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Abstract

Gas separation is an important process in the field of chemical engineering and usually
achieves by some energy-intensive processes such as absorption, adsorption and
distillation. In the view of worldwide sustainable development, and chemical industry
demands low costs and high efficient processes. Membrane based gas separation
provides an alternate way to those energy-intensive processes due to less-environment
impact, lower energy consumption and more efficiency. Polymer membranes are widely
used in gas separation processes while the low performance as described in Robeson
plot limited its application. Zeolite membranes are being developed and display much
higher performance over polymer membranes. Recently, the CHA zeolite membranes
attract much attention in natural gas separations. AEI type zeolites, similar to CHA type
zeolites, own a 3D pore structure system with the size of ~0.38nm that close to the
kinetic diameter of light gases, indicating the ability for light gas separation by
membrane processes. At the same time, mixed matrix membranes (MMMs), with less
expensive and medium performance compared to zeolite membranes, are intensively
investigated those years.

With this respect, we devoted our attention to prepare and investigate gas permeation
properties of AEI and CHA zeolite membranes as well as AEI-type, CHA-type zeolites
filled mixed matrix membranes. This thesis can be divided into seven Chapters. Chapter
1 is the overview of membrane based gas separation processes and the corresponding
gas separation membranes as well as some importance applications.

In Chapter 2, three AEI type AIPO-18 zeolites with crystal sizes of 300 to 700 nm, one
CHA type SSZ-13 zeolite of ~400 nm and six CHA type SAPO-34 zeolites with crystal
sizes range from 0.1 to 3 um were prepared by using different gel compositions.

In Chapter 3, AIPO-18 membranes were prepared by using combined TEAOH and
DIPEA templates, single TEAOH template and single DIPEA template, respectively.
AIPO-5 impurity was formed by using n(DIPEA) from 1.0 to 1.2 when synthesized at
478K for 48h. The corresponding gas permeation properties were also investigated. The
as-synthesized AIPO-18 membranes through combined TEAOH and DIPEA templates
displayed moderate CO> single gas permeance with lowest CO2/CHjy ideal selectivity.

The obtained AIPO-18 membranes by single TEAOH template displayed highest



CO2/CHy4 selectivity however lowest CO> gas permeance. The AIPO-18 membrane
prepared with single DIPEA template displayed highest CO; single gas permeance and
moderate CO2/CHj4 ideal selectivity. Meanwhile, gas permeation properties of both pure
and impure AIPO-18 membranes were affected by measuring conditions of temperature
and pressure. CO> and N> single gas permeances decreased dramatically by increasing
temperature, while CH4 single gas permeance was almost independent of temperature.
Pressure also decreased CO»> single gas permeance however slightly increased both N>
and CHy single gas permeances.

In Chapter 4, two types CHA zeolite membranes (SAPO-34 and SSZ-13) are used for
CO»/CHa, N»/CHas, and CO»/i-butane separations at both low (270 and 350kPa) and
high (1.73MPa) pressures. The SSZ-13 membranes were more selective, with CO,/CHy4
separation selectivity as high as 280 and N»/CHjy separation selectivity of 12 at 270 kPa
feed pressure. The COa/i-butane separation selectivities were greater than 500,000 for
SAPO-34 membranes but were smaller for SSZ-13 membranes (2,800-20,000) due to
concentration polarization and possible O-ring sealing. SSZ-13 membranes separated
CO2/CHs mixtures with higher selectivity (> 200 at high pressure) than SAPO-34
membranes, but their permeances were only ~10% of the SAPO-34 membrane
permeances because the SSZ-13 membranes are thicker. The effects of propane
impurity with the different concentrations on the SAPO-34 and SSZ-13 membranes for
both CO,/CH4 and N2/CH4 are discussed. Propane continuously decreases CO> and N>
permeances for both SSZ-13 and SAPO-34 membranes at low pressures, but
permeances decreased ten times faster for SAPO-34 membranes. Propane only changed
selectivities slightly but steady state was not reached after seven days.

In Chapter 5, gas permeation properties on PESU based flat mixed matrix membranes
by filling CHA type SAPO-34, SSZ-13 and AEI type AIPO-18 zeolites were
investigated. CHA type zeolites loaded PESU-MMMs showed higher gas separation
performance than AEI type zeolites loaded PESU-MMMs. The PESU-MMMs by
incorporating homogeneous SAPO-34-3 with the crystal size of 200 nm and SSZ-13
with the crystal size of 400 nm showed a continuous interface with less defects. SAPO-
34 as the filler showed higher ideal selectivity and SSZ-13 as the filler displayed higher
single gas permeability. Moreover, CO; single gas permeability and CO2/CH4 ideal
selectivity was increased by increasing the filler loading from 20 wt.% to 30 wt.% for
SAPO-34 with 200nm crystals size.

In Chapter 6, gas permeation properties on 6FDA-TrMPD (PI) based flat mixed matrix
I



membranes by filling both homogeneous and heterogeneous SAPO-34 zeolites were
investigated. Single gas permeability was dramatically improved by filling both
homogeneous and heterogeneous zeolites along with decreasing a little ideal selectivity.
Single gas permeability was improved as increasing the filler loading with 20 wt.%, 30
wt.% and 40 wt.%. Higher permeability membrane can be obtained by loading
homogeneous zeolites. Meanwhile, using milling method to prepare 6FDA-TrMPD
(PD/SAPO-34 MMMs can improve both CO> single gas permeability and CO>/CH4
selectivity.

Finally, Chapter 7 summarized the main contents of this thesis.
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Chapter 1 Introduction

1.1 Membranes for gas separation

The gas separation technology by using membrane-based materials has attracted
much attentions in a plenty of chemical industrial processes since last century during
1980s [1-8]. Back to the past centuries, the gas transport properties were firstly
observed by Mitchell through the balloons that made by the natural rubber-India rubber,
and in 1860, the remarkable contribution was obtained by Thomas Graham, who later
described the basic principle concept and theory of gas transportation with nonporous
polymer membranes for gas separation in 1866 [9]. Since then, a plenty of researches
were performed for the gas separation through membranes, and until approximately in
1970s, the commercial industrial by gas separation membranes were established. The
membrane-based gas separation processes were grown exponentially following [10,11].
In recent 30 years, the membrane-based gas separations have already made a big
progress and showed a competitive strength compared with the well-established process
such as pressure swing adsorption [12—14], absorption [15] and cryogenic distillation
[16—-18] due to the energy-saving, low capital cost, environment friendly and easy-
operation effects [4,8,19-23]. The membranes-based gas separation process showed a
broad application in many industrial processes, such as CO2/CH4 and N2/CHgs
separation in natural gas, O»/N> separation in air separation, CO2/N> separation from
post-combustion gases and H» purification from the mixtures with N> or hydrocarbons
in petrochemical industrial.

Figure 1 shows the schematic gas separation process through membrane. One can
easily go through while the other one cannot. The perfect gas separation properties with
both high permeability and selectivity are the key point for gas separation membranes.
At the same time, the good thermal, hydrothermal, chemical-resistance and stability are
also important for membranes in gas separation industries. There are varieties types of

membrane classifications according to the different chemical and physical properties.
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In this thesis, the gas separation membranes are cataloged into three groups based on
the nature of the membranes materials: polymer membrane, inorganic membrane and

mixed matrix membrane.

Membrane
Retentate

Permeance

Figure 1 The schematic gas separation process of membrane.

