is described by four kinds of
mechanism: Convective/Poiseuille Flow [69], Knudsen Diffusion [70], Molecular Sieving
[71], and Solution-Diffusion [72]. These four mechanisms were expressed by in Figure 1-5.

The detailed explanation as follows.

Porous Membrane Nonporous Membrane

Poiseuille Flow Knudsen Diffusion Molecular Sieving  Solution-diffusion

Figure 1-5. Gas separation mechanism using membrane.

1.3.1 Convective Flow

The Convective Flow occurs if the porous membranes have the relatively large pore (>
100 nm) [69]. This value is much bigger than the diameter of the gas molecules. There

are no separations when the gas molecules in the presence of this mechanism.

1.3.2 Knudsen Diffusion

When the pore sizes of the porous membrane materials are in a range of 5—100 nm and
less than the mean free path of the gas molecules, the gas separation behavior is described
by Knudsen Diffusion [70]. This separation is based on the difference between these two
gases molecular weights which is proportional to the inverse square root ratio of the
molecular weights. Gas molecules interact with the pore walls much more frequently than

with one another and allow lighter molecules to preferentially diffuse through pores to
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achieve separation. Due to the gas permeate through the membrane almost independent
of one another, the Knudsen diffusion coefficient is independent of pressure. Table 1-4

lists the Knudsen diffusion selectivity varies from different gas pairs [73-76].

Table 1-4 Gas properties and Knudsen diffusion selectivity [73-76].

Gas Molecular weight Kinetic diameter(A) Gas pairs Knudsen selectivity
He 4 2.60 Hy/0, 4.00
H, 2 2.89 Hy/N, 3.74
0, 32 3.46 H,/CO, 4.69
N, 28 3.64 H,/CH, 2.83
CO, 44 3.30 COy/N, 0.80
CH, 16 3.80 CO,/CH, 0.60
n-C,H;, 58 4.69 N,/CH, 0.76
i-C;Hyp 58 5.28 04N, 0.94
SF 146 5.50

1.3.3 Molecular Sieving

The gas separation mechanism will be expressed by Molecular Sieving when the pore
size of the membrane materials less than 0.7 nm [71]. Due to the high productivity and
selectivity, molecular sieving membranes become increasingly important in gas
separation especially for inorganic membranes. The gas separation through the zeolite

and MOFs belongs to this type.

1.3.4 Solution and Diffusion

The difference from the other three is that Solution and Diffusion occurs in non-
porous membranes includes polymeric membrane [72]. It is considered that the gas
molecules from the upstream gas phase first adsorb into the nonporous membrane, then
diffuse across it and finally desorb into the downstream gas phase side. The gas separation

mechanism in polymer membrane can be expressed by the Solution-Diffusion model.
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Figure 1-6 detail shows the comparison of the Molecular Sieving and Solution-Diffusion
which are the commonly used model of porous inorganic membrane and polymer

membrane.

Selective
layer o

Inorganic
membrane

polyvmer
membrane © T

Permeate

Polymeric membrane separation
Figure 1-6. Representative molecular sieving and solution-diffusion process.
The gas transportation is complicated for the practical application which may combine

of the above mechanisms. Nevertheless, the permeability (P) used to express the

capability of a membrane to permeate gas is common method [76,77].

P=DXS (1-1)
_ P i
aP = , (1-2)
_ D i
aD = >, (1-3)
_ S }
aS = S (1-4)
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Permeability is controlled by the gas the diffusivity (D) and solubility (S), as expressed
by the equation (1-1). The gas selectivity (aP), diffusion selectivity (aD), and solution

selectivity (aS) of gas i to gasj is the ratio of their P, D and S, respectively [77-79].
1.4 Challenge in Mixed Matrix Membranes

The MMMs prepared by incorporating inorganic fillers into the polymer matrix
combines the merits of each material and provides superior gas separation performance.
However, the ideal structure of the MMMs always not be successful fabricated due to the
difference in the nature of the inorganic filler and polymeric matrix. Some defects or
unexpected phenomenon such as sieve-in-a-cages, agglomeration, rigidification, may

occurred in preparation of the MMMs, as shown in Figure 1-7.

Ideal structure Sieve-in-a-cage

Agglomeration Rigidification

I
2
|

Figure 1-7. Schematic diagram of ideal structure, sieve-in-a-cage, agglomeration and rigidification.
Yellow circle, blue hexagon and black arrow presents the polymer matrix, inorganic particles and the

gas transmission, respectively.
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1.4.1 Sieve-in-a-cage

Figure 1-7 shows the schematic diagram of the sieve-in-a-cage (voids). This structure
appeared in the 4A/Matrimid membrane was first reported by W.J. Koros in 2002 [80].
The presence of the sieve-in-a-cage is due to the poor compatibility of the zeolite particles
and polymer matrix. The void space between the two phases allows the gas molecules to
pass through, and then result in a low ideal selectivity. In general, the backbone of
polymer chain is more rigid, the sieve-in-a-cage is more possible appears. Matrimid is
one kind of polyimide and has 7, over 200 °C, as shown in Table 1-2. The PVAc is a
rubbery polymer that has lower 7 and flexible structure than the glassy polymer. This is

why the sieve-in-cage didn’t appear in the 4A/PVAc MMMs.

1.4.2 Agglomeration

The porous particles with large surface area are welcome to the gas separation of
MMMs. However, the agglomeration is always unavoidable for particles in the
preparation of MMMs. S.T. Oyama et al. found that the SAPO-34 zeolite microparticles
were agglomerated in the PEI based membrane when the filler content over 10 wt% [81].
In this case, the molecular sieving effect of the SAPO-34 zeolite cannot be completely
utilized. Another negative influence is that the intergranular spaces between particles in
the agglomerates allow the gas molecules to pass through, and then result in a low ideal

selectivity.

1.4.3 Rigidification

The rigidification of the polymer is caused by effective polymer-filler interactions [82].
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After incorporation, the polymer chains may penetrate into the pores of fillers. Hence,
this phenomenon usually occurred near the surface of the filler particles. Rigidification
reduce the mobility of polymer chain. The additional negative effect of this is to block
the pores of the filler. In this case, the gas permeability is decreased and the selectivity
increased. This contrast to the effect of sieve-in-a-cage. Normally, the blockage of the
zeolite pore simultaneously occurs with rigidification of the polymer chains which will

harm the gas permeability.

1.4.4 Improving Methods

In order to fabricate a high quality of membrane without defect, the priming [83], ion-
liquids (ILs) modification [84], amine functionalization [85], silane coupling reaction
[86], cross-linking [87], mechanical treatment of filler [88], and other methods [89,90]
have been used to promote the compatibility of the filler particles and polymeric matrix.
Herein, the priming, amine functionalization, silane coupling reaction and mechanical
treatment are described in details as follows.

In 2000, W.J. Koros introduced the priming that mixing a small amount of polymer
with filler particles in the solvent to form a thin polymer layer on the surface of filler
following by addition of the residual polymer [91]. The residual polymer was then added
into the slurry of the coated filler and solvent before the preparation of the MMM s. The
priming leads to a better dispersion of the filler particles and no contact between bare
zeolite surfaces. Hence, the priming can be used to improve the sieve-in-a-cage as well
as the agglomeration. In this process, not only the interaction of polymer-filler but also to
interactions of the polymer and filler with the solvent was required for attention.

Since 2010, Halil Kalipcilar et al. have applied the amine reagents, including 2-
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hydroxy-5-methyl aniline (HMA), ethylenediamine (EDA) and hexylamine (HA), to
modify the SAPO-34 zeolite [92,93]. The functionalized zeolite particles provided a
better wettability with PES matrix compared with the original filler. Thus, the CO2/CH4
separation performance had been enhanced.

Silane coupling agents consists of both the inorganic and organic functional groups
such as methoxy, or ethoxy, and amino [90]. The general formula of Ry,—Si—X4s (R: the
functional organic group, X: an easily hydrolysable group such as methoxy, ethoxy or
acetoxy. The amino-organosilane is commonly used to functionalize inorganic fillers,
including 3-aminopropyltrimethoxysilane (APTMS) [86], 3-aminopropyltriethoxysilane
(APTES) [96] and 3-aminopropyldimethylethoxysilane (APDMES) [97] and 3-
aminopropyldiethoxymethylsilane (APDEMS) [98]. The hydrolyzed to silanols,
Ru—Si—(OH)4-n, they react with hydroxyl groups on the zeolite surface and amino groups
or other functional groups in the polymer matrix to enhance the compatibility between
the phase boundaries [90]. The mechanism of silane coupling with zeolite is shown in
Figure 1-8. The methoxy group of the aminosilane can react with the silanol which locates

on the surface of zeolite particles.

O 0O 0
Si [

Si
0O 0 0 zeolite 0O 0 0

H,O CH,CH 3
feolite

Amino-silane Zeolite Silane-modified zeolite

Figure 1-8. Surface modification of zeolite using silane reagent [94-98].

The first study of silane modification on the zeolite is that S.W. Kim et al. had used the
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APTES to increase the hydrophobic property of the natural zeolite [94]. Asghari et al. had
used APTMS to modify the FAU zeolite for enhancing the CO»2/CHs separation
performance of the poly (ether-block-amide) (PEBA) membrane [99]. Masoud Aghajani
et al. had blended the APTES modified ZIF-8 in PEBA for CO»/CH4 separation [100].
Chung et al. had applied the APDEMS o increase the content of 4A zeolite in the PVAc
membrane up to 40 wt% [95].

Unlike the above two methods involving chemical reactions, mechanical treatment
such as ball milling (Figure 1-9) and ultrasonic belongs to physical process. These

methods are majorly applied to improve the dispersion of filler particles.

filler
particles

balls

S~— N 4
Driver rollers

Figure 1-9. Ball mill process: colored balls and black balls present the sample and grand medium.

Z.H. Zhu et al. had used ball milling to disperse the Cd-6F, one kind of MOFs, in the
6FDA-ODA polyimide for CO2/N; separation [101]. J.A. Thompson et al. had reported
that sonication-induced Ostwald ripening of ZIF-8 nanoparticles and formation of ZIF-
8/Matrimid composite membranes [102]. The sonication made significant difference on
the shape, size distribution and structure of ZIF-8 particles suspended in an organic
solvent during the preparation of the membrane. The membrane prepared by high-
intensity sonication provided an obvious enhancement in the CO> permeability and

CO,/CHjs selectivity.
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1.5 Research Objectives

As described in the above introduction, the zeolite and MOFs have a promising
potential for separation performance using the MMMs. The ZIF-8 has flexible structure
with effective pore size in a range of 0.4—0.42 nm which between the molecular diameter
of C3Hs (0.40 nm) and C3Hg (0.42 nm) [103,104]. The SAPO-34 zeolite has pore size of
0.38 nm which is suit for the separation of CO, and CH4, due to their molecular diameter
are 0.33 nm and 0.38 nm, respectively [105,106] . Therefore, there are some research on
the ZIF-8 MMM s for the C3Hs/C3Hg separation and SAPO-34 MMMs for the CO»/CH4
separation. These were the research objects in this thesis. The overview of this thesis is
as follows.

The general introduction as described in Chapter 1. This chapter provided the
information of the significance of the membrane-based gas separation, the separation
mechanism, and the merits of the mixed matrix membranes as well as the
challenges/problem in the preparation of the MMMs.

I first focused on the enhancement of C3He¢/C3Hg selectivity by blending
mechanochemically synthesized ZIF-8 into a polymer membrane in Chapter 2. The ZIF-
8 in the reported MMMs were all using the solvothermal synthesis method, which
requires organic solvent such as methanol and N,N-dimethylformamide [107]. These
solvents are toxic and can result in environmental contamination and human health
problems [108]. In a previous research, the ZIF-8 can be synthesized by a solvent-free
mechanochemically method [109]. Besides, this method provided other advantages,
including simple synthesis process, high yield, and large-scale production availability. In

this case, the preparation and separation performance of the MMMs using
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mechanochemically synthesized ZIF-8 was worth to be investigated. In order to analysis
the effect of mechano-synthesized ZIF-8, temperature and pressure dependence of the gas
permeability and ideal selectivity also had been investigated.

The influence of the commercial SAPO-34 on the gas permeability and selectivity of
the PES MMMs had been investigated in Chapter 3. Some researchers had studied the
SAPO-34/PES MMMs for CO»/CH4 separation [84,85,92,93]. They reported the gas
permeability and selectivity of the membrane using lab-made and commercial SAPO-34
zeolite, except for a detailed discussion on the gas diffusivity and solubility. We had
reported the effect of the lab-made SAPO-34 zeolite on the CO> and CH4 diffusivity and
solubility had been investigated as well as their permeability and ideal selectivity [110].
In terms of the general applicability and synthesis cost, the commercial zeolite is more
promising than the lab-made zeolite. In this study, we tried to make a comparison of the
influence of the commercial and the lab-made SAPO-34 zeolite on the CO> and CH4
diffusivity and solubility of the PES membrane as well as the gas permeability and ideal
selectivity.

The sieve-in-a-cage (defect) in the zeolite filled MMMs can be improved by using
silane coupling reagent. However, one of the most common-used silanes, 3-
aminopropyltrimethoxysilane (APTMS), would block the pore of zeolite to reduce the
gas permeability [99,111,112]. Herein, I have first tried to apply a novel aminosilane, N-
phenylaminopropyltrimethoxysilane (PhAPTMS) instead of the APTMS to modify the
zeolite MMMs. The presence of the benzene-ring can prevent the PAAPTMS block the
zeolite pore. The N-phenyl trimethoxysilane (PhTMS) which contains benzene-ring and

no amino group was used as a reference. The influence of these different silane on the
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morphology and separation performance of the MMMs composited of SAPO-34 zeolite
and 6FDA-mDAT polyimide had been investigated in Chapter 4.
The results of Chapter 2, Chapter 3 and Chapter 4 are summarized in Chapter 5. The

prospects of this study are also described in this chapter.
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Chapter 2 Mechanochemically synthesized ZIF-8 nanoparticles blended

into 6FDA-TrMPD membranes for gas separation

2.1 Introduction

Membrane separation is a promising alternative for gas separation, including CO»
capture and storage, and olefin/paraffin separation [1-4]. Compared with the
conventional separation process, membrane separation has low energy cost and small
footprint. Polymer membranes have excellent processability and high reproducibility.
Highly permeable polymer membranes have low selectivity. Therefore, the gas transport
properties of polymer membranes are below an upper bound, as illustrated by Robeson
[5]- Inorganic membranes exhibit excellent separation property and mechanical stability;
however, their fabrication process is costly.

The separation performance of polymer membranes could be improved to surpass the
upper bound by blending inorganic particles. The obtained hybrid membranes are the so-
called mixed matrix membranes (MMMs) [6,7]. The preparation cost of MMMs with
inorganic particle powder and polymer matrix is expected to be lower than that of
inorganic membranes. Hence, much attention has been paid on the development and

application of MMMs. Various inorganic materials, such as zeolite [8], silica [9,10],
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carbon molecule sieve (CMS) [11], and metal organic frameworks (MOFs) [12—15] have

been employed in the preparation of MMMs.

Zeolitic imidazolate framework-8 (ZIF-8) is a typical MOF and is a promising filler
for MMMs owing to its flexible structure and an effective pore size in the range of 0.40—
0.42 nm [16,17]. Compared with other MOFs, ZIF-8 can remain stable during the
preparation of MMMs owing to its good thermal stability [18]. The critical diameters of
C3Hs and C3Hg molecules are 0.40 and 0.42 nm, respectively. Some studies reported that
ZIF-8 crystals can be applied into the separation of C3Hg and C3Hg [19,20].

ZIF-8 crystals can be synthesized using solvothermal, microwave-assisted,
sonochemical, mechanochemical, dry-gel conversion, or microfluidic methods [21].
Solvothermal synthesis requires N,N-dimethylformamide (DMF), methanol or other
organic solvents. This can result in environmental contamination and human health
problems [22]. These harmful solvents are also used in microwave-assisted, sonochemical,
and microfluidic methods. In contrast, mechanochemical synthesis and dry-gel
conversion are solvent-free synthesis methods. Dry-gel conversion is carried out at 393
K, and the mechanochemical method at room temperature. Therefore, the advantages of
solvent-free and low energy-cost make the mechanochemical synthesis most attractive
for ZIF-8. In our previous research, we optimized the mechanochemical method by the
salt-free process to reduce the impurity content [23]. The pore structure of the mechano-
synthesized ZIF-8 were proved to be comparable with the solvothermal synthesized ZIF-
8 in our previous study.

A highly permeable polyimide (PI) made from 4.4°-

(hexafluoroisopropylidene)diphthalic anhydride (6FDA) and 2.4,6-trimethyl-1,3-
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phenylenediamine (TrMPD) can be used as a polymeric matrix in the preparation of
MMM s for the separation of C3Hs and C3Hg [24,25]. Koros et al. [26,27] had blended
original solvothermal-synthesized ZIF-8 particles into 6FDA-TrMPD by physical mixing.
The C3Hg permeability and C3He/CsHs ideal selectivity of a 48 wt% ZIF-8/6FDA-TrMPD
membrane were 258% and 150% higher than those of the neat 6FDA-TrMPD membrane.
A new paradigm of ZIF-8/6FDA-TrMPD MMMs fabrication based on solvothermal
synthesis was presented by Jeong et al., named as polymer modification-enabled in-situ
MOF formation (PMMOF) [28]. The method enhanced the C3Hs/C3Hg ideal selectivity of
the neat membrane by 230% with loading 26 wt% ZIF-8. The separation performance of
the MMM s were further improved by in-situ linker doping [29].

The above results remind us that the solvothermal synthesized ZIF-8 can be used to
improve the separation performance of 6FDA-TrMPD polymer. The mechanochemically
synthesized ZIF-8 is expected to further promote the application of ZIF-8 in the MMMs
due to the solvent-free synthesis and other merits. In this study, the mechanochemical-
synthesized ZIF-8 sample (hereinafter referred to as “mechano-synthesized ZIF-8”") was
added to 6FDA-TrMPD polymer to prepare flat ZIF-8/6FDA-TrMPD MMMs.
Commercial ZIF-8 particles synthesized using the solvothermal method were also
dispersed in the 6FDA-TrMPD matrix. The single gas permeation of C3Hg and C3Hg was

used to evaluate the separation performance of the MMM s.
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2.2 Experimental

2.2.1 Materials and Instrumental

Table 2-1 lists the information of the materials and instrumental for the preparation of ZIF-
8/6FDA-TrMPD MMMs. If some materials and instruments in this table are used in other chapters,
they will not be listed again to avoid duplication.

Table 2-1 Materials and Instrumental of ZIF-8/6FDA-TrMPD MMMs

Materials Abbreviation/Code Manufacturer, Model Purity (wt%)
ZnO — Wako —
2-methylimidazole 2-Melm Sigma-Aldrich 99
Ceramic ball ($10mm) — *YTZ, -
Ceramic ball (¢1.5mm) — 100*YTZ

Commercial ZIF-8 72 BASF, Basolite®Z1200 —
4,4'-(Hexafluoroisopropylidene)diphthalic Anhydride 6FDA Tokyo Chemical Industry (TCI) 99
2,4,6-Trimethyl-1,3-phenylenediamine TrMPD TCI 98
N-methylpyrrolidone NMP Wako 99
Acetic anhydride — Wako 97
Triethylamine — Wako 99
Ethanol EtOH Wako 95
Pot mill turntable — Nitto Kagaku, ANZ-50S —
Stainless-steel test sieve — Tokyo Screen, SANPO —
Vacuum oven — EYE04, _
Oil pump/vacuum pump — ULVAC, GLD-051 —
X-ray diffraction XRD Rigaku, SmartLab9/SWXD —
Scanning electron microscope SEM JEOL, JSM-6335F —
Fourier transform infrared spectrometer FTIR JASCO, FTIR-610 —
Energy dispersive X-Ray EDX JEOL, JSM-7600F
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2.2.2 Purification of Monomer

The raw monomers were purified by using sublimation in this study. Figure 2-1 shows
that the schematic diagram of monomer sublimation with vacuum method. The raw
monomer powder was added into a glass tube with two-necks, and then start the heating
after the vacuum gauge pointing the pressure in the tube was lower than 0.05 Torr. The
oil pump provided the vacuum condition. The sublimation condition and results were
summarized in Table 2-2. The sublimation temperature of diamine monomers was lower
than that of the 6FDA monomers to avoid the decomposition.

—_

Cooling Water

Sublimation
Tube

Vacuum Gauge ater Oil Pump

Figure 2-1 Schematic diagram of monomer sublimation with vacuum method.

Table 2-2 Sublimation condition and results of monomer with vacuum method

Monomer  Temperature (°C) Time (hour) Input(g) Output (g) Yield (%)

6FDA 240 2 6.4 6.2 97

TrMPD 65 3 5.0 33 66

Note: The data of input and output was the average experimental value.
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2.2.3 Synthesis of 6FDA-TrMPD Polymer

The 6FDA-TrMPD polyimides were synthesized by the imidization of the polyamic
acid which was generated from the 6FDA monomer reacted with the TrMPD diamine
monomer as shown in the Scheme 2-1. The reaction of 6FDA with TrMPD monomers
was carried out in a four-neck round flask (Figure 2-2) under nitrogen atmosphere. Acetic
anhydride and triethylamine were used as the catalysts. The molar ratio of TrMPD
monomer: 6FDA: acetic anhydride: triethylamine was 1: 1: 4: 4. The detail experimental

process is as follows:

I'rMPD Polvamic acid

acetic anhydride
triethvlamine
R
NMP 323K

Polvamic acid 6FDA-TrMPD

Scheme 2-1. Synthesis mechanism of 6FDA-TrMPD polyimide.

Figure 2-2. Synthesis apparatus of 6FDA-TrMPD polyimide.
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(1) TrMPD monomer was mixed with the NMP solvent for 30 minutes to form a clear
solution, and then the 6FDA was separately added to the solution.

(2) After mixing 6FDA and TrMPD monomers in the NMP, the solution was kept
overnight to form a medium product, polyamic acid.

(3) The polyamic acid was converted to the polyimide at 50 °C in the presence of acetic
anhydride and triethylamine.

(4) The obtained solution was slowly poured into 800 mL of ethanol and washed thrice.

(5) The washed polymer was dried at 80 °C overnight.

2.2.4 Synthesis of ZIF-8

Mechano-synthesized ZIF-8 powder was produced by using the method reported
previously [23]. A mixture with 0.1 mmol nano-sized ZnO powders and 0.2 mmol 2-
Melm was milled by ceramic balls at a rotation speed of 100 rpm and room temperature.
The products were rinsed with deionized water for the removal of unreacted 2-Melm and
then dried under reduced pressure at 313 K. The commercial ZIF-8 powder purchased
from Aldrich-Sigma was used for reference. It is well known to be synthesized by
solvothermal method [30]. The mechano-synthesized ZIF-8 and commercial ZIF-8
powders are referred to as Z1 and Z2, respectively. A preliminary experiment showed that
a milling treatment can promote a better dispersion of ZIF-8 particles in MMMs, as

described in the supporting information.

2.2.5 Ball Milling of ZIF-8

The mechano-synthesized ZIF-8 and solvothermal synthesized ZIF-8 powders were

treated by ball milling. This was due to that the as-synthesized ZIF-8 nanoparticles would
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agglomerate after drying. Agglomerates is not good for preparation of an MMM with
ideal structure. The mixture containing 1 g of ZIF-8 powder, 13 g of N-methylpyrrolidone
(NMP) and 30 g of ceramic ball (1.5 mm diameter) were added in a polypropylene (PP)
bottle, and then put on a pot mill turntable. Rotation rate and time were 120 rpm and 3
days, respectively. After milling, the balls were separated from the ZIF-8 and NMP
through a stainless-steel test sieve with aperture size of 0.85 mm. The obtained ZIF-

8/NMP slurry was used for the preparation of the mixed matrix membranes (MMMs).

2.2.6 Preparation of Neat 6FDA-TrMPD Membrane

The 6FDA-TrMPD powder was divided into four equal parts to be dissolved in the
NMP solvent to prepare a 15 wt% PI/NMP solution. After stirring for 20 hours, the
solution was treated by ultrasonic for 4 hours and then bubble removal for 30 min. The
solution was cast on the glass plate with a glass rod. After vacuum drying at 200 °C for

20 hours, the membrane was peeled from the glass plate.

2.2.7 Preparation of ZIF-8/6FDA-TrMPD MMMs

A slurry of ZIF-8 and NMP was obtained from the ball milling. The 6FDA-TrMPD
polymer was divided into three equal parts to be added in the ZIF-8/NMP slurry
sequentially and then formed a solution that had a weight ratio of filler-to-polymer in the
range of approximately 0-30 wt%. After ultrasonic treatment for 4 h, the solution was
cast onto a glass plate. The membrane was formed after drying the solution at 473 K for
20 h. It was then peeled oft from the glass plate. The neat polymer membrane was
prepared using the same method but without adding any filler particle. Table 2-3

summarizes the preparation conditions of the as-synthesized membranes. The volume
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fraction of the filler particles (15) in the MMMs was calculated by the following equation:

Wy

v = @2-1)

—
Wy + 5 (1-wy)

where the Wris the weight ratio of filler in the MMMs; drand d), is the density of the ZIF-

8 filler (0.95 g/cm?®) and 6FDA-TrMPD polymer (1.35 g/cm?®), respectively [3,24,30].