1.1.1 Polymer membranes

The first successful membrane-based practical gas separation application was
performed by polymer membrane and built in 1979-1980 by Monsanto [8]. Since then,
many industrial gas separation applications were performed by using polymer
membranes. According to the properties, the polymer membranes can be classified into
rubbery and glassy polymers. Figure 2 described some examples of the polymer
membranes for gas separations in the industrial applications. Polymer membranes
[7,19,24-28] with the good processability, low operating cost, high flexibility and
scalability [29], currently dominate the membrane-based gas separation markets [30]
and show attractivities for air, hydrogen and CO: separations. Gas separations by
polymer membranes have been studied for over decades and lots of polymers have been
investigated as the membrane materials till now, while, so far, the potential and capable
polymer membrane materials for industrial gas separations are limited [31]. Table 1
summarized some current membrane materials used for the actual industrial gas
separations applications [19,29]. Both rubbery and glassy polymers can be used as the
promising materials for the gas separation membranes, such as the rubbery polymer-

silicon rubbery [32,33]and the glassy polymers [7,26,34] for example cellulose acetate



[35-37], polysulfone [27,38—40] and polymides [41-43].

Figure 2 Industrial application by polymer membranes for gas separations [44].
However, some disadvantages limited the gas separation application by polymer
membranes, such as lower thermal, chemical stability and poor resistance to the
contaminants. what’s more, the trade-off between permeability and selectivity
described in the Robeson plot [26,34] for polymeric membranes are also limited the
further improvement in the gas separation industrial.
Table 1 Industrial application of principal companies and membrane materials for gas

separations [29].

Polymer type Polymer materials Company

Glassy Polysulfone Permea (air separation)
Glassy Polysulfone, Polymide Grasys
Glassy Polymides MEDAL(air liquid separation)
Glassy Polymide Ube
Glassy Cellulose acetate Separex (UOP)
Glassy Ethyl cellulose Air Liquid
Glassy Tetrabromopolycarbonate Generon

Rubbery Silicon rubber MTR

Rubbery Poly(phenylene oxide) Aquila

As with the relative low capital costs and ability that can be applied into a variety
of applications [19], polymeric membranes still exhibit the big chance to apply for the
gas separations market, and the combination of both good permeability and selectivity,

as well as good stability of polymeric membranes is the main point for industrial
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application [45].

1.1.2 Inorganic membranes

Inorganic membranes were developed since before 1945, as so far, the inorganic
membranes were widely investigated and played a significant role in numerous gas
separation applications [21]. Inorganic membranes are a kind of membrane that made
of a series of materials like zeolite, silica, ceramic, carbon, oxides, metals and so on,
which have higher selectivity and permeability and can bear much severer operating
conditions such as higher chemical resistance [46] compared with polymer membranes
[47.48]. Figure 3 shows the structure of the inorganic membranes according to Ismail
[21]. The inorganic membranes can be classified into two categories based on the
structure properties: dense and porous membranes, and base on the pore structure, the
porous membranes can be distributed into asymmetric and symmetric membranes
[21,49]. The dense membranes are studied less due to the lower permeability [21] and
higher cost compared with the porous membranes. In recent years, the porous inorganic
membranes, such as the zeolite membranes and carbon molecular sieve membranes, as
with the uniform, molecular-sized pore properties and excellent thermal, chemical
stabilities, meanwhile with a much higher permeability and stability, displayed a
widespread and intensive studies in gas separation processes. And for the porous
inorganic membranes, one of the key parameter is the pore size. According to the
IUPAC definition of the pore diameter, the inorganic membranes can be classified into
three types: microporous membrane with the pore diameter less than 2nm, mesoporous
membrane with the pore size in the range from 2nm to 50nm, the microporous
membrane with the pore lager than 50nm. For separating small-molecular gases, the
microporous membranes will be more effective. For examples, the zeolite membranes:
SAPO-34 membranes [50-55], SSZ-13 membranes [56—60], AIPO-18 membranes [61—
63], T membranes [64,65], DDR membranes [66—68] and NaY membrane [69] show

good separations for CO,/CHjy separation.
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Figure 3 Structure of inorganic membranes [21].
However, since the inorganic membranes show good gas separation performances
that above the trade-off between permeability and selectivity, the inorganic membranes
still face some problems that restricted scale up for gas separation industrial because of

the poor reproducibility, the difficult of making defect-free layers and fabricating cost.

1.1.3 Mixed matrix membranes

Mixed Matrix Membranes (MMMs), which is comprised by embedding inorganic
fillers into a polymeric matrix, indicating one of the alternative candidate to overcome
these limitations between polymer and inorganic membranes for gas separation. The
Mixed Matrix Membranes(MMMs) were first reported in 1970s by Paul et al when
filling SA zeolite into a rubbery polydimethylsiloxane membrane [70], a delay time lag
was investigated between different diffusions in CO, and CHs on the
polydimethylsiloxane-based SA MMMs. And the numerous efforts have been made
since from the first investigation of the MMM, and a lot of intensive researches were
acquired in recent years [20,71-78].

The ideal Mixed Matrix Membranes (MMMs) were developed by combining both
the advantages of polymer matrix and the inorganic fillers, which can be own the
flexible properties of the polymer as well as the higher permeability and selectivity of
inorganic fillers [72]. Figure 4 shows the structure and schematic diagram of various
morphologies of MMMs. In theoretical, there are only two phases in the MMMs and
defect-free, while, the properties of the incorporated fillers and the connection with the

matrix polymer will affect the properties of the nearby polymer, hence affect the
5



MMMs gas separation properties. The nonideal MMMs morphologies were also
showed in Figure 4. Since the poor adhesion between the filler and the polymer matrix,
the packing configuration of the vicinity polymer, the polymer chain dynamic and
conformation, the force between the filler and the nearby polymer, the agglomeration
of filler all-over affect the configuration of the morphologies of the all MMMs, and in
some degree decrease the MMMs permeability or selectivity. The non-ideal
morphologies normally can be classified into three types which described in Figure 4:
the interfacial voids, the rigidified polymer layer and some pore blockages within the
fillers [71,72,79]. The MMMs are normally classified into three different types
according to the literatures: solid-polymer MMMs, liquid polymer MMM s and solid-
liquid-polymer MMMs [79,80], and there are only few studies working on the liquid-
polymer and solid-liquid-polymer MMMs [80-84], and most attentions were focus on
solid-polymer membranes. The conventional fillers for solid-polymer MMMs were
zeolites [76,85-87], CMS [88,89] and silica [74,90-92]. Meanwhile, some new
materials such as carbon nanotubes [93] and MOFs [78] were adopted to be new fillers
and the modification by changing the surface properties of the filler to improve the
interfacial connections as new strategies in order to improve the gas separation

properties of Mixed Matrix Membranes.

/ Filler

. . Ideal morphology
Mixed Matrix VMembrane I o

Polymer matrix

—

Intertacial voids
Fillers

Rigidified polvmer layer
Interfacial
voids Polymer matrix

Pore blockage

Figure 4 Structure and schematic diagram of various morphologies of Mixed Matrix Membranes.



1.2 Separation mechanism

The gas mixtures can be separate through the membranes based on the different
gas permeability through the membranes. 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 properties of the membranes, in general, two categories can be
roughly described for the membranes for gas separation. Figure 5 illustrates the four
gas transport mechanisms that used to describe the gas transportation properties that
through the porous (viscous flow, Knudsen diffusion, molecular sieving) and nonporous

(solution diffusion) membranes.