Table 2-3 Preparation condition of ZIF-8/6FDA-TrMPD MMMs

No. Filler source Wi (Wt%) vt (vol%)
N — 0 0

Ml Mechanochemical 20 26

M2 Mechanochemical 30 38

Cl1 Commercial 20 26

C2 Commerecial 30 38

Notes:
(1) “N” represents the neat 6FDA-TrMPD membrane. It is the TO membrane presented in Chapter 4.

(2) “W¢” and “v¢’ denote the filler weight content and volume fraction in the polymer matrix,

respectively.

2.2.8 Characterization Methods

The X-ray diffraction (XRD) was used to analyze the structure of the filler and
membranes. The scanning electron microscopy (SEM) was applied to observe the
morphology. The chemical structure of the membranes was measured by the FTIR
spectrometer in the wavenumber range of 4004000 cm™'. The distribution situation of
ZIF-8 particles in the cross-section of MMMs was measured by energy dispersive X-Ray

(EDX) mapping of Zn elements

2.2.9 Single Gas Permeation

The single gas permeation through the membranes was tested by a home-made
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apparatus (Figure 2-3) with the vacuum method at 0.1-0.6 MPa and 35-100 °C (308—-437
K). Before the gas permeation, the membrane in the apparatus was degassed at 100 °C

for more than 2 hours and then cooling to 35 °C.

e e

«— Feed gas
Gas

reservoir

i
Incubator

Pressure
sauge

Vacuum pump

Figure 2-3. Schematic diagram of gas permeation apparatus with vacuum method

The gas permeability (P), diffusivity (D) and solubility (S) were calculated using the

following three equations.

P = Nl/Ap (2-2)
D = /66 (2-3)
S =P/D (2-4)

where the N, Ap, and / was the number of gas molecule passing per unit time through per
unit membrane area, the transmembrane partial pressure difference, and the thickness of
membrane, respectively. The 6 is the time lag [31,32]. The unit of P, D and S was in barrer,
cm?/s, cm*(STP)/(cm? ecmHg), respectively (1 barrer = 107'% cm?*(STP) cm/(cm? s cmHg)).

The ideal selectivity (aP), diffusivity selectivity (aD), and solubility selectivity (aS)

were the permeability ratio, diffusivity ratio, and solubility ratio, respectively. The
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relationship of these three parameters was expressed by equation (2-5):

oP =oaDXaS (2-5)

2.3 Results and Discussion

2.3.1 XRD Analysis

Figure 2-4 shows the XRD patterns of the original ZIF-8 powder and MMMs. The Z1
and Z2 are the mechano-synthesized and solvothermal-synthesized ZIF-8 powders. The
N presents the neat 6FDA-TrMPD membrane; M0 membrane contains 20 wt% of original
Z1, M1 and M2 membranes contain 20 wt% and 30 wt% ball-milled Z1; C1 and C2
membranes contain 20 wt% and 30 wt% Z2; respectively.
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Figure 2-4. XRD patterns of original ZIF-8 powder and ZIF-8/6FDA-TrMPD MMM s: N presents the
neat 6FDA-TrMPD membrane; MO membrane contains 20 wt% original Z1, M1 and M2 membranes
contain 20 wt% and 30 wt% ball-milled Z1; C1 and C2 MMMs contain 20 wt% and 30 wt% 72; Z1

and Z2 are the mechano-synthesized and solvothermal-synthesized ZIF-8 powders, respectively.
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The mechano-synthesized filler powder (Z1) had four main XRD peaks at 2theta =
7.3°,10.3°, 12.6° and 18.0° corresponding to the crystal plane of (011), (002), (112) and
(222), respectively. The relative intensity and position of these peaks in a good agreement
with the XRD peaks of ZIF-8 reported by the literature [3,18]. Therefore, the mechano-
synthesized filler powder exhibits typical XRD peaks of ZIF-8. The XRD pattern of the
commercial ZIF-8 prepared using the solvothermal method (Z2) is similar to that of Z1.
This suggests that there is no significant difference in the crystalline structure of the two
ZIF-8 powders.

The neat 6FDA-TrMPD membrane (N) exhibits an amorphous structure. With the ZIF-
8 filler added to the matrix, the XRD patterns of the MMMs exhibit ZIF-8 crystal peaks.
Due to the presence of the amorphous matrix, the intensity of the ZIF-8 peak exhibited
by the MMM s is weaker than that exhibited by the original powder. The sharp peaks in
MMMs attributed to the ZIF-8 particles are similar to peaks for the Z1 and Z2 powders.
In addition, the intensity of XRD peaks belong to ZIF-8 in the M1 membrane prepared
using 20 wt% of ball-milled Z1 was same to that in the membrane (MO) prepared using

original Z1. This indicates that the ZIF-8 particles remained stable during ball milling.

2.3.2 SEM Results

Figure 2-5 shows the SEM images of the original ZIF-8 powders. The mechano-
synthesized ZIF-8 powder (Z1) was shown in Figure 2-5(a) and Figure 2-5(b) which with
50000 and 20000 of magnification. The solvothermal-synthesized ZIF-8 powder (Z2) was
shown in Figure 2-5(c) and Figure 2-5(d) which with 50000 and 20000 of magnification.
With 50000 of magnification, the shape of particles could be observed clearly; with the

20000 of magnification, the agglomeration of the particles could be observed clearly. The
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mechano-synthesized ZIF-8 powder exhibits uniform spherical crystals with a particle
size of approximately 100 nm, whereas the solvothermal-synthesized ZIF-8 powder
exhibits cubic crystals with a particle size of approximately 200 nm. The agglomeration
both appeared in these two kinds of ZIF-8 powder. This was due that nanoparticles have

high surface area and tend to agglomerate.

Figure 2-5. Scanning electron microscope (SEM) images of original ZIF-8 powder: (a,b) mechano-

synthesized ZIF-8 (Z1), (c,d) commercial ZIF-8 (Z2).

Figure 2-6 shows the cross-sectional SEM images of the MMMs prepared using 20
wt% of ZIF-8. The M0, M1 and C1 membranes were using original Z1, ball-milled Z1,
and ball-milled Z2 particles. The agglomerates of the original Z1 particles can be
observed in the MO membrane. After ball milling treatment, the Z1 particles were
homogenously dispersed in M1 membrane. The particle size of ball-milled Z1 filler was
approximately 50 nm. This was much smaller than that of the original powder (100 nm).

The XRD patterns confirmed that the XRD peak intensity of the filler in the M1
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membrane was similar to that in the MO membrane. Therefore, the ball milling treatment
helps to break the ZIF-8 particles into small pieces without destroying the crystal structure,
thereby improving the dispersibility of the ZIF-8 particles in the MMM. The
solvothermal-synthesized ZIF-8 particles were also pre-treated by ball milling for three
days and dispersed well in the polymer matrix of the C1 membranes, as shown in Figure
2-6d. The particle size of the ball-milled filler in C1 was about 100 nm, and smaller than
that of the original ZIF-8 powder (200 nm). Hence, the influence of ball milling on
mechano-synthesized ZIF-8 particles is the same as on the solvothermal-synthesized ZIF-

8 particles.

Figure 2-6. Cross-sectional SEM images of the MMM s contains 20 wt% of ZIF-8: (a) MO membrane
using 20 wt% of original Z1, (b,c) M1 membrane using 20 wt% of ball-milled Z1, (d) C1 membrane

using 20 wt% of ball-milled Z2.

2.3.3 FTIR Measurement

Figure 2-7 shows the FTIR spectra of the neat 6FDA-TrMPD polyimide and the
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MMMs with the wavenumber in range of 400-4000 cm~!. The N presents the neat 6FDA-
TrMPD membrane; M0 membrane contains 20 wt% of original Z1, M1 and M2
membranes contain 20 wt% and 30 wt% ball-milled Z1; C1 and C2 membranes contain

20 wt% and 30 wt% Z2; respectively.
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Figure 2-7. FTIR spectra of the membranes: N presents the neat 6FDA-TrMPD membrane in range
of 400-4000 cm~'; M1 and M2 MMM s contain 20 wt% and 30 wt% of ball-milled Z1 particles; C1

and C2 MMM s contain 20 wt% and 30 wt% of ball-milled Z2.

The polyimide was synthesized by the imidization of the polyamic acid which was
generated from the 6FDA reacted with TrMPD, as shown in the Scheme 2-1. The medium
product, polyamic acid, has O—H and N—H bond. Their stretching peaks are around 3200
and 3350 cm™!, respectively [33]. There is no peak that appeared in Figure 2-7 assigned

to these two stretches. It indicates the polyimides was obtained.
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Figure 2-8 displayed the wavenumber range of 400—440 cm™' of the FTIR spectra of
the membranes from Figure 2-7. A FTIR peak assigned to the Zn—N stretching from ZIF-
8 will around 421 cm™' [34]. Figure 2-8 shows that this peak appeared in the MMMs and
not in the neat membrane. It further identified that the MMMs contained the ZIF-8
particles. The intensity of the Zn—N stretching was increased with increasing the filler
content. This result was in accordance with the XRD results that the peak intensity of the

ZIF-8 was increased with increasing the filler content.
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Figure 2-8. FTIR spectra of the membranes in range of 400—440 cm™': N presents the neat 6FDA-
TrMPD membrane; M1 and M2 MMM s contain 20 wt% and 30 wt% of ball-milled Z1 particles; C1

and C2 MMMs contain 20 wt% and 30 wt% of ball-milled Z2.
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2.3.4 Elemental Mapping

Figure 2-9 displays the EDX mapping of the cross-section of the M1 membrane and
the M2 membrane. The right figures were from EDX mapping corresponding the SEM

observation (left figures). The green color presented the Zn atoms from ZIF-8 particles.

Figure 2-9. EDX mapping of Zn (green) in the MMM s and their cross-sectional SEM images: (a, b)
M1 with 20 wt% of ball-milled Z1; (¢, d) M2 with 30 wt% of ball-milled Z1. Each figure was taken

at a magnification of 1000.

The M1 and M2 was prepared using 20 wt% and 30 wt% of mechano-synthesized ZIF-
8, respectively. Figure 2-9(b) shows the Zn atoms were dispersed evenly, indicating a
good ZIF-8 particle distribution across the M1 membrane. On the other hand, the
accumulation of Zn atoms in the cross-section of the M2 membrane indicates
agglomeration occurred, as shown in Figure 2-9(d). A high content of MOF particles in

the polymer matrix can easily form agglomerates [35].
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2.3.5 Gas Separation Performance

Figure 2-10 shows the C3Hs/C3Hg separation performance of the membranes at 0.1 MPa
and 35 °C. The X axis and Y axis presents the CO> permeability and CO»/CH4 ideal
selectivity, respectively. Circle and triangle symbol are the MMMs using mechano-
synthesized ZIF-8 (Z1) and solvothermal synthesized ZIF-8 (Z2) particles, respectively.
The dotted line indicates the prediction value made using the Maxwell model. The solid
circles on the dotted line are located at intervals of 10 vol%. The upper bound line

indicates the results obtained by Koros et al. [25]
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Figure 2-10. C3H¢/C3Hs separation performance of the ZIF-8/6FDA-TrMPD MMMs at 0.1MPa and
35 °C. The Z1 and Z2 MMM s present the mechano-synthesized ZIF-8 and solvothermal-synthesized
ZIF-8 particles. The dotted line indicates the prediction value made using the Maxwell model. The
solid circles on the dotted line are located at intervals of 10 vol%. The upper bound line indicates the

results obtained by Koros et al. [25].
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The M1 membrane with 20 wt% mechano-synthesized ZIF-8 provides a C3He
permeability of 20 barrer and C3He¢/CsHs ideal selectivity of 18, respectively. These
values are 70% and 32% higher than those of the neat membrane (N), respectively. Table
2-4 summarized the detail value of the permeability as well as the diffusion coefficient
and solubility coefficient at 308 K. These values of neat polymer membrane were affected

by the addition of ZIF-8§ particles.

Table 2-4 Permeability coefficient (P), diffusivity coefficient (D) and solubility coefficient (S) of
CsHg and C3Hg at 0.1MPa and 308 K.

Membrane I P (barrer) D (107'° cm?s) S [em*(STP)/ (cm? cm Hg)] aP) oD oS
(Mm)  CH,  CyHg C;Hs C;Hs C;Hs C;Hs
N 20 12 0.9 22 2 0.6 0.5 14 12 1
M 9% 20 1.1 41 (12) 05 0.1) 18 3y (6
Cl1 37 24 1.4 42 3 0.6 0.5 17 13 1
Pure ZIF-8 — 210 2.5 160 2 1.3 1.5 84 94 1
Notes:

(1) / is the thickness of membrane; o(P), a(D) and a(S) are the ideal selectivity, diffusivity selectivity and solubility selectivity of
C3H¢/C;Hs, respectively.

(2) 1 barrer = 107 cm® (STP) cm/ (cm? s cm Hg).

(3) The data for pure ZIF-8 was obtained from a report of Koros et. al. [17].

(4) The D of C;H;s for the M1 membrane was not accurate due to the fact that the calculation of time-lag was greatly influenced by a

long measurement time. It can be improved by reducing the membrane thickness or increasing the temperature.

After the addition of ZIF-8, the diffusivity coefficient of C3Hs was increased more than
that of C3Hs, and the solubility coefficient almost remained. Therefore, the increase in the
permeability due to the increase in the diffusivity coefficient. The increase in the ideal
selectivity was also attributed to the increase in diffusivity selectivity rather than the
solubility selectivity. This result is consistent with the fact that the molecular diameters
of C3Hs (0.40 nm) and C3Hg (0.42 nm) corresponding to the effective pore size of ZIF-8

crystal in the range of 0.40—0.42 nm [17]. This indicates that the C3Hs molecules can pass
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through the pores of ZIF-8 in the MMMs easier than the C3Hg molecules.
In addition, Table 2-5 summarized the values of permeability, diffusivity coefficient,
and solubility coefficient at 373 K, which can further verify the effect of the ZIF-8

particles in the M1 membrane.

Table 2-5 Permeability coefficient (P), diffusivity coefficient (D) and solubility coefficient (S) of C3Hs
and CsHg at 0.1MPa and 373 K.

Membrane [ (um) P (barrer) D (X107 cm?s) S [cm’*(STP)/ (cm® cmHg)] o(P) ad) o)
C;Hs C;Hs C;Hs C;Hs C;Hs C;Hs
N 20 19 3 112 15 0.2 0.2 7 7 1
Ml 96 26 2 146 12 0.2 0.2 11 12 1
Cl1 37 28 3 171 15 0.2 0.2 11 11 1
Pure ZIF-8 — 256 42 800 10 0.3 0.4 61 80 1

Notes: The data for pure ZIF-8 membrane was calculated by combing the adsorption isotherm in the ZIF-8 crystals at 308 K reported

by Koros et. al. and the activation energies for the pure ZIF-8 membrane reported by Hara et. al. [17,19].

The 20 wt% solvothermal-synthesized ZIF-8-filed MMM (C1) exhibited a
performance similar to that of the M1 membrane. Separation performances of the MMMs
can be evaluated by comparing with the Maxwell model, which is considered a simple
and effective tool for predicting the separation performance of MMMs [26]. In this study,

the detailed calculation method was as follows.

P+ 2P, — 2vf(P1 - P2)

P =P x
P, +2P; +17f(P1_P2)

(2-6)

where P, P;, and P> are the gas permeabilities of the MMM, pure polymer matrix
(continuous phase), and pure filler (dispersed phase), respectively; vy is the volume
fraction of the filler particles. The permeability value of the pure ZIF-8 particles was
obtained from the study by Koros et. al. [17].

The theoretical values from the Maxwell model for the C3He/C3Hs separation at 308 K
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were indicated by dotted lines in Figure 2-10. The separation performance of the M1
membrane is consistent with that predicted using the Maxwell model. The performance
of the C1 membrane was also comparable with the theoretical value. This confirms there
is no defect in the M1 and C1 membranes. In addition, the C3He¢/C3Hg separation
performance of M1 and C1 surpass the upper bound of the polymer membrane illustrated
by Koros et al. [25]. We can conclude that the mechano-synthesized ZIF-8 particles were
applied for the preparation of the ZIF-8/6FDA-TrMPD MMMs.

The M2 membrane containing 30 wt% of the mechano-synthesized ZIF-8 exhibited a
higher permeability but poor ideal selectivity than that of the M1. It was due to the
agglomeration of filler particles in the M2, as shown in Figure 2-9d. With increasing
content, the fine filler particles tend to form agglomerates and result in some filler-
polymer interfacial defects. The intergranular spaces between particles in the
agglomerates allow the gas molecules to pass through, and then result in a low ideal
selectivity. The C2 membrane containing 30 wt% solvothermal-synthesized ZIF-8 also
displayed a higher permeability and lower ideal selectivity than the C1 with 20 wt% filler.
This may also be due to the agglomerates. The defect in the M2 and C2 membranes can

be improved by further optimizing the milling condition.

2.3.6 Investigation on the role of ZIF-8 particles

The results of the separation performance indicate that the ZIF-8 could affect the gas
permeability and ideal selectivity of the MMMs. This is due to the micropore of ZIF-8
made a difference on the permeation of the CsHg and C3Hs. In order to analyze the role of
ZIF-8 in the MMMSs, the temperature dependence and pressure dependence were

investigated in this study.
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2.3.6.1 Temperature Dependence

The temperature dependence of C3Hg and C3Hg permeability of the neat membrane (N),
20 wt% mechano-synthesized ZIF-8 filled MMM (M1), and 20 wt% solvothermal-
synthesized ZIF-8 MMM (C1) at 0.1 MPa had been investigated in this study. Figure 2-
11 shows the plots of the gas permeabilities as a function of the temperature ranging from
308 to 373 K (35-100 °C). The X axis in each graph presents the reciprocal temperature
value. The Y axis in Figure 2-11(a), Figure 2-11(b) and Figure 2-11(c) was the C3Hs

permeability, C3Hg permeability and C3He/C3Hg ideal selectivity, respectively.
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Figure 2-11. Temperature dependence of the permeability and ideal selectivity of C3Hs/C3Hs of the
neat 6FDA-TrMPD membrane (N), M1 membrane using 20 wt% of ball-milled Z1 particles, and C1

membrane using 20 wt% of ball-milled Z2 particles at 0.1MPa.

The gas permeabilities linearly decreases with the reciprocal of the temperature for all
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the membranes. With an increase in the temperature from 308 to 373 K, the C3Hs
permeabilities of the neat membrane, M1, and C1 were increased by 54%, 29%, and 26%
respectively. For each membrane, the temperature influenced the C3Hg permeability more
than the Cs3He permeability. The C3He¢/CsHs ideal selectivity was decreased with
increasing the temperature, as shown in Figure 2-11(c). The increase in the gas
permeability was due to the increase in the diffusivity coefficient, based on the
comparison between the values at 308 K in Table 2-4 and at 373 K in Table 2-5. The
decrease in the ideal selectivity was also attributed to the decrease in the diffusivity
selectivity because the solubility selectivity didn't change.

The temperature dependence on the gas permeability of the N, M1, and C1 membranes

can be expressed by the Arrhenius equation [19].

E
P = PyXexp(—+7) (2-7)

where Ep, Py, T, and R are the activation energy, pre-exponential factor, absolute
temperature, and universal gas constant, respectively. Table 2-6 lists the Ep values of
C3Hg and C3Hg in the neat membrane, M1, and C1 membranes. The activation energy

data in the pure ZIF-8 membrane was obtained from the study by Hara et al. [19].

Table 2-6 Activation energies for C3Hg and C3Hg permeation.

Membrane CsHs (kJ/mol) CsHs (kJ/mol)
Neat polymer (N) 8 15

MMM (M1) 4 12

MMM (C1) 4 10

Pure ZIF-8 -3 8

Table 2-6 shows that he Ep values of C3He and C3Hg in the pure ZIF-8 membrane were
lower than in the neat membrane. The diffusivity coefficient of CsHg and CsHs of the pure
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ZIF-8 membrane at 308 K and 373 K were higher than in the neat membrane, as shown
in Table 2-4 and Table 2-5. This indicates the diffusion of these gas molecules in the pores
of ZIF-8 was easier than in the neat membrane at the temperature in a range of 308—373
K. This is the reason that why the permeation of the gas molecules in the pure ZIF-8
membrane requires a lower Ep than in the neat membrane.

Due to the presence of 20 wt% ZIF-8 particles, the Ep values of C3Hg and C3Hg in the
M1 and C1 membranes were between the neat membrane and pure ZIF-8 membrane, and
closer to that in the neat membrane than that in the pure ZIF-8 membrane. The C3He
diffusivity coefficient of the MMMSs at 308 K and 373 K were both higher than for the
neat membrane. It confirmed that molecules diffuse more easily in MMMs than in pure
membranes. Temperature increases tend to exhibit a greater effect on the diffusion of gas
molecules with large resistance than that with less resistance [36]. This is why the change
of the gas permeability of the neat membrane with increasing the temperature from 308
to 373 K was greater than that of the MMMs. In addition, the permeation of C3Hg in the
membranes required more Ep than Cs3Hg resulted in the temperature influenced the
permeability of C3Hg more than that of CsHs. These results suggested that the pores of

ZIF-8 in the MMMs were available for the permeation of C3Hg and CsHs.

2.3.6.2 Pressure Dependence

To further analyze the effect of mechano-synthesized ZIF-8 particles in the 6FDA-
TrMPD polymer matrix, the pressure dependence of C3Hg and C3Hg permeability of the
neat membrane (N) and 20 wt% mechano-synthesized ZIF-8§ MMM (M1) membrane was
discussed in this study. Figure 2-12 shows the plots of C3Hs and C3Hs permeability of the

neat membrane and M1 membrane as a function of the pressure. The gas permeation
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measurement was carried out at 373 K to reduce the permeation time. The X axis in each
graph presents the pressure. The Y axis in Figure 2-12(a), Figure 2-12(b) and Figure 2-
12(c) was the C3He permeability, C3Hs permeability and C3He/C3Hg ideal selectivity,

respectively.
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Figure 2-12. Pressure dependence of (a) CsHg permeability, (b) C3Hg permeability, and (¢) C3He/C3Hs

ideal selectivity for the N and M1 membranes at 373 K.

The C3Hg and C3Hg permeability of the neat membrane was almost independent of the
pressure. Consequently, the C3He¢/C3Hs ideal selectivity of the neat membrane was also
independent of the pressure. On the other hand, the gas permeability of the M1 membrane
was decreased with increasing the pressure. The variation in the C3Hs permeability was
slightly larger than that of C3Hg permeability, resulting in a slight decrease in the ideal

selectivity.

59



Pressure dependence on the gas permeability of the glassy polymeric membranes can
be explained by using the dual-mode sorption and transport model, which is expressed in
equation (2-8) [37].

P = kpDp + CrybDy (2-8)

1+bp

where kp is the Henry’s law solubility constant, (' is the Langmuir capacity constant, b
is the Langmuir mode sorption affinity parameter, Dp and Dy are the diffusion
coefficients of Henry’s law population and Langmuir population, respectively. The first
term is independent of the pressure. The additional second term corresponds to the
permeability of the gas adsorbed in the micro-voids, which act as Langmuir-type sorption
sites.

The equation (2-8) means the gas permeability is decreased with increasing the
pressure. The values of C'y and b are generally decreased with increasing the temperature
[38]. In this case, the pressure-independent of C3Hg and C3Hs permeability of the neat
membrane, as shown in Figure 2-12, was attributed to the high measurement temperature
at 373 K. On the other hand, the gas permeability of the M1 membrane followed the above
dual-mode model. Li et al. reported the sorption isotherms of C3Hs and C3Hs in ZIF-8 up
to 73 kPa at temperatures ranging from 303 to 393 K [39]. The adsorption isotherms of
the gases in the ZIF-8 micropores followed the Langmuir-type isotherms at 308 K.
Although their isotherms gradually approach linearity, the isotherms at 378 K were still
concave with respect to pressure axis. This indicates that the ZIF-8 micropores in the M1
membrane can act as Langmuir-type sorption sites even at 373 K. Hence, the gas
permeation mechanism of the MMM s follows the dual mode sorption and transport model.

This is why the gas permeability of the M1 membrane were decreased with increasing the
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pressure. In summary, the pressure-dependent of the C3Hg and C3Hg permeability of the
M1 membrane at 373 K indicates that the micropores of mechano-synthesized ZIF-8

particles were available for the permeation of these two kinds of gas molecules.

2.3.7 Comparison of the Study Results

Table 2-7 summarized the detail values of the C3Hs/C3Hg separation performance of 20
wt% ZIF-8 filled MMMs as well as the synthesis condition of ZIF-8 in literatures

[3,26,28,29,40—43].

Table 2-7 Summary of C3He/C3Hg separation performance of ca. 20 wt% ZIF-8 filled MMMs.