Figure 5 Gas transport mechanism for the gas separation membrane.

Viscous flow: The viscous flow happens if the porous membranes have the relatively
large pore sizes range from 0.1-10um, which is much bigger than the gas molecules,

there are no separations when the gas permeate through the viscous flow.

Knudsen diffusion: The Knudsen diffusion usually takes place as the porous
membranes have a pore size smaller than 50nm [6], and the pores in the membrane
layers are in the same size or smaller in diameter than the mean free path of the gas
molecules. The two gases that separated by Knudsen diffusion was basically based on
the difference between these two gases molecular weights, which is proportional to the

inverse square root ratio of the molecular weights [7,94]. The Knudsen selectivity for
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some selected gas pairs and the gases properties were summarized in Table 2.

Table 2 Gas properties and calculated selectivity based on Knudsen diffusion.

Gas Molecular weight Kinetic diameter(A) Gas pairs Knudsen selectivity
He 4 2.60 H,/O, 4.00
H, 2 2.89 H,/N, 3.74
0, 32 3.46 H,/CO, 4.69
N, 28 3.64 H,/CH, 2.83
CcoO, 44 3.30 COy/N, 0.80
CH, 16 3.80 CO,/CH, 0.60
n-C;H,o 58 4.69 N,/CH, 0.76
i-C4Hyp 58 5.28 0,/N, 0.94
SFg 146 5.50

Molecular sieving: When the pores of the membranes that are similar to the molecular
sizes that to be separated, then the separation can be achieved by molecular sieving,
that is, as the membrane pore size between the diameter of two different gases, the

smaller gas molecules can pass through the membrane, while the larger molecules are

excluded [6,7,20,94].

Solution diffusion: For the nonporous membranes, the gas transportation is quite
different from that of porous membranes, which is mostly based on the solution-
diffusion transport mechanism: the permeants dissolve first in the membrane and then

diffuse through the membrane.

The solution-diffusion transport mechanism can be described in three steps [6,94]
also shown in Figure 5. Firstly, the gas molecules condensed and dissolved on the
surface of the membrane layer, secondly, the activated diffusion through the membrane
layer happened under the driving force that is pressure or concentration gradient [29];

thirdly, the gas molecules desorbed in the other side of the membrane.

In the solution-diffusion membrane, both the solubility and the diffusivity

determine the permeability, which can be formulated as
P=D S

The solubility favors the more condensable gases while the diffusivity favors the

smaller gases [28,95]. The gas transportation is more complicated for the practical



application, which may combine of the mechanisms above.

1.3 Gas separation applications

Membrane based gas separations have received many intensive studies and shown
great potential applications in lots of domains of industry processes. Table 3 listed some
principal developed gas separations that was summarized by Yampolskii [3,19] the
details were discussed below:

Table 3 Gas separation application.

Application Gas pairs  Knudsen selectivity Status
H,/0O, 4.00
. H,/N, 3.74 Various H, recovery applications in refineries,
H, purification ; ;
H,/CO, 4.69 petrochemical and ammonia plants
H,/CH, 2.83
. CO,/N, 0.80
CO, separation - Separate CO, from natural gas and flue gas
CO,/CH, 0.60
N,/CH, 0.76 Natural gas purification
. . 0,/N, 0.94 . : 5
Air separation T Obtain grade N, or O, enriched air
O,/Ar 1.12

1.3.1 Ha purification

H; is considered as a clean, efficiency and environmental-friendly energy as its
combustion products only contains water [94]. Separation and purification of H>
displayed a significant effect on the energy security, air pollution and the global climate
change. The first large-scale commercial application of H; separation by membrane was
established in the separation hydrogen from N>, CHs and Ar in ammonia industry [5].
As a small and non-condensable gas, H» is easily permeate through membranes when
compared with other gases. Up to now, various large scale H» recover applications
established and lied in the industrial of ammonia synthesis, refinery, syngas and the
petrochemical plants. It is necessary to separate H> from CHi, CO, CO: etc. H»
separation by membrane was firstly focus on the polymer membranes due to the quite
high diffusion coefficient [94], polymeric membranes still exhibit a widely application

in H> recovery industries with high selectivity currently, while the thermal stability



under high temperatures still limit the polymer membranes’ application. Many research
groups also investigated the inorganic membranes for H» separation. Li et al [95] and
Nathan et al [96] reviewed the Hydrogen separation inorganic membranes including
porous and dense membranes. The H» selective porous inorganic membrane includes
zeolite membranes, silica membranes, carbon based membranes, metal organic
frameworks (MOFs) membranes and the amorphous metal oxide membranes; the dense

inorganic membranes like Metallic Membranes [96].

1.3.2 COz separation

Removal of CO, from flue gas steam was first adopting as a way to mitigate the
effect of greenhouse [97]. As with the industrial development that lead to a huge
increase consumption in fossil fuel and natural gas, CO», by far, has become the main
cause of global warming, which should be a big urgent to separate from fuel gas and
natural gas. In recent years, membrane technology has been investigated to prevent the
greenhouse emissions with the advantage of lower power consumption [98]. The main
areas to release the greenhouse effect is to separate CO> from Ny, in the other hand, one
of the important application for separating CO is to separate CO: from the natural gas.
As the main contaminate in natural gas, it will decrease the heat value of the natural
gas, meanwhile, for the gas transportation process, the pipeline will be corrosive when
CO; exists in the presence of moisture. Many types membrane materials are studied for
CO; separation, the first one is the polymeric membrane. In the early time, the cellulose
acetate and its derivatives formed with a thin dense selective layer are used for CO»
separation [99]. However, due to the plasticization effects, the polymeric membranes
are easy to lose the flux of CO». Since the polymeric membranes are the widely used
materials, there are still somehow imperfect to meet the criterion of current membrane
separation process. Improvements still need to be made for CO> separation. The
inorganic membranes, because of the high temperature stability, indicated a much
attractive attention for CO» separation, till now, especially for the zeolite membranes,

for instances, as T [64], DDR [68], SAPO-34 [50,52-54], Si-CHA [100], SSZ-13
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[56,60], SAPO-17 as well as AIPO-17 [101], AIPO-18 [62,63] membranes are widely
investigated for CO» separation. The zeolite membranes showed both high CO2/CH4
selectivity and CO» permeability that are above to the upper bound of the Roberson plot
that is commonly used to compare polymers membranes [34]. Meanwhile, mixed

matrix membranes [77,87] are also showed the separation properties to separate CO».

1.3.3 Air separation

Separate enriched nitrogen and oxygen from the air has a significant effect on the
chemical industry [102]. As with the economical and configuration consideration,
membrane-based gas separation processes own the advantages compared with the
traditional and conventional separation method such as cryogenic distillation and
absorption. Since the first effective air separation membranes that separate the O> from
N> with the selectivity of 4, a big progress that improved the O»/N selectivity from 8
to 12 without losing the permeation rate have already made through membranes
separation, which might reduce the cost [5]. However, the main studies for O2/Na,
separation are polymeric membranes. and only some particular polymeric membranes
can adopt for this separation, commercially available polymeric membranes are still

underground [103].

1.4 Thesis overview

In this thesis, we will prepare the AEI, CHA zeolite membranes and AEI, CHA
zeolites filled mixed matrix membranes and study the gas permeation properties of
those prepared zeolite membranes and mixed matrix membranes. The gas permeation
properties of AEI zeolite membranes are studied by using different templates TEAOH
and DIPEA. For the CHA zeolite membranes, the effects of propane in feed for
CO2/CH4 and N2/CH4 separation are investigated. The mixed matrix membranes are
prepared with loading AIPO-18, SAPO-34 and SSZ-13 zeolites into PESU and 6FDA-
TrMPD polymer matrix.

(1) Chapter 1

11



It describes the critical background of the subjects in this thesis. It provides the

overview of gas separation and the main gas separation membranes. Gas separation

mechanisms and the membrane for gas separation applications are also reviewed.

(2) Chapter 2

The AEI-type AIPO-18 and CHA-type SAPO-34 and SSZ-13 zeolites are prepared.

Different crystals sizes zeolites have been obtained by changing the synthesis

parameters.

(3) Chapter 3

The AEI type AIPO-18 zeolite membranes are fabricated by using the crystals prepared

in Chapter 2 as seeds. Effects of the single and combined templates on the synthesis of
the AIPO-18 zeolite membranes are investigated. The as-synthesized AIPO-18 zeolite

membranes are applied for gas permeation test. Effects of temperature and pressure on

the gas permeation properties of those AIPO-18 zeolite membranes are discussed.

(4) Chapter 4

Two types CHA zeolite membranes (SAPO-34 and SSZ-13) are used for CO2/CHa,

N2/CHa, and CO,/i-butane separations at both low (270 and 350kPa) and high (1.73MPa)
pressures. The effects of propane impurity with the different concentrations on the

SAPO-34 and SSZ-13 membranes for both CO2/CHs and No/CHy are discussed.

(5) Chapter 5

CHA and AEI zeolites are used as filler to prepare the flat self-supported PESU-based

mixed matrix membranes (MMMs). The effects of the crystals sizes and the loading

amount on the gas permeation properties of the MMMs are discussed.

(6) Chapter 6

CHA type SAPO-34 zeolites are used as filler to incorporate into 6FDA-TrMPD (PI)

polymer matrix to prepare the self-supported mixed matrix membranes (MMMs). The

effects of the crystals sizes and the loading amount on the gas permeation properties of
the MMM s are discussed.

(7) Chapter 7

A summary of this dissertation and future work are also proposed.
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Chapter 2 Preparation and Characterization of CHA and AEI

Zeolites

2.1 Introduction

Zeolites are one of the kind of crystalline microporous structure materials that
consisted of TOj4 tetrahedral units by sharing all the neighbor oxygen atoms to form
regular cavities and channels in molecular dimensions [1-3], and T mostly equals to Si
and Al atoms, it can be replaced by other heteroatoms like B, Mg, Ca, Ti, Be etc [1].
Different zeolites own the uniform and periodic pore structures, unique and particular
pore sizes and specific surface areas, which have been widely used for catalysis,
absorbent and separation [4]. In 1980s, a new class of crystalline materials, zeolite-like
aluminophosphates (AIPOs) materials, were reported by Wilson et al [S]. The AIPOs
crystalline own microporous structures that were only built with TO4 tetrahedral units
of equimolar AlO4 and PO;4" tetrahedral, which formed a neutral open-framework and
without ion-exchange ability [6]; and the silicoaluminophosphates (SAPOs), are the
same class materials as AIPOs, while the T atoms were partially substituted by Si [7].
Among the AIPOs and SAPOs materials, the SAPO-34 [8—12] and AIPO-18 [13,14]
have already attracted much attentions for light gas separations such as CO2/CHa,
No/CH4, H2/CH4 and CO2/N; during these years.

SAPO-34 and AIPO-18 zeolites, have the similar structural properties with a little
difference in ring arrangement [15,16]. Thus made SAPO-34 has the structure of CHA
and AIPO-18 has a structure of AEI [2]. The Pore architecture of CHA and AEI
framework were shown in Figure 2-1 and Figure 2-2, respectively. Both of CHA and
AEl-type zeolites have a three-dimensional pore system constructed by 8-membered
intersecting channels, and formed a pore with a diameter of 0.38 nm [2]. The pore
properties of CHA and AEI framework indicate SAPO-34 and AIPO-18 are good
candidates for CO: (kinetic diameter of 0.33 nm), N> (kinetic diameter of 0.364 nm)
and CHy4 (kinetic diameter of 0.38 nm) separation.

Another aluminosilicate zeolite SSZ-13, owns the same CHA framework as SAPO-
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34 [2], while without PO4" tetrahedral in the structure, the difference in SAPO-34 and
SSZ-13 structure may display different gas permeation properties in gas separation

process.

Figure 2.1 Pore architecture of SAPO-34 and SSZ-13 (CHA-type) [2].

Sframework viewed along [(001]

Figure 2.2 Pore architecture of AIPO-18 (AEI-type) [2].
In this work, we prepared both CHA type SAPO-34, SSZ-13 zeolites and AEI type
AIPO-18 zeolites. One SSZ-13 and some SAPO-34 and AIPO-18 zeolites were obtained.
The effect of single or combined templates and the corresponding synthesis conditions

were investigated for preparing different sizes AIPO-18 and SAPO-34 zeolites.

2.2 Experimental

2.2.1 Synthesis of SSZ-13 crystals

SSZ-13 zeolites were synthesized according to Hudson et al. [17]. First was to

prepare the structure-directing agent (SDA): N, N, N-trimethyl-1-adamantanamine
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iodide (TMAAI).

10g 1-adamantanamine (97%, Sigma-Aldrich) was firstly dissolved into 24.8 g
methanol (99.7%, Wako), and 9 g of tributylamine (98.5%, Wako) was added into the
solution, stirred for 15 min, then added 28.4 g of methyl iodide (99.5% Wako) in a drop-
wise fashion under ice bath condition. The final solution was stirred for another 5 days
at room temperature. At last, precipitated the final solution with 100 mL of diethyl ether
(Wako) by further 30 min, stirred to get the product. The obtained product was then
wash with 200ml diethyl ether and dried at room temperature overnight.

SSZ-13 zeolite was prepared by mixing 5 g of sodium silicate (Sigma-Aldrich) and
0.16 g of NaOH (97%, Wako) to 12 g water. Stirred at room temperature for 15 min;
later, added 0.5 g of NH4-Y zeolite (Wako) to the solution and stirred for 30 min. Next,
added 0.8 g prepared of N, N, N-trimethyl-1-adamantanamine iodide (TMAAI) and
stirred for another 30 min, transferred the resulting solution into Teflon-lined autoclaves
and synthesized at 423K with rotation rate of~15 r/min for 6 days. The products were
then centrifuged at 3500 rpm for 30 min and washed with DI water, dried overnight in

an oven at 323 K for 1 day. Then calcined under air atmosphere at 823K for 8h.
2.2.2 Synthesis of SAPO-34 crystals

Two synthesis routes were adopted to prepare SAPO-34 through different gel
compositions.