Synthesis of ZIF-8 Polymer ZIF-8 content C3Hs permeability C3He/C3Hs ideal Reference

Method/source Solvent in MMMs (wt%) (barrer) selectivity

Basolite®Z1200 DMF 6FDA-TrMPD 16 28 19 [26]

In-situ ion-exchange MeOH 6FDA-TrMPD 20 5 31 28]

(PMMOF)

In-situ linker doping MeOH 6FDA-TrMPD 19 17 18 [29]

(PMMOF)

In-situ linker doping MeOH 6FDA-TrMPD 19 43 15 [29]

(Blending)

Solvothermal MeOH 6FDA-TrMPD 19 22 17 [29]

Solvothermal MeOH PEABA 20 32 5 [3]

Basolite®Z1200 DMF PIM-6FDA-OH 20 10 34 [40]

Solvothermal MeOH PVAc 20 6 4 [41]

Solvothermal MeOH PVC-g-POEM 20 59 4 [42]

Solvothermal MeOH 6FDA-Durene/DABA 20 19 26 [43]

Mechanochemical Not used 6FDA-TrtMPD 20 20 18 This study
Notes:

(1) “DMF” and “MeOH” are the N,N-dimethylformamide and methanol, respectively;

(2) The Basolite®Z1200 is the commercial ZIF-8 powder synthesized by solvothermal method [18].

The separation performance was also shown in Figure 2-13 which can provide a clear
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comparison of the different ZIF-8 MMMs. The X axis and Y axis presents the C3He
permeability and C3He/C3Hg ideal selectivity, respectively. The circle and diamond
symbols displayed the separation performance values of the MMMs using mechano-

synthesized ZIF-8 in this study and using solvothermal synthesized ZIF-8 in literature.
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Figure 2-13. Separation performance comparison of 20 wt% mechano-synthesized ZIF-8§ MMM (M1)
and 20 wt% solvothermal-synthesized ZIF-8 MMMs in literatures [3,26,28,29,40—43]. The upper

bound line indicates the results obtained by Koros et al. [25].

The M1 membrane using mechano-synthesized ZIF-8 provides a medium separation
performance among these MMMs. There some MMMs showed higher performance than
the M1 membrane. This may be due to the different polymer matrix and preparation
method. Under the condition of ensuring proper performance, the eco-friendly synthesis
and cost-effectiveness of the materials should be considered for the large-scale practical
application. To the best of our knowledge, all the ZIF-8 used in the currently reported
MMMs were obtained from the solvothermal synthesis method. It required 1500 mL of

N,N-dimethylformamide (DMF) to synthesis 1 g of ZIF-8 at 413 K in a typical procedure
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[18]. Other studies also used DMF or methanol to synthesis and wash the ZIF-8 powder.
Mechanochemically synthesis method was carried out at room temperature and without
organic solvent, so it can reduce synthesis cost as well as environmental pollution [22].
In addition, the mechanochemically synthesis method has other merits including simple
synthesis process, high yield, and large-scale production availability [23]. These merits
can be expected to promote the application of mechano-synthesized ZIF-8 in the

membrane separation and other related industries.
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2.4 Conclusions

Mechanochemical-synthesized ZIF-8 particles were blended into the 6FDA-TrMPD
polymer to prepare the mixed matrix membranes for the CsHe¢/C3Hg separation. The
mechano-synthesized ZIF-8 nanoparticles promoted the C3H¢/C3Hg separation
performance of the MMMs in accordance with the Maxwell model. Temperature and
pressure dependence analysis confirmed the molecular sieving effect of the mechano-
synthesized ZIF-8 in the polymer matrix for the permeation of C3Hs and C3Hg. Compared
to the conventional solvothermal-synthesis method, the advantages of solvent-less and
low energy-cost are expected to extend the practical application of the mechano-

synthesized ZIF-8 in the membrane industries.
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Chapter 3 Investigation of gas diffusivity and solubility of SAPO-34/PES

mixed matrix membranes

3.1 Introduction

The membrane materials are widely studied to separate the CO» from natural gas, due
to the contaminant is significant to increase the heat value and reduce the corrosion of the
transport pipeline [1-4]. Polymeric membrane is one of the most applied membrane
materials because of the good processability, low cost, and high flexibility. However, the
polymeric membrane always meets a trade-off between gas permeability and selectivity
[5]. Inorganic membrane materials have high permeability and selectivity than the
conventional polymeric membranes, but the poor processability and high cost from
expensive support result in the implementation difficulty [6]. Blending microporous
inorganic particles to the polymer matrix to prepare a mixed matrix membranes (MMMs)
is an effective strategy to break the limitation, because it could combine both advantages
of'the polymeric membrane and inorganic membrane [7]. Hence, various porous materials,
such as zeolite, silica, carbon molecule sieve and metal organic frameworks, have been
applied in MMM s preparation recently [8].

Among the polymers, the polyerthersulfone (PES) is known for its outstanding
toughness, and tensile strength as well as the thermal stability, antioxidative ability and
excellent flexibility [9,10]. Besides, PES is also typically not attacked by mineral- and
silicone-based oils, dilute acids and bases [10]. Therefore, the PES is the material of
choice for numerous membrane applications [11]. However, the CO»/CH4 separation

performance of PES based membrane is also limited by the trade-off between
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permeability and selectivity. One of effective modification method is addition of the filler
to the membrane casting solution. The silicoaluminophosphate-34 (SAPO-34) zeolite has
a CHA-type structure with a pore size of 0.38 nm. This is between the molecular diameter
of CO, (0.33 nm) and CH4 (0.38 nm). Hence, there are some studies on the SAPO-34/PES
MMMs for the CO2/CH4 separation. Kalipcipar et al. had used a laboratory-made (lab-
made) SAPO-34 to increase the CO2 permeability but at loss of the CO2/CHy ideal
selectivity [12]. It was due to the interfacial voids around the zeolite. They applied the 2-
hydroxy-5-methyl aniline (HMA) to improve the compatibility of the zeolite filler and
polymer matrix [13]. The HMA modified SAPO-34 MMMs provided a CO»/CHjy ideal
selectivity of 45. This was 35% higher than the neat membrane. However, the CO>
permeability was lower than the neat membrane. This was due to the HMA resulted in the
rigidification of the polymer chains. Mukhtar et al. had used a commercial SAPO-34
(ACS Materials) to blend in the PES matrix for the CO2/CHj4 separation, but the interfacial
void also appeared [14]. They modified the commercial SAPO-34 using ethylenediamine
(EDA) and hexylamine (HA) to improve the compatibility of the zeolite particles and
PES matrix. They further combined the ion liquids (ILs) with EDA or HA to improve the
structure of their membranes [15]. The CO2/CHys ideal selectivity of their membranes was
up to 37 and still lower than the HMA-modified SAPO-34 MMM s reported by Kalipcipar
et al. [13].

In the above studies, the researchers had described the modification of the membrane
structure and the improvement of the gas permeability and selectivity. There was no detail
discussion on the contribution of the SAPO-34 to the permeability and selectivity of the
SAPO-34/PES MMMs in terms of the gas diffusivity and solubility. In our previous study,

the effect of the lab-made SAPO-34 zeolite on the CO» and CH4 diffusivity and solubility
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had been investigated as well as the permeability and ideal selectivity [16]. After adding
SAPO-34 zeolite, the permeability and ideal selectivity were increased with the solubility
increased and the diffusivity decreased. We demonstrated that the diffusion selectivity
was essential to the ideal selectivity. However, this SAPO-34 zeolite was synthesized with
double organic structure directing agent at high temperature (200 °C). The high energy
cost and poor general applicability is not suit for a large-scale application of the SAPO-
34/PES MMMs.

In this study, we tried to blend a commercially available SAPO-34 zeolite in the PES
membrane. The comparison of the influence of the commercial and the lab-made SAPO-
34 zeolite on the CO2 and CHj4 diffusivity and solubility of the PES membrane as well as

the gas permeability and ideal selectivity was conducted.

3.2 Experimental

3.2.1 Materials and Instrumental

Table 3-1 lists the materials and instrumental for the preparation and characterization
of the SAPO-34/PES mixed matrix membranes. The commercial SAPO-34 (S1) powder
was kindly provided by Nikki Universal Co., Ltd. The home-made SAPO-34 zeolite (S2)

and S2 filled PES MMMs produced by Dr. Wu in our lab was used as a reference [16].

Table 3-1 Materials and Instrumental of SAPO-34/PES mixed matrix membranes

Materials Abbreviation/Code = Manufacturer, Model Purity (wt%)
Polyethersulfone PES BASF Chemical —
Commercial SAPO-34 zeolite S1 Nikki Universal —
Lab-made SAPO-34 zeolite S2 Dr. Wu [14] —
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3.2.2 Preparation of neat PES membrane

The PES solid was divided into four equal parts to be dissolved in the NMP solvent to
prepare a 15 wt% PES/NMP solution. After stirring for 20 hours, the solution was treated
by ultrasonic for 4 hours and then bubble removal for 30 min. The solution was cast on a
A4-paper size glass plate with a glass rod. After vacuum drying at 200 °C for 20 hours,

the membrane was peeled from the glass plate.

3.2.3 Preparation of SAPO-34/PES membrane

The commercial SAPO-34 (S1) was dried at 200 °C overnight before added in to the
NMP solvent. The PES solid was divided into four equal parts to be added in the SAPO-
34/NMP slurry sequentially. After mixing for 20 hours, the SAPO-34/PES/NMP solution
was cast on a glass plate follow by the ultrasonic treatment for 4 hours. The membrane
was peeled from the glass plate after vacuum drying at 200 °C for 20 hours. The
membranes prepared using 20 wt% and 30 wt% of S1 and S2 zeolite filler were named

as S1-20, S1-30, S2-20 and S2-30, respectively.

3.2.4 Characterization Methods

The X-ray diffraction (XRD) was used to analyze structure of the filler and membranes.

The scanning electron microscopy (SEM) was applied to observe the morphology.

3.2.5 Single Gas Permeation

The single gas permeation through the membranes was tested by a home-made

apparatus (Figure 2-3) with the vacuum method at 0.1 MPa and 35 °C. Before the gas
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permeation, the membrane in the apparatus was degassed at 100 °C for more than 2 hours

and then cooling to 35 °C. The gas permeability (P), diffusivity (D) and solubility (S)

were calculated using the equations as described in Chapter 2 [17,18].

3.3 Results and Discussion
3.3.1 XRD Analysis

Figure 3-1 shows the XRD patterns of the neat PES membrane, commercial SAPO-34
powder (S1) and the 30 wt% S1 filled MMM (S1-30). The XRD patterns can be used to

analysis the crystal structure of filler particles and confirm its presence in the membranes.
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Figure 3-1. XRD patterns of the neat PES membrane, the commercial SAPO-34 powder (S1), and the
S1-30 MMM using 30 wt% S1.

The neat PES has an amorphous halo. The S1 had main peaks at 26 =9.7°, 13.2°, 15.2°,
21.0°,31.3°. These peak positions assigned to the crystalline plane of (100), (110), (=111),
(-201) and (—311/310), respectively. It is in a good accordance with XRD pattern of the

lab-made SAPO-34 zeolite (S2) in the previous study [16]. Compared to the S2 particles,
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the priority growth of (100) occurred in the S1 particles. This kind of oriented growth had
been reported by some literature [19,20]. This growth orientation facilitates more 8-
member rings to be exposed, thereby promoting gas permeation [21]. The S1-30
membrane also possessed the XRD peaks of SAPO-34. The peak intensity of S1-30

membrane was lower than of S1 powder due to the presence of the amorphous PES matrix.

3.3.2 SEM Observation

Figure 3-2 shows the SEM images of the S1 powder and the cross-section of the
MMMs including 20 wt% S1 filled MMMSs (S1-20), and 30 wt% S1 filled MMMs (S1-
30). These images can be used to observe the morphology of particles and membranes,

and the compatibility of particles with polymer matrix.

zeolite (¢)
zeolite ;

N

Figure 3-2. SEM images of the SAPO-34 zeolite powder and the cross-section of the SAPO-34/PES
MMMs: (a) commercial zeolite S1; (b) S1-20 MMM s using 20 wt% S1; (c) S1-30 MMM s using 30

wt% S1. The magnification of each image is 20000.

The S1 powder had cubic crystals with the particle size around 1 um. The cross-
sectional SEM images of the MMMs shows that the amorphous polymer matrix almost
covered all the S1 particles. Most areas of the membranes were dense except for a few

amounts of the interfacial voids appeared between the filler particle and polymer matrix.
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This defect also appeared in the reported SAPO-34 MMMs [10-14]. In addition, the
agglomeration occurred in the MMMs using 20 wt% and 30 wt% S2 zeolite filler (S2-20
and S2-30) in our previous study [16]. This was due to the tiny particles with large surface
area tend to agglomerate. The large agglomerates had internal voids to reduce the gas
selectivity. The appearance of the cross-sectional SEM images of the S2 filled MMMs is

different from that of the S1 filled MMMs.