Route 1 was synthesized by single template TEAOH with the gel composition of
1AL1203:2P205:0.6S102:4TEAOH:75H20 similar as the procedure of Thomas Bein et al.
[18], Al(i-C3H70)3 (98%, Sigma-Aldrich), TEAOH (35% aqueous solution, TCI and
Sigma-Aldrich) and deionized water were mixed well and stirred for 2-3 h to form a
homogeneous solution. Then Si source (TM-40,40%, Sigma-Aldrich; AS-40, 40%,
Sigma-Aldrich; TEOS, 98%, Sigma-Aldrich) were added slowly and stirred for another
2-3h, then the H3PO4 (85% aqueous solution, TCI) was added in a drop-wise fashion
and the resulting solution was stirred for a period of time at room temperature. Then
the final gel was transferred to a Teflon-lined autoclave. The stationary hydrothermal

synthesis was carried out in an oven at 453 K for 4-12 h and 473K for 12h.
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Route 2 was prepared with using combined templates of TEAOH and DIPEA with
the gel composition of 1A1,03:1P205:0.6S10,2:1.5TEAOH:0.5DIPEA:75H,0. Firstly,
mixing Al(i-C3H70)3 (98%, Sigma-Aldrich), H3PO4 (85% aqueous solution, TCI and
Sigma-Aldrich) and distilled water for 3 h, following added Si source (TEOS, 98%,
Sigma-Aldrich), stirred for another 3h, then TEAOH (35% aqueous solution, Sigma-
Aldrich) was added and stirred for 30min, finally added the DIPEA (99%, Wako), then
the resulting solution was stirred for 12h at room temperature. The final gel was at last
transferred to a Teflon-lined autoclave and synthesized in an oven at 473K for 12 or
24h.

After synthesis, the SAPO-34 seeds were centrifuged at 3500 rpm for 40 min and
washed with DI water. The resulting SAPO-34 seeds were dried overnight in an oven
at 323 K for one day. Then calcined under air atmosphere at 823K for 8h with the
increasing and cooling rate of 10K/min until neutral. The powders were dried and saved

in an oven at 353 K for later experiments.
2.2.3 Synthesis of AIPO-18 crystals

Three AIPO-18 crystals were synthesized with the previously-described procedure
[14,19,20]. In a typical synthesis, Al(i-C3H70)3 (98%, Sigma-Aldrich), TEAOH (35%
aqueous solution) and deionized water were mixed and stirred for 1 h to form a
homogeneous solution. Then H3PO4 (85% aqueous solution, TCI) was added in a drop-
wise fashion and the resulting solution was stirred for 2 h at room temperature. The
final gel had a molar composition that described in Table 2-1 and was transferred to a
Teflon-lined autoclave. The stationary hydrothermal synthesis was carried out in an
oven at 423 K for 20 h. After the reaction mixture cooled below 343 K, the seeds were
centrifuged at 3500 rpm for 40 min and washed with DI water. The resulting AIPO-18
seeds were dried overnight in an oven at 323 K. and then calcined under air atmosphere

at 823K for 8h with the increasing and cooling rate of 10K/min.
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Table 2-1. Synthesis conditions of AIPO-18 zeolites.

Aged Syn.
Zeolite Gel composition
time(h) Conditions
AIPO-18-1 1A1,05:3.16P,05:6.32 TEAOH:186H,0 2 423K, 20h
AIPO-18-2  1ALO;:1P205:1.8 TEAOH: 60H,O:2IPA 2 423K, 20h
AIPO-18-3 1A1:05:1P,05:1.8 TEAOH:60H,O 2 423K, 20h

2.2.3 Characterization

The morphologies of as-synthesized CHA-type (SAPO-34 and SSZ-13) and AEI-
type AIPO-18 were determined by a field emission scanning electron microscope (FE-
SEM, JEOL JSM 6335F) at an acceleration voltage of SKV. The crystallinity of CHA-
type (SAPO-34 and SSZ-13) and AEl-type AIPO-18 were identified by X-ray
diffraction (XRD, SHIMADZU XRD-6100) using a Shimadzu XD-3 diffractometer

with Cu-Ka radiation at a scanning range of 26=5~45° and a scanning rate of 4°/min.

2.3 Results and discussion

2.3.1 SSZ-13 crystals

Figure 2-3 was the SEM image and corresponding XRD Pattern of CHA-type
aluminosilicate SSZ-13 zeolites, pure SSZ-13 zeolites were successfully prepared, and
the SSZ-13 crystals exhibited the typical SSZ-13 peaks and displayed the similar near-
cubic morphology as reported by Zheng et al [21] but smaller crystal size with the

homogenous size of ~400 nm according to the SEM images.
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Figure2-3 SEM image of SSZ-13 zeolites and corresponding XRD pattern.
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2.3.2 SAPO-34 crystals

The properties of obtained silicoaluminophosphates SAPO-34 zeolites by using
single TEAOH template were summarized in Table 2-2. The corresponding XRD
patterns were shown in Figure 2-4.

Table 2-2. Properties of prepared SAPO-34 zeolites by single TEAOH template.

Zeolite TEAOH Sisource Syn. Temp. Syn. Time XRD result Crystals size
SAPO-34-1 TCI __ AS-40  180°C 4 SAPO-5 -
SAPO-34-2  TCI __ AS-40  180°C 7 SAPO-5 -
SAPO-34-3 TCI  TEOS  180°C 7 Amorphous -
SAPO-34-4 TCI  Tm-40 180°C 4 Amorphous -

7

4

4

SAPO-345 TCI  TM-40 180°C
SAPO-34-6 Aldrich TEOS 180°C
SAPO-34-7' Aldrich TEOS 180°C

1: add 0.2 wt.% SAPO-34-6 before hydrothermal synthesis

Amorphous -

SAPO-34 ~100nm
SAPO-34 ~150nm

By using the gel composition of 1A1203:2P205:0.6Si02:4TEAOH:75H20, pure
SAPO-34 zeolites as Heyden et al described [20] are difficult to obtain when we use
the TEAOH from TCI company. SAPO-5 impurity was formed when use AS-40 as
Silicon source under 180°C for 4h or 7h, which can be seen from Figure 2-4a. And after
changing the silicon source to TM-40 or TEOS, no crystals were formed, which can be
seen from the XRD in Figure 2-4b. While, when use the template from Sigma-Aldrich,
by using TEOS as silicon source, synthesized at 180°C only for 4h, pure SAPO-34
crystals were obtained (Figure 2-4a). The zeolites displayed the characteristic SAPO-
34 peak.

SAPO-34-5

SAPO-34-4

=

SAPO 343
. SAPO-34-1

I»v*v—'—'—‘ﬁ—.—.—.—‘ﬁ—.—.—,ﬁ—.—.—

5 15 25

2609

Figure2-4 XRD patterns of SAPO-34 zeolites prepared by single TEAOH template.
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Figure 2-5 shows the SEM images of the as-synthesized SAPO-34-6 and SAPO-
34-7 zeolites. SAPO-34-7 were prepared by adding 0.2 wt.% SAPO-34-6 into the gel
solution, stirred for 30min before the hydrothermal treatment. Pure SAPO-34 zeolites
can be obtained after adding the SAPO-34-6 as seeds. The crystals morphologies did
not change, meanwhile, the crystals become a little bigger (~150nm) compared with

the SAPO-34-6 (~100nm) zeolites.

Figure 2-5 SEM images of SAPO-34 zeolites prepared by single TEAOH template:(a) SAPO-
34-6, (b) SAPO-34-7.

SAPO-34 zeolites with different crystal sizes were also prepared by using
combined TEAOH and DIPEA templates at 200°C for 12-24h with the gel composition
of 1ALL03:1P205:0.6S102:1.5TEAOH:0.5DIPEA: 75H20. The properties of the
obtained SAPO-34 zeolites were shown in Table 2-3, the corresponding XRD patterns
are shown in Figure 2-6.

Table 2-3. Properties of prepared SAPO-34 zeolites by combined TEAOH and DIPEA

templates.

Zeolite TEAOH Sisource Syn. Temp. Syn. Time XRD result Crystals size

SAPO-34-8 TCI TEOS 200 12 SAPO-34 ~3um

SAPO-34-9 TCI TEOS 200 24 SAPO-34 ~3um
SAPO-34-8-2  Aldrich TEOS 200 12 SAPO-34 ~100-500nm
SAPO-34-10  Aldrich TEOS 200 12 SAPO-34 ~200nm

By using the combined TEAOH and DIPEA templates, pure SAPO-34 zeolites with
the characteristic peak same as reported [2] were obtained through the DIPEA from

different companies, however the crystals sizes are extremely different. The SEM
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images of the as-synthesized SAPO-34 zeolites by combined templates are shown in

Figure 2-7.

A l A ) SAPO-34-10
\LMNM&.
‘ A I A * toarh ~ SAPO-34-9 |
- ‘ A l A JL M M SAPO-34-8

LEN BN S e R B B T L
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20()
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Figure 2-6 The XRD patterns of SAPO-34 zeolites prepared by combined TEAOH and DIPEA
templates.

SAPO-34 zeolites SAPO-34-8 prepared with TEAOH from TCI company at 180°C
for 12h showed a spherical morphology with the crystal size of ~3pum (Figure 2-7a),
which was aggregated by the cubic crystals with the size of ~ 500nm (Figure 2-7b).
And the crystals size almost keeps stable when increasing the synthesis time from 12h
to24h (Figure 2-7c and Figure 2-7d). However, SAPO-34-8-2 (Figure 2-7e and Figure
2-71) prepared with the combined templates TEAOH (Sigma-Aldrich, 35%) and DIPEA
(Wako, 99%) showed a both spherical and cubic morphology along with a crystal size
range from 100nm to 500nm, which is total different from SAPO-34-8. Meanwhile,
SAPO-34-10 (Figure 2-7g and Figure 2-7h) added 0.2% SAPO-34-8 (crystals prepared
with 35% TEAOH purchased from TCI Company) as seeds and prepared with dual
templates displayed also a spherical shape crystal with a size of ~200nm. For SAPO-
34-8-2 and SAPO-34-10, under the same synthesis temperature and synthesis time, only
with adding a little seeded obtained SAPO-34 with totally different crystals sizes and

morphologies.
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Figure 2-7 The SEM images of SAPO-34 zeolites prepared by combined TEAOH and DIPEA
templates. (a) and (b) SAPO-34-8, (c) and (d) SAPO-34-9, (e) and (f) SAPO-34-8-1, (g) and

(h) SAPO-34-10.
2.3.3 AIPO-18 crystals

AIPO-18 zeolites with different crystal sizes were also prepared by using different
gel compositions as shown in Table 2-1. The properties of as-synthesized AIPO-18 were
summarized in Table 2-4, the corresponding XRD patterns were shown in Figure 2-8.

Table 2-4. Properties of prepared AIPO-18 zeolites from different gel composition.

. . Crystals
Zeolite Gel composition XRD result ]
size
AIPO-18-1 1A1,05:3.16P205:6.32 TEAOH:186H,0 AIPO-18 300nm
AlIPO-18-2  1ALO;:1P205:1.8 TEAOH: 60H,O:2IPA AIPO-18 300-500nm
AlPO-18-3 1A1,035:1P;05:1.8 TEAOH:60H,O AlPO-18 500-700nm
I N AI AlPO-|18-3

2

)

2z AlPO-18-2

2

2

= I h . AIPO-18-1

5 15 25 35 45
260(9)

Figure 2-8 The XRD patterns of prepared AIPO-18 zeolites from different gel composition.

The XRD patterns as shown in Figure 2-8 confirmed the pure AIPO-18 zeolites were
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formed. The SEM images were displayed in Figure 2-9.

The AIPO-18 zeolites with the gel composition of 1Al203:3.16P205:6.32
TEAOH:186H>0 displayed the sheet-like crystals morphology with the size of ~300nm,
by using the gel composition of 1A1,03:1P205:1.8 TEAOH:60H-0, bigger AIPO-18
zeolites with the size of ~500-700nm were obtained, while, some amorphous can be
found from the SEM images in Figure 2-9e and Figure 2-9f. And after adding some IPA
into the gel solution, the amorphous still exists.

Meanwhile, the AIPO-18 zeolites by TEAOH from TCI company by using the
same composition as described in Table 2-1 were also prepared, while, no crystals

formed.

£ .5 Lo - O SR — -
Figure 2-9 The SEM images of AIPO-18 zeolites. (a) and (b) AIPO-18-1, (c) and (d) AIPO-18-

2, (¢) and (f) AIPO-18-3.

The synthesis conditions and the properties of zeolites SAPO-34, SSZ-13 and AIPO-18
used for later discussions were summarized in Table 2-5. Four SAPO-34 zeolites with
the crystals sizes range from 100nm to 500nm, one SSZ-13 zeolite of ~400nm and three

AlIPO-18 zeolites with the crystals sizes of 300-700nm were successful prepared.
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Table 2-5. Synthesis conditions and properties of SAPO-34, SSZ-13 and AIPO-18 zeolites.

. . Syn. Size
Zeolite Gel composition Crystal shape
condition (nm)
SAPO-34
zeolite
SAPO-34-6 1A1203:2P205:0. 6Si02:4TEAOH:75H.0 453K, 4h spherical ~100
spherical
1A1203:1P205:0.6Si02:1.5TEAOH:0.5
SAPO-34-8! 473K, 12h  aggregated by ~3000
DIPEA: 75H.0
cubic
1A1203:1P205:0.6Si02:1.STEAOH:0.5 spherical +
SAPO-34-8-2 473K, 12h ~100-500
DIPEA: 75H:0 cubic
1A1203:1P205:0.6Si02:1.STEAOH:0.5
SAPO-34-10 473K, 12h spherical ~200
DIPEA: 75H:0 (add 0.2wt.% SAPQ-34-8)
SSZ-13
zeolite
SSZ-13 - 423K, 6d near-cubic ~400
AIPO-18
zeolite
AIPO-18-1 1A1203:3.16P205:6.32 TEAOH:186H.0 423K, 20h sheet-like 300
AIPO-18-2 1A1:03:1P205:1.8 TEAOH: 60H20:2IPA 423K, 20h 300-500
AIPO-18-3 1A1:03:1P205:1.8 TEAOH:60H:0 423K, 20h sheet-like 500-700

1: TEAOH from TCI company.

2.4 Conclusions

Two SAPO-34 zeolites with the crystals sizes of 100 and 150nm and three AIPO-18

zeolites with the crystals sizes of 300-700nm were successful prepared by using single

TEAOH template from Sigma-Aldrich through the gel composition reported. When

changing the TEAOH from TCI company, AIPO-5 or amorphous were formed.