3.3.4 Gas Separation Performance

The gas permeation mechanism in the polymeric membrane can be mainly described
by the solution-diffusion model [22]. The gas diffusivity and solubility in the polymeric
membrane determine the gas permeability. The adsorption and diffusion behavior of CO>
and CHs molecules in the SAPO-34 would affect the gas diffusivity and solubility to
change the gas permeability if the zeolite is blended into the PES membrane. Figure 3-3
presents the CO> and CH4 permeability (P), diffusivity (D) and solubility (S) of the PES
based membranes as a function of SAPO-34 filler content. Figure 3-4 shows their
corresponding selectivity. The ideal selectivity (aP) was the ratio of CO> permeability to
CHy4 permeability; diffusivity selectivity (aD) was the ratio of CO, diffusivity to CHs
diffusivity; solubility selectivity (aS) was the ratio of CO2 solubility to CHj4 solubility.

Compared to the neat PES membrane, the CO2 and CH4 permeability were increased
as well as CO2/CHjy ideal selectivity with increasing filler content. The CO2 permeability
and CO2/CHy ideal selectivity of the S1-30 membrane was 15 barrer and 51, respectively.
These values were 170% and 39% higher than that of the neat PES membrane. These
values of S2-30 membrane was 9 barrer and 48, respectively. These values were 64% and

31% higher than that of the neat PES membrane, respectively.
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Figure 3-3. (a) Permeability, (b) diffusivity, (c) solubility of CO, and CHy of the SAPO-34/PES
MMMs as function of different filler content. The S1 and S2 is the commercial and lab-made SAPO-

34 zeolite filler, respectively. The values of the S2 filled MMMs were reported in our previous study

[16].
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Figure 3-4. (a) Ideal selectivity, (b) diffusivity selectivity, (c) solubility selectivity of CO2/CH4 of the
SAPO-34/PES MMMs as function of different filler content. The S1 and S2 is the commercial and

lab-made SAPO-34 zeolite filler, respectively. The values of the S2 filled MMMs were reported in our

previous study [16].
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Figure 3-3(b) shows that the CO, and CH4 diffusivity of the PES membrane was
decreased with adding S1 and S2 filler. The CO2 and CHy4 diffusivity in the pure SAPO-
34 phase was 6X107° and 4.5X 1077 ecm?/s, respectively [23]. These values were both
higher than in the neat PES. The gas diffusivity of the PES membrane should be increased
with adding SAPO-34. However, Kaliaguine et al. had reported that the gas diffusivity of
the 6FDA-DAM-HAB co-polyimide was decreased with adding MIL-53 [24]. Kawakami
et al. also reported that the addition of the silica nanoparticles reduced the gas diffusivity
of the PIM-1 polymer [25]. Therefore, the decrease in the gas diffusivity of the polymeric
membrane after adding porous filler may occur.

Paul et al. had reported that the immobilizing adsorption of diffusing penetrants will
cause very large increases in the diffusion time lag but will have only minor effects on
the steady-state permeation [17]. The diffusivity used in this study is calculated from
Equation (2) using the diffusion time lag. The diffusivity is apparently affected by partial
immobilization of the adsorbed molecules. Therefore, the increase in the adsorption of
the gas molecules may increase the time-lag and then reduce the value of the gas
diffusivity apparently. This maybe one reason that why the gas diffusivity was decreased
after adding SAPO-34 zeolite in this study. The Z1 particles can affect the gas adsorption
greater than Z2 particles because of the priority growth of the (100) crystal plane, so the
decreased ratio in the diffusivity of Z1 MMMs was larger than Z2 MMMs.

Figure 3-4(b) shows that the CO»/CHy diffusivity selectivity was increased with adding
S1 and S2 filler. The CO2/CHy diffusivity selectivity in the pure SAPO-34 phase was 13
and higher than that in the neat PES membrane [18]. This is why the CO»/CHyj4 diffusivity
selectivity of the S1-30 and S2-30 higher than the neat PES membrane, respectively. The

increased ratio was 69% and 24% for S1-30 and S2-30, respectively. Besides, the
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difference in the increased ratio is due to that the amount of defect in the former less than
in the latter. This is in accordance with the results of SEM observation.

Figure 3-3(c) shows that the CO> and CHs solubility of the PES membrane was
increased with increasing the filler content of S1 and S2. The CO2 and CH4 solubility of
the neat PES was 0.082 and 0.012 ¢cm3(STP)/ (cm® ¢cmHg). These values in the pure
SAPO-34 phase at 0.1 MPa were 1.02 and 0.19 cm’*(STP)/ (cm? cmHg) [26]. Therefore,
the CO» and CHy solubility of the PES membrane would be increased with adding SAPO-
34. Due to the priority growth of (100) plane, the S1 particles can adsorb more amount of
gas molecules than the S2 particles. In this case, the CO, and CHjy solubility of the S1
based MMM s should be higher than that of the S2 based MMM s. Figure 3-4(c) displayed
that the CO2/CHys solubility selectivity after adding S1 and S2 filler was decreased. It was
due to that the solubility selectivity in the pure SAPO-34 was 5 and less than in the neat
PES about 7. The solubility selectivity of S1-30 was almost same as that of S2-30. Hence,
the diffusion selectivity played an important role to the difference in the ideal selectivity

of the S1-30 and S2-30 membranes.

3.3.5 Comparison with reported SAPO-34/PES MMM

Figure 3-5 can compare the separation performance of the SAPO-34/PES MMMs in
our study with the reported MMMs in literature by using the plot of CO2/CHjs ideal
selectivity and CO» permeability. The circle symbol, triangle presents the separation
performance of the commercial and lab-made SAPO-34 filled PES MMMs in our study;
square symbols is separation performance of the reported SAPO-34-PES in literature. The
hollow symbol and solid symbol present the MMMs using pristine SAPO-34 and

modified SAPO-34, respectively.
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Figure 3-5. The CO»/CHj separation performance comparison of the SAPO-34/PES MMM s in this
study and in the literature [10—14]. The hollow symbol and solid symbol present the MMMs using

pristine SAPO-34 and modified SAPO-34, respectively.

In the literatures, different reagents included HMA, EDA, HA and ILs were applied
to modify the SAPO-34 zeolite and improve the structure of the PES based MMMs. These
membranes still showed a lower separation performance than our membranes. This may
be due to the different quality of the filler or different experimental conditions. Our
membrane still has interfacial defects. The improvement of the MMMs by using modified
zeolite filler in the literature suggested that using the suitable functional materials and the

modified process can improve the structure and separation performance of our SAPO-

34/PES MMMs in the future.
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3.4 Conclusions

This study had used a commercial SAPO-34 to prepare the PES based MMMs for the
CO,/CHjs separation. It is not only confirmed that the diffusivity selectivity was essential
to the ideal selectivity but also identified that the commercial SAPO-34 was better than
the lab-made SAPO-34 sample. A comparison with the reported MMMs and our MMMs
reveals that it is possible to further improve the separation performance of the SAPO-
34/PES MMMs. High-performance MMMs composited of the commercially available

SAPO-34 and PES has a potential in the practical natural purification.
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Chapter 4 Silane surface modified SAPQO-34 zeolite blended into 6FDA-

mDAT membranes for gas separation

4.1 Introduction

The mixed matrix membranes (MMMs) is composited of inorganic filler and polymer
matrix. The separation performance of the MMM s is influenced by the nature of filler and
polymer matrix [1-4]. Due to the polymer as the main component, its property plays an
important role in the performance of the MMMs. Therefore, it is necessary to focus on
the choice of polymer matrix [5]. The 6FDA-TrMPD and 6FDA-mDAT polyimides (PI)
are made by the polymerization of the 4,4’- (hexafluoroisopropylidene)diphthalic
anhydride (6FDA) with the diamines, 2,4,6-trimethyl-1,3-phenylenediamine (TrMPD)
and 2,6-diaminotoluene (mDAT) [6][7]. Figure 4-1 shows that the 6FDA based
polyimides especially 6FDA-mDAT provide a promising CO2/CHs separation
performance among the polymeric membrane including the polyethersulfone (PES)

membrane [8].

i
L

1 10 100 1000 10000
Permeability of CO, (barrer)

Figure 4-1 CO,/CH4 separation performance comparison of the polymeric membranes [8].

In Chapter 3, the commercial SAPO-34 had been proved to enhance the separation
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performance of the PES membrane [9]. In this case, the MMMs prepared by blending the
commercial SAPO-34 into 6FDA-mDAT polyimides is worth expecting, as shown in
Figure 4-1. However, the sieve-in-a-cages appeared in the SAPO-34/PES membranes
[10]. The sieve-in-a-cage is one kind of the defects in the MMMs [11]. This was due to
the poor compatibility of the inorganic filler particles and polymer matrix. The defects
allow the gas molecules to pass through, and then result in a low ideal selectivity. The
PES has more flexible backbone than the polyimides. There is also a possibility that the
defects appear in the SAPO-34/polyimide MMMs.

In order to eliminate the defect, aminosilane had been used to modify the surface of the
zeolite [12,13]. The 3-aminopropyltrimethoxysilane (APTMS) is one common-used
aminosilane. Hydroxyl groups of the APTMS can react with the silanol on the surface of
the zeolite. This process is so-called silane coupling reaction, as shown in Scheme 4-1.

The silane-modified zeolite particles possess a good compatibility with polymer matrix.

Amino-silane

I H I
Zeolite 300
‘

MMMs

zeolite

Polymer chain -

Scheme 4-1. Compatibility of zeolite and polymer improved by Silane coupling reaction [12,13].

The organic group of the aminosilane has good affinity with the polymer chain. Hence,
the interaction of the zeolite particles with the polymer has been enhanced [14]. However,
the linear structure with amino group of the APTMS molecules may enter the pore of
SAPO-34 zeolite. This will result in the pore blockage of the zeolite [5,15]. Using N-
phenylaminotrimethoxysilane (PhAPTMS) may avoid this issue because of the benzene-
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ring. In this study we had selected the PhnAPTMS as well as the APTMS to modify the
SAPO-34 zeolite for the fabrication of the 6FDA-mDAT as based MMM. The
phenyltrimethoxysilane (PhTMS) which contains benzene-ring and without amino group
was used as a reference. Scheme 4-2 shows the formula structure of these tree kinds of
silane. The influence of the different silane coupling reagent on the structure of the zeolite

and separation performance of the MMMs had been investigated in this study.

H,C —O

Phenylaminopropyltrimethoxysilane J-aminopropyltrimethoxysilane Phenyltrimethoxysilane
( ) ( ) ( )

Scheme 4-2. Chemical Structure of silane coupling reagent

4.2 Experimental

4.2.1 Materials and Instrumental

Table 4-1 lists the materials and instrumental for the preparation of the SAPO-
34/6FDA-mDAT MMMs. The SAPO-34 powder was provided by Mitsubishi Chemical
Company. It was named as S3 to distinguish it from the SAPO-34 zeolite in Chapter 3.

Table 4-1 Materials and instrumental of SAPO-34/polyimide mixed matrix membranes.

Materials Abbreviation/Code Manufacturer, Model Purity (wt%)
2,6-Diaminotoluene mDAT Tokyo Chemical Industry (TCI) 98
Commercial SAPO-34 zeolite S3 Mitsubishi Chemical Company —
Phenyl-3-amino-propyltrimethoxysilane PhAPTMS TCI 98
3-amino-propyltrimethoxysilane APTMS TCI 96
Phenyltrimethoxsilane PhTMS TCI 96
Toluene TOL TCI 97
Brunauer-Emmett-Teller Instrument BET Bel-sorp mini II —
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4.2.2 Silane surface modification of SAPO-34 zeolite

The silane surface modification of the SAPO-34 zeolite powder was based on the
literature reported by Asghari et al. [16]. The detail process was as following:

(1) The SAPO-34 zeolite powder provided by Mitsubishi Chemical Company was dried
at 200 °C overnight before modification.

(2) The dried zeolite powder was dispersed in to the toluene (TOL) and stirred at room
temperature for 10 minutes. The ratio of zeolite to the TOL was 0.1g/mL.

(3) The silane coupling reagent was added to the zeolite/TOL slurry and stirred at room
temperature for 6 hours to form a homogenous solution. The ratio of silane to zeolite
was 3 mmol/g.

(4) The solution was heated at 110 °C for 4 hours under a reflux condition.

(5) The reacted zeolite sample were washed by using 300 mL ethanol and then dried at
80 °C overnight.

Herein, the original SAPO-34 was presented as S3. The zeolite sample modified by using

PhAPTMS, APTMS, PhTMS were named as S4, S5, and S6 respectively.

4.2.3 Synthesis of 6FDA-mDAT Polymer

The 6FDA-mDAT polyimides were synthesized by the imidization of the polyamic acid
which was generated from the 6FDA monomer reacted with the mDAT diamine monomer

as shown in the Scheme 4-3. The equipment was shown in Figure 2-2.
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mDAl Polyamic acid

acetic anhydride
tricthylamine
—_———
NMP 323 K

Polyvamic acid 6FDA-mDAT

Scheme 4-3 Synthesis mechanism of 6FDA-mDAT polyimide.

The reaction of 6FDA with mDAT monomers was carried out in the four-neck round
flask under nitrogen atmosphere. Acetic anhydride and triethylamine were used as the
catalysts. The molar ratio of mDAT monomer: 6FDA: acetic anhydride: triethylamine was
1: 1: 4: 4. The detail experimental process is as follows:

(1) The mDAT monomer was mixed with the NMP solvent for 30 minutes to form a clear
solution, and then the 6FDA was separately added to the solution.

(2) After mixing 6FDA and mDAT monomers in the NMP, the solution was kept overnight
to form a medium product, polyamic acid.

(3) The polyamic acid was converted to the polyimide at 50 °C in the presence of acetic
anhydride and triethylamine.

(4) The obtained solution was slowly poured into 800 mL of ethanol and washed thrice.

(5) The washed polymer was dried at 80 °C with vacuum condition overnight.

4.2.4 Preparation of neat 6FDA-mDAT membrane

The 6FDA-mDAT polyimide (PI) solid was divided into four equal parts to be
dissolved in the NMP solvent to prepare a 15 wt% PI/NMP solution. After stirring for 20

hours, the solution was treated by ultrasonic for 4 hours and then bubble removal for 30
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min. The solution was cast on the glass plate with a glass rod. After vacuum drying at 200

°C for 20 hours, the membrane was peeled from the glass plate.

4.2.5 Preparation of SAPO-34/6FDA-mDAT MMMs

The preparation of the modified SAPO-34/6FDA-mDAT MMMs was same to that of
the original SAPO-34/PES MMM s as described in Chapter 3. The filler content of the
zeolite in the membranes was in range of 0—20 wt%. Table 4-2 lists the preparation

condition and code of the membranes.

Table 4-2 Preparation condition and code of the SAPO-34/6FDA-mDAT MMMs.

Filler content Original filler PhAPTMS-modified APTMS-modified PhTMS-modified
(Wt%) (S3) (S4) (S5) (S6)
0 MO MO MO MO
5 M1 M4 — M9
10 M2 M5 M7 M10
20 M3 M6 M8 M11
Note:

(1) MO was the neat 6FDA-mDAT membrane

4.2.4 Characterization Methods

The surface area and the pore volume of the zeolite was measured by N2 adsorption
using BET instrument at 77 K [16,17]. Before the BET measurement, all the sample was
degassed at 250 °C for 3 hours. The structure of the filler and membranes was analyzed

by XRD. The morphology of the membranes was observed by using SEM.
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4.2.5 Single Gas Permeation

The single gas permeation (H2, CO> and CHs) through the membranes was measured
at 0.1 MPa and 35 °C. The gas permeability (P), diffusivity (D) and solubility (S) and

their ideal selectivity were calculated as described in the Chapter 2.

4.3 Results and Discussion

Due to the original SAPO-34 particles has been modified by different silane coupling

reagent. This is worth for analysis the variety of the zeolite before and after modification.

4.3.1 Characterization of Filler

4.3.1.1 SEM Images of Zeolite

Figure 4-2 shows the SEM images of the original and modified SAPO-34 particles.
The S3, S4, S5 and S6 sample were original, PhAPTMS-modified, APTMS-modified,
and PhTMS modified SAPO-34 zeolite. The SEM images can be used to observe the

morphology of zeolite particles before and after modification.

Figure 4-2. SEM images of (a) original (S3), (b) PhAPTMS-modified (S4), (c) APTMS-modified
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filler (S5), and (d) Ph TMS-modified (S6) SAPO-34 zeolite particles. The magnification of each image

was 30,000.

All the zeolite powder had cubic crystals with around 2 um of particle size. There was
no agglomeration occurred among these sample. The surface of the modified zeolite (S4,
S5 and S6) was same as the original SAPO-34 (S3). Hence, there was no difference in the
morphology of the zeolite before and after modification. This also indicates that the

crystallinity of the zeolite would not be affected by surface modification.

4.3.1.2 BET Analysis of Zeolite

Figure 4-3 shows the N2 adsorption isotherm of the zeolite samples. The S3, S4, S5
and S6 sample were original, PAAPTMS-modified, APTMS-modified, and PhTMS
modified SAPO-34 zeolite. These adsorption isotherms all assigned to the Type-I curve
[18]. It confirmed that all the sample had the micropore structure. The order of the N>

capacity in the powder was S3 > S6 > S4 > S5.
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Figure 4-3. N, adsorption isotherm of original and modified SAPO-34 powder at 77 K.
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Table 4-2 lists the results of the N> adsorption of the original and modified SAPO-34

powder. Two parameters are included: BET surface area and total pore volume.

Table 4-2 N, adsorption results of pristine and functionalized SAPO-34 zeolite at 77 K.

Sample Silane BET surface area (m?/g) Total pore volume (cm?/g)
S3 no 553 0.28
S4 PhAPTMS 509 0.27
S5 APTMS 423 0.22
S6 PhTMS 522 0.28

The value order of surface area or pore volume of the samples was S3 > S6 > S4 > S5.
This was corresponding to the adsorption amount of N> as shown in Figure 4-3. The
original SAPO-34 sample (S3) has 553 m?/g of BET surface area and 0.28 cm?/g of total
pore volume. The BET surface area of the PhAPTMS modified sample (S4) were 8%
lower than that of the S3 sample. Their pore volume was considered almost same. These
two values of the APTMS modified zeolite (S5) were 24% and 21% lower than the S3
sample. This indicates that the APTMS silane blocked the pore of the SAPO-34 zeolite.
The difference in S4 and S5 was due to the presence of the benzene ring. The sample (S6)
modified by using PhTMS with benzene-ring and without NH— group was used a
reference. Compared to the original zeolite (S3), the surface area and pore volume almost
remained after PhTMS modification. This confirm that the presence of the benzene-ring

can prevent the blockage of the zeolite pore.

4.3.2 Characterization of Membranes

4.3.2.1 XRD Analysis

Figure 4-4 shows the XRD patterns of the original SAPO-34 powder (S3) and the
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MMMs using 20 wt% of filler. This figure can be used to analysis the crystal structure of
SAPO-34 zeolite, and then compare the crystallinity of the SAPO-34 zeolite before and

after silane modification, and confirm the presence of the zeolite in the MMMs.
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Figure 4-4. XRD patterns of the neat 6FDA-mDAT membranes and the MMM s using 20 wt% original
and modified SAPO-34 filler: (a) neat membrane (MO), (b) original S3 filled MMMs (M3), (c)
PhAPTMS-modified MMMs (M6), (d) APTMS-modified MMMs (M8), and (e) original SAPO-34

powder (S3).

The neat polymer membranes had an amorphous structure. The SAPO-34 powder (S3)
had main peaks at 20 = 9.4°, 12.8°, 20.7°, 30.7°. These peak positions assigned to the
crystalline plane of (100), (—101), (-201) and (-311/310), respectively. This was in good
agreement with the XRD pattern of CHA-type zeolite in the literature. Hence, the S3
powder possessed a typical XRD peaks belong to CHA structure. The peak intensity of
zeolite in the MMMs were all weak than the original S3 powder due to the presence of
the amorphous polymer matrix. The modified SAPO-34 MMMs had stronger XRD peak
than the original SAPO-34 MMM. This may be due to the aminosilane resulted in the

agglomeration of the zeolite particles near the outside surface of the MMMs.
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4.3.2.2 SEM Observation

Figure 4-5 shows the cross-sectional SEM images of the MMMs using 5 wt% of filler.
The cubic crystal was the SAPO-34 zeolite particle; the amorphous structure was the

polymer matrix.

Figure 4-5 Cross-sectional SEM images of the MMMSs: (a) M1 using 5 wt% S3, (b) M4 using 5 wt%
S4, (c) M8 using 20 wt% of S5, and (d) M11 using 20 wt% of S6. Magnification of each image is

30,000.

Figure 4-5(a) shows that the sieve-in-a-cage existed around the particles. There was
free-space between the particles and polymer matrix. This means the original filler has no
obvious interaction with the polymer matrix. Figure 4-5(b) shows that the particles appear
to be mostly buried in the polymer. This indicated an excellent wettability of filler
particles and polymer matrix. There are obvious amorphous polymer sticks on the surface
of crystals, which not presented in the original S4 zeolite sample. Figure 4-5(c) shows

that the morphology of the APTMS-modified zeolite (S5) filled membrane (M8) was
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same to that of the S4 filled MMMs. The wettability of the filler particles and polymer
matrix in the M11 membrane that using PhAPTMS and ATMS-modified zeolite was
better than in the membranes using PhTMS-modified zeolite. This due to the absence of
the amino group which can react with polymer chains to enhance the affinity of the zeolite
surface with the polymer.

Figure 4-6 further displayed the cross-sectional SEM images of the MMMs all using
20 wt% of filler. The M3 membrane was using original SAPO-34 zeolite (S3), as
displayed by Figure 4-6(a) and (e); M6 membrane using the PhAPTMS-modified zeolite
(S4) as displayed by Figure 4-6(b) and (f); the M8 membrane using APTMS-modified
zeolite (S5) as displayed by Figure 4-6(c) and (g); the M11 membrane using PhTMS-
modified zeolite (S6) as displayed by Figure 4-6(d) and (h). The upper row using a higher
magnification of image, and the below row using the corresponding lower magnification

of image.

Figure 4-6 Cross-sectional SEM images of the MMM s using 20 wt% of filler: (a,e) M3 using S3, (b,f)

M6 using S4, and (c,g) M8 using S5, and (d,h) M11 using S6.
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The 20 wt% of the S3 filled M3 membrane possessed a same structure to the Swt% S3
filled MMMs (M1). Sieve-in-a-cages also appeared in the M3 membranes. The amount
was more than M1 membrane. The homogenously dispersion of S3 in the M3 membrane
was same as in the M1 membrane. The 20 wt% of the S4 particles was covered by the
polymer matrix. However, the agglomeration of the filler particles occurred near the out
surface of the M6 membrane as shown Figure 4-6(f). This maybe due to that increasing
the content of particles would increase the probability of silane-modified zeolite contact
with the same part of the polymer chains, thereby causing the agglomeration. Figure 4-
6(c) and (g) shows the cross-sectional SEM images of 20 wt% of S5 filled MMMs (M8).
The filler particles provided a good compatibility with the polymer matrix. However, the
agglomeration occurred in the cross-section of the M8. The upper part of the membrane
which touches the air during casting was almost a neat polymer layer. This was due to
that the APTMS strongly contact the polymer chains together and then the sedimentation
occurred near the bottom surface (which touches the glass plate during casting) of the
membrane. This phenomenon may be occurred during the phase conversion of polymer
from liquid to solid. Figure 4-6(d) and (h) shows that the agglomeration also occurred in
the PhTMS-modified zeolite (S6) filled membrane (M11). Therefore, the silane-
modification could improve the wettability/compatibility of the particles and polymer

matrix, but it will result in agglomeration when using high content of modified zeolite.

4.3.3 Gas Separation Performance

Figure 4-7 and Figure 4-8 showed the gas permeability and ideal selectivity of the
MMMs, respectively. In each graph, the X axis presents the filler content, Y axis presents

the values of gas permeability or ideal selectivity.
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Figure 4-7. Permeability of H>, CO; and CH4 of 6FDA based MMM s using original SAPO-34 and

PhAPTMS-modified SAPO-34 as function of the filler content.
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Figure 4-8. Ideal selectivity of H»/CH4 and CO»/CHy of 6FDA based MMMs using original SAPO-

34 and PhAPTMS-modified SAPO-34 as function of the filler content.

The CHs permeabilites of the 6FDA-mDAT membranes was both increased with
increasing the original SAPO-34 (S3) filler as well as the H> and CO; permeability.
Normally, the CH4 permeability of the neat polymer membrane should be decreased with
adding SAPO-34 zeolite. The result indicates that there were some defects in the original
SAPO-34 filled MMMs. The Ho/CHs and CO2/CHy4 ideal selectivity of the S3 MMM
using 5 wt% of the original S3 filler were 7% and 5% higher than that of the neat polymer
membrane. The increase ratio of the H> and CO» permeability greater than that of the CHy

permeability. It due to that the positive effect (molecular sieving effect) of the zeolite pore
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on the gas selectivity was greater than the negative effect of the defect (sieve-in-a-cage).
When the filler content over 5 w%, the amount of the defects was increased. The negative
effect of defects greater than positive effect of zeolite pore, so the ideal selectivity was
decreased.

In terms of the comparison of the PhAPTMS-modified SAPO-34 (S4) and original
zeolite (S3), the gas permeability of each MMMs using S4 zeolite was lower than the
MMMs using the same content of S3 zeolite. This due to that the PAAPTMS eliminated
the sieve-in-a-cage. The gas permeability was higher than that of the neat polymer
membrane. This confirmed the PhAPTMS aminosilane didn’t block the pore of the zeolite
particles. In this case, using 5 wt% of S4 zeolite particles increased the ideal selectivity
of Ho/CH4 and CO»/CHy better than using 5 wt% of the original S3 zeolite particles.