Meanwhile, when using dual templates of TEAOH and DIPEA to prepare the SAPO-

34 zeolite, the morphologies were totally different when using the TEAOH from TCI

and Sigma-Aldrich. One SSZ-13 zeolite of near-cubic morphology with the crystals

size of ~400nm were successfully obtained by using home-made single TMAAI

template.
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Chapter 3 Preparation and Gas Permeation Properties of AEI

Zeolite Membranes

3.1 Introduction

The separation of CH4 from other components, such as N2 and COa, typically
present in natural gas wells is of importance since both decrease the energy content of
the gas and CO; is corrosive in the presence of moisture. Carbon dioxide can be
removed with amine scrubbers or polymer membranes. The amine scrubbers require
high pressure and thus they are relatively expensive, and the selectivity of polymer
membranes decreases at high pressure due to the plasticization from dissolved COo.
Cryogenic distillation allows the separation of N2 but energy costs are high [1].
Membrane separation with inorganic membranes that have molecular-sized pore and
good thermal, hydrothermal stabilities are thus of interest for natural gas separation
because energy requirements are low and they are not susceptible to plasticization.
Several types of microporous membranes such as T [2], DDR [3], SAPO-34 [4,5], Si-
CHA [6], SSZ-13 [5,6], SAPO-17 as well as AIPO-17 [7], AIPO-18 [8,9] and the MOF
material ZIF-8 [10] have been investigated for CO» separation. The SAPO-34 [1,5,11—
13], SSZ-13 [5], and AIPO-18 [14] zeolite membranes as well as carbon molecular
membranes [15] have high CO»/CHs selectivities and N»o/CHy selectivities that are
above to the upper bound of the Roberson plot that is commonly used to compare
polymers membranes [16].

AlIPO-18 is an aluminophosphate with the AEI-type framework that is formed from
equimolar AlOs and PO4" tetrahedral units. It has three-dimensional, electrically
neutral pores with a diameter of 3.8 A indicated that it has the potential for separating
C0O2(3.3A) and N» (3.64A) from CH4 (3.8A) by molecular sieving. The Carreon group
[14,17] prepared the AIPO-18 membrane with the template TEAOH and showed that
those membranes can separate both CO>/CH4 and N»/CH4 mixtures. The CO2/CH4

separation was further improved by Wang et al [8] with a CO» permeance of ~1940GPU
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with the same template TEAOH. This permeance was still lower than the highest
permeances reported for SAPO-34 membranes [4] but the N2 fluxes for No/CHy
separation [14] were higher than those previously reported for SAPO-34 membranes.
However, the N»/CHjy selectivity was lower than that of the SAPO-34 membranes [12].
In this work, we prepared the AEI-type AIPO-18 membranes with both TEAOH and N,
N-diisopropylethylamine (DIPEA) as a single or combined template. Herein, the effect
of synthesis parameters such as the gel composition, synthesis temperature, synthesis
time, and the supports were investigated on preparing the AIPO-18 membranes. And
these membranes were applied for the gas permeations, meanwhile, the effects of
temperature and pressure on the gas permeation properties for AIPO-18 membranes

were also investigated here.

3.2 Experimental

3.2.1 Synthesis of AIPO-18 membranes with combined templates TEAOH and DIPEA

The AEI-type AIPO-18 membranes were prepared by secondary growth on the
outside of a series of tubes with the gel composition of 1.0Al1,0s:
1.0P205:0.3TEAOH:1.8DIPEA: 120H>O, where the DIPEA is N, N-
diisopropylethylamine. The gel solution was prepared by mixing the Al(i-C3H70)3
(98%, Sigma-Aldrich), H3PO4 (85% aqueous solution, Wako) and deionized water and
stirred for 3 h at room temperature to form a homogeneous solution. Then the DIPEA
(99%, Wako) was added in a drop-wise fashion and stirred for another 3h. Finally added
the TEAOH into the solution. The resulting solution was then stirred overnight. The
rub-coating seeded mullite supports were placed vertically into an autoclave and the
synthesis gel was slowly added. Zeolite growth was carried out under hydrothermal
conditions 453K for 72h. Here, the AEI- type AIPO-18 crystals were used as the seed
to rub-coat onto the porous tubes. The AIPO-18 crystals were prepared as described
previously [8.9] and introduced in Chapter 2. The as-synthesized membranes were
washed under running tap water for 10 min, then rinsed soaked in running tap water

until the soaking solution was clear. The membranes then were dried in an oven at 353K
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before calcination. The membranes were calcined in air at 753 K for 6 h with heating

and cooling rates of 0.5 K/min.
3.2.2 Synthesis of AIPO-18 membranes with single template TEAOH

The AEI-type AIPO-18 membranes were prepared by secondary growth on the
outside of a series of tubes with the gel composition of 1.0A1,03: 1.0P>Os: 1.8TEAOH:
120H20 as described before [9]. The gel solution was prepared by mixing the Al(i-
C3H70)3 (98%, Sigma-Aldrich), H3PO4 (85% aqueous solution, Wako) and deionized
water and stirred for 3 h at room temperature to form a homogeneous solution. Then
the TEAOH (35% aqueous solution, Sigma-Aldrich) was added drop-wise and stirred
in 3h. The resulting solution was then stirred for more 6h. The rub-coating seeded
supports were placed vertically into an autoclave and the synthesis gel was slowly
added. Zeolite growth was carried out under hydrothermal conditions 488K for a period
of time. Here, the AEI- type AIPO-18 crystals were used as the seed to rub-coat onto
the porous tubes. The as-synthesized membranes were washed under running tap water
for a 10 mins, then soaked in running tap water until the soaking solution was clear.
The membranes then were dried in an oven at 353K before calcination. The membranes

were calcined in air at 753 K for 6 h with heating and cooling rates of 0.5 K/min.
3.2.3 Synthesis of AIPO-18 membranes with single template DIPEA

The AEI type AIPO-18 membranes were prepared by secondary growth on the
outside of porous tubes (12 mm OD, 9 mm ID) with the gel composition of 1.0A1,03:
1.0P20s: 1.0DIPEA: 120H20, where the DIPEA is N, N-diisopropylethylamine. The
gel solution was prepared by mixing the Al(i-C3H70)3 (98%, Sigma-Aldrich), H3PO4
(85% aqueous solution, Wako) and deionized water and stirred for 3 h at room
temperature to form a homogeneous solution. Then the DIPEA (99%, Wako) was added
drop-wise. The resulting solution was then stirred for more 12h. The rub-coating seeded
mullite supports were placed vertically into an autoclave and the synthesis gel was
slowly added. Zeolite growth was carried out under hydrothermal conditions at 478K

for 48h. Here, the AEI- type AIPO-18 crystals were used as the seed to rub-coat onto
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the porous tubes. The as-synthesized membranes were washed under running tap water
for a 10 mins, then rinsed soaked in running tap water until the soaking solution was
clear. The membranes then were dried in an oven at 353K before calcination. The
membranes were calcined in air at 753 K for 6 h with heating and cooling rates of 0.5

K/min.
3.2.4 Characterization

The morphologies of as-synthesized AEI type membranes were determined by a
field emission scanning electron microscope (FE-SEM, JEOL JSM 6335F) at an
acceleration voltage of SKV and some membranes were characterized by using a field
emission scanning electron microscopy (FE-SEM, Hitachi SU8020) at acceleration
voltages of SKV. The crystallinity of the AEI type AIPO-18 membranes was identified
by X-ray diffraction (XRD, SHIMADZU XRD-6100) using a Shimadzu XD-3
diffractometer with Cu-Ka radiation at a scanning range of 26=5~45° and a scanning

rate of 4°/min.
3.2.5 Gas permeation

Single gas permeation of He, Hz, CO2, Oz, N2, CHs4, CF4 and SF¢ was measured
between 298K and 473K using the time-lag method with fixed-volume apparatus as
described by Cui et al [2] and vacuum on the permeate side [18]. The membranes were
mounted in a stainless-steel cell and sealed with 4 rubber O-rings and 2 stainless steel
O-rings on both ends. The Area of the membranes was 18.9 cm?. Before the permeation
measurements, the membrane was degassed at 473K for 20h. For the permeation
measurements, the test gas was introduced to the feed side with a back-pressure
regulator. The pressure increase on the fixed-volume permeate side due to the gas
permeation was monitored with a pressure transducer after closing the vacuum line to
the permeate volume. The permeances Pi were then calculated from the pressure
increament and the known cell volume on the permeate side. Ideal selectivity (oag) for
different gas pairs were calculated as the ratio of the single-gas permeances:

a4 B=PA/ P B
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3.3 Results and discussion