When the filler content increased to 20 wt%, the PhATMS modified MMM (M6)
provided CO» permeability was 96 barrer, but the CO2/CHj ideal selectivity was only 44.
This value was lower than that of 20 wt% original SAPO-34 filled MMMs (M3). It due
to that the agglomeration occurred in the M6 membrane and not in the M3 membrane.
The agglomeration was formed due to that high content of aminosilane modified zeolite
more possible contact with the same part of the polymer chains. Hence, the PhAPTMS
aminosilane was effective on the improvement of separation performance of the SAPO-
34/6FDA-mDAT MMMs when the filler content was 5 wt% in this study.

Figure 4-9 summarized of H2/CH4 and CO2/CHj4 separation performance of the SAPO-
34/6FDA-mDAT MMMs. The X axis was the permeability ratio of the MMM s to the neat
membrane; Y axis was the ideal selectivity ratio of the MMM s to the neat membrane. The
cross composed of two dashed lines divides each graph into four parts. The upper-right

part means the permeability and ideal selectivity of the membrane are both higher than
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that of the neat polymer membrane which located at the dotted line intersection. Therefore,
the upper-right part of each graph presents the ideal region for the gas separation

performance of the MMM s.

H,/CH,
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Swit% (PhTMS)

5 wt% (original)
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Figure 4-9. Summary of CO,/CH4 separation performance of the SAPO-34/6FDA-mDAT MMMs
using original zeolite (triangle), PhAPTMS-modified (circle), APTMS-modified (diamond) and

PhTMS-modified (star) zeolite particles.

Figure 4-9 shows that the almost all the MMM s using 5 wt% of zeolites located at the
ideal region that provided both higher gas permeability and ideal selectivity than the neat
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polymer membrane. In terms of the ideal selectivity, the value order of the MMMs was
PhATMS-modified > PhTMS-modified > original zeolite. This was due to the PhATMS
improved the wettability of the zeolite particle and polymer matrix better than the Ph'TMS.

When increasing the content of the original and PhAPTMS-modified zeolite to 20 wt%,
the values dropped to the bottom-right part. This means the MMMs had higher
permeability and lower selectivity than that of the neat polymer membrane. It due to that
sieve-in-cage appeared in the membrane using original zeolite and agglomeration
occurred in the membrane using PhAPTMS-modified zeolite, as shown in Figure 4-6.
The ideal selectivity ratio of H»/CHs4 and CO2/CHs of the membrane using PhTMS-
modified zeolite to the neat polymer membrane was 0.21 and 0.22, which were not
displayed in the Figure 4-9. These values of ideal selectivity were all poor than that of the
membrane using PhRAPTMS-modified zeolite. This was due to the agglomeration of the
membrane using Ph'TMS was much serious than the MMM s. In terms of the MMMs using
APTMS-modified zeolite, the values located at the left part. This was due to the APTMS

blocked the pore of zeolite seriously.
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4.4 Conclusions

The SAPO-34/6FDA-mDAT MMMs were prepared with silane surface modification
for gas separation. The silane coupling reagent, PnAPTMS, was the first time applied to
modify the surface of the SAPO-34 particles in order to improve the compatibility of the
filler and 6FDA-mDAT matrix. When the filler content was 5 wt%, the PhAPTMS-
modified SAPO-34 both increased the gas permeability and selectivity compared with the
neat polymer membrane and the original SAPO-34 MMM s. This was attributed to that
the PhAPTMS enhanced the affinity of the filler particles with polymer matrix. When the
filler content over 10 wt%, the separation performance of the PhAPTMS-modified
SAPO-34 MMM was lower than the original SAPO-34 MMM. This was due to that the
agglomeration occurred in the PhnAPTMS-modified filler in the MMMs. Therefore, there
was an antagonism effect on the membrane performance: positive effect from zeolite pore
(molecular sieving effect); negative effect from defects (sieve-in-a-cage/agglomeration).
The PhAPTMS was effective to enhance the separation performance of the SAPO-

34/6FDA-mDAT MMMs when the filler content less than 10 wt% in this study.

107



4.5 References

[1]

2]

[5]

[9]

T.S. Chung, LY. Jiang, Y. Li, S. Kulprathipanja, Mixed matrix membranes
(MMMs) comprising organic polymers with dispersed inorganic fillers for gas
separation, Prog. Polym. Sci. 32 (2007) 483-507.

B. Shimekit, H. Mukhtar, T. Murugesan, Prediction of the relative permeability of
gases in mixed matrix membranes, J. Memb. Sci. 373 (2011) 152—-159.

H. Vinh-Thang, S. Kaliaguine, Predictive models for mixed-matrix membrane
performance: A review, Chem. Rev. 113 (2013) 4980-5028.

M. Galizia, W.S. Chi, Z.P. Smith, T.C. Merkel, R.W. Baker, B.D. Freeman, 50th
Anniversary perspective: Polymers and mixed matrix Membranes for gas and
vapor separation: A review and prospective opportunities, Macromolecules. 50
(2017) 7809-7843.

Y. Cheng, Z. Wang, D. Zhao, Mixed Matrix Membranes for Natural Gas
Upgrading: Current Status and Opportunities, Ind. Eng. Chem. Res. 57 (2018)
4139-4169.

K. Tanaka, J. Taguchi, J.Q. Hao, H. Kita, K. Okamoto, Permeation and separation
properties of polyimide membranes to olefins and paraffins, J. Membr. Sci. 121
(1996) 197-207.

C. Cao, R. Wang, T.S. Chung, Y. Liu, Formation of high-performance 6FDA-2,6-
DAT asymmetric composite hollow fiber membranes for CO2/CH4 separation, J.
Memb. Sci. 209 (2002) 309-319.

L.M. Robeson, The upper bound revisited, J. Memb. Sci. 320 (2008) 390—400.

T. Wu, Y. Liu, I. Kumakiri, K. Tanaka, X. Chen, H. Kita, Preparation and

108



[10]

[11]

[12]

[13]

[14]

[15]

[16]

permeation properties of PESU-based mixed matrix membranes with nano-sized
CHA zeolites, J. Chem. Eng. Japan. 52 (2019) 514-520.

E. Karatay, H. Kalipgilar, L. Yilmaz, Preparation and performance assessment of
binary and ternary PES-SAPO 34-HMA based gas separation membranes, J.
Memb. Sci. 364 (2010) 75-81.

M. Wang, Z. Wang, N. Li, J. Liao, S. Zhao, J. Wang, S. Wang, Relationship
between polymer-filler interfaces in separation layers and gas transport properties
of mixed matrix composite membranes, J. Memb. Sci. 495 (2015) 252-268.

C. Takai, M. Fuji, M. Takahashi, A novel surface designed technique to disperse
silica nano particle into polymer, Colloids Surfaces A Physicochem. Eng. Asp. 292
(2007) 79-82.

N.N. Rosyadah Ahmad, H. Mukhtar, D.F. Mohshim, R. Nasir, Z. Man, Surface
modification in inorganic filler of mixed matrix membrane for enhancing the gas
separation performance, Rev. Chem. Eng. 32 (2016) 181-200.

M.U.M. Junaidi, C.P. Khoo, C.P. Leo, A.L. Ahmad, The effects of solvents on the
modification of SAPO-34 zeolite using 3-aminopropyl trimethoxy silane for the
preparation of asymmetric polysulfone mixed matrix membrane in the application
of CO» separation, Micropor. Mesopor. Mater. 192 (2014) 52-59.

Y. Li, HM. Guan, T.S. Chung, S. Kulprathipanja, Effects of novel silane
modification of zeolite surface on polymer chain rigidification and partial pore
blockage in polyethersulfone (PES)-zeolite A mixed matrix membranes, J. Memb.
Sci. 275 (2006) 17-28.

M. Mosadegh, F. Amirkhani, H. Riasat Harami, M. Asghari, M.J. Parnian, Effect

of Nafion and APTEOS functionalization on mixed gas separation of PEBA-FAU

109



[17]

[18]

membranes: Experimental study and MD and GCMC simulations, Sep. Purif.
Technol. 247 (2020).

H.R. Amedi, M. Aghajani, Aminosilane-functionalized ZIF-8/PEBA mixed matrix
membrane for gas separation application, Micropor. Mesopor. Mater. 247 (2017)
124-135.

M. Thommes, K. Kaneko, A. V. Neimark, J.P. Olivier, F. Rodriguez-Reinoso, J.
Rouquerol, K.S.W. Sing, Physisorption of gases, with special reference to the
evaluation of surface area and pore size distribution (IUPAC Technical Report),

Pure Appl. Chem. 87 (2015) 1051-1069.

110



Chapter 5 Summary and Prospects

5.1 Summary

In this thesis, we had investigated the preparation and separation performance of
mechano-synthesized ZIF-8/6FDA-TrMPD, SAPO-34/PES, and SAPO-34/6FDA-mDAT
MMMs. All the MMM s provided a higher separation performance than their neat polymer
membranes.

The MMMs composited of mechanochemically synthesized ZIF-8 nanoparticles and
6FDA-TrMPD polyimide were prepared in Chapter 2. The pre-treatment of the ZIF-8
nanoparticles by using ball milling helps the dispersion of the filler in the MMMSs. The
C3Hg permeability and C3He/CsHs ideal selectivity of a 20 wt% mechano-synthesized
ZIF-8/6FDA-TrMPD MMM were 70% and 32% higher than those of the neat polymer
membrane at 0.1 MPa and 308 K, respectively. The C3H¢/C3Hg separation performance
of the mechano-synthesized ZIF-8 MMM was similar to that of the conventional
solvothermal-synthesized ZIF-8 MMM. This separation performance was in good
agreement with the Maxwell model. Temperature and pressure dependence analyses
confirmed that the mechano-synthesized ZIF-8 nanoparticles acted as molecular sieves in
the MMM s for the C3Hg and C3Hg permeation.

The CO2/CH4 separation performance of commercialized SAPO-34 zeolite/PES
MMMs as well as the gas diffusivity and solubility had been investigated in Chapter 3.
The MMMs using 30 wt% SAPO-34 provided a CO; permeability and CO»/CH4 ideal
selectivity at 0.1 MPa and 35 °C about 15 barrer and 51, respectively. In our previous

paper, the PES MMMs using laboratory-made SAPO-34 provided both higher
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permeability and selectivity than the neat PES membrane. The performance of the
commercial SAPO-34 filled MMM s in this study exceeded their performance. We also
investigated the performance of these MMMs in terms of gas diffusivity and solubility.
The increase in the diffusivity selectivity was greater for the commercial SAPO-34
MMM s than for the laboratory-made SAPO-34 MMMs. The difference was attributed to
the amounts of defects. The performance of the MMMs in this study was also superior to
that of the reported SAPO-34/PES MMMs in literature where the filler surface was
modified to improve the compatibility of the filler and PES matrix. These results suggest
that the use of the commercial SAPO-34 and an appropriate surface modification has the
potential to improve the performance of the MMMs

Due to the high CO,/CHjy selectivity, the 6FDA-mDAT polyimide was selected as a
polymer matrix to be blended with the SAPO-34 zeolite in Chapter 4. The silane
coupling reagent, PhAPTMS aminosilane, was the first time applied to modify the surface
of the SAPO-34 particles. Compared to the common used APTMS aminosilane block the
pore of the zeolite seriously, the presence of benzene-ring in the PAAPTMS can avoid this
problem. Due to the presence of the amino-group, the PhAAPTMS can improve the
compatibility of the zeolite and polymer better than the PhTMS which only contains
benzene-ring. Therefore, the PnAPTMS is a promising silane coupling reagent for the

improvement on the separation performance of the MMMs.
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5.2 Prospects

The Maxwell model predicts that high content of mechano-synthesized ZIF-8/6FDA-
TrMPD MMMs can provide a better separation performance than the current result. The
preparation process of the MMMs should be improved. The agglomeration of mechano-
synthesized ZIF-8 nanoparticles can be improved by priming, beads milling, chemical
functionalization and so on.

The separation performance of the SAPO-34/PES membrane can be improved by
eliminating the sieve-in-a-cages. The silane coupling reaction and amine
functionalization are the promising improvement methods.

In order to avoid the agglomeration of PhAPTMS-modified SAPO-34 zeolite in the
6FDA-mDAT MMMs, the amount of the PhRAPTMS (the ratio of the aminosilane to the
zeolite particles) and the time of the modification reaction time should be optimized.

Novel microporous materials such as AEI zeolite (por size: 0.38%0.38 nm), AFX zeolite
(0.34x0.36 nm) and SAS zeolite (0.42x0.42 nm) could be used to prepare the MMMs for

gas separation.
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