3.3.1 Gas permeation properties of AIPO-18 membranes by combined templates

TEAOH and DIPEA

The AIPO-18 zeolite membranes prepared on a series of porous supports with using
the gel composition of 1.0A1203: 1.0P,0s: 0.3TEAOH: 1.8DIPEA: 120H>O were
summarized in Table 3-1. Three different kinds of alumina support with different pore
sizes and the synthesis time were adopted to investigate the effects on the gas
permeances of the as-synthesized AIPO-18 zeolite membranes. Those AIPO-18
membranes prepared at 453K for 72h displayed the characteristic peak of AEI type
AIPO-18 membrane, which were confirmed by XRD characterization in Figure 3-1, the
pure AEI type AIPO-18 membranes with the characteristic XRD peak of 26 at 9.5° [8.9]
can be successfully obtained on these three different supports with 453K, 72h. While
for short time of 48h, it is difficult to form the crystals on the surface of the macro-

porous support.

Table 3-1 AIPO-18 zeolite membranes prepared with different synthesis conditions.

Membrane 0-AlO; Support Synthesis conditions  Phase
a-1 (F tube) (pore size 1.25um) 453K,48h AEI
a-2 (F tube) (pore size 1.25 pm) 453K,48h AEI
a-3 (YUA-08) (pore size 90 nm/1.75 pm) 453K,72h AEI
a-4 (NS-1) (pore size 100 nm) 453K,72h AEI
a-5 (F tube) (pore size 1.25 pm) 453K,72h AEI
a-6 (NS-1) (pore size 100 nm) 453K,72h AEI
a-11' (mullite) (pore size 1.25 pm) 453K,72h AEI
a-12! (mullite) (pore size 1.25 pm) 453K,72h AEI

! mullite support.
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Figure 3-1 XRD patterns of AIPO-18 membranes prepared with different synthesis conditions.
Single gas permeances of He, Ha, CO», Oz, N> and CHs were measured at 0.1MPa

and 308K by vacuum method as a function of the gas kinetic diameter, and were shown
in Figure 3-2. The single gas permeances were increased in the order of
H>>CO2>He>0>N>>CHay, since the AIPO-18 crystals has a strong adsorption on CO»
[9]. H2 shows the highest single gas permeance, which is different from our previous
studies [8.9]. It may be the reason of many defects formed with the membranes as the

defect has counteract effects on the gas permeance for CO».
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Figure 3-2 Single gas permeances under vacuum method as a function of the kinetic diameter
for a-6 prepared with 150nm pore size support.

Figure 3-3 compared the CO,, CHs gas permeation properties by different
measuring methods: vacuum method and pressure differential method, at the same time,
compared the membrane gas permeation properties before and after desorption. After

20h desorption under 473K, both CO, and CHj4 single gas permeances increased
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compared with the permeance before desorption, it may result from the residual
components such as bonded H>O [19,20] that stacked into the pores and some defects,
which finally in somehow increased the ideal selectivity before desorption. Meanwhile,
the gas measurement by using vacuum method and without using vacuum method are
also investigated as in Figure 3-3. Both the CO; and CHj4 single gas permeances are
lower compared with using vacuum method, it may be the effect of concentration
polarization [21,22]. Concentration polarization maybe released when performed the
membrane by vacuum method. It’s a big problem when measuring the membrane with
pressure differential method, and will lower the gas permeation properties. What’s more,
the CO; single gas permeance was almost 10 times higher as the recently reported
AIPO-18 membrane since the CO2/CHs ideal selectivity was much lower [8],
meanwhile, the membrane fabricated on two-layer support (YU-A08) also showed 3-4

times higher of CO» single gas permeance than prepared on NS-1 support.
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Figure 3-3 Effect of measuring method for AIPO-18 membrane (a-3) fabricated on YU-AO08
support.

CO; and CH4 gas permeation properties of the as-synthesized AIPO-18 membranes
were summarized in Table 3-2, it is difficult to form the selected AIPO-18 membranes
on macro-porous supports (F tube) at 453K with both 48h and 72h. Meanwhile, it also
cannot prepare the AIPO-18 membranes on the macro-porous mullite supports. It may
result from the small crystals seeds that go into the inside of the support. When prepared
the membranes on the NS-1 supports, the membranes displayed a CO; single gas

permeance ranges from 3.7-5.3 x 10”7 mol/(m” s Pa) with the CO2/CH4 ideal selectivity
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with the range of 8.7-16.1. The membrane with highest CO> single gas permeance was
obtained when fabricated the AIPO-18 membrane on the two-layer smallest pore size
support. The membrane shows the CO» single gas permeance of 18 x 107 mol/(m? s Pa)
with the CO,/CHj4 ideal selectivity of 13.7. Membrane prepared with the combined
TEAOH and DIPEA templates displayed a highest CO» single gas permeance for the
current reported AIPO-18 membranes [8,9,17] but the selectivity is much lower. Since
only few studies on the AIPO-18 membranes for gas separation, it still shows the
potential ability to separate light gases, especially for CO2/CHjy separation as with the

quite well pore structure with the pore size of 0.38nm.

Table 3-2 CO, and CH; gas permeance properties of AIPO-18 membranes prepared with
combined templates.

Permeance
Ideal
Membrane a-ALO; Support [10°7 mol/(m? s Pa)]
Selectivity
CO, CH;,

a-1 (F tube) (pore size 1.25um) Leak Leak
a-2 (F tube) (pore size 1.25um) Leak Leak
a-3 (YUA-08) (pore size 90nm/1.75pum) 18.04 1.32 13.7
a4 (NS-1) (pore size 100nm) 5.293 0.606 8.74
a-5 (F tube) (pore size 1.25um) Leak Leak
a-6 (NS-1) (pore size 100nm) 3.746 0.232 16.1
a-11' (mullite) (pore size 1.33um) Leak Leak
a-12! (mullite) (pore size 1.33pm) Leak Leak

I mullite support.

Figure 3-4 shows the SEM images of the AIPO-18 membranes prepared on
different supports. It is obvious to see the plate-like crystals with the crystal size of ~1.0
pm was formed on surface of a-Al>O3z supports, and the crystals on the surface were
not compact that may lead to some defects. Many small gaps were easily found on the
surface. F tube with a pore size of 1.25um, which is similar to the crystal size itself,
many crystals go into the inner of the support (Figure 3-4d). This made it difficult to

form a continuous membrane layer. For the membrane prepared on NS-1 support
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(Figure 3-4a and Figure 3-4b), the crystals on the surface were big enough compared
with the support pore size. The membrane was formed with the thickness of about 1-
1.5pum. While, the membrane still was not compact, which may be the reason for the
low selectivity. But for the membrane prepared on mullite support (Figure 3-4e and f),
since the crystals on the surface are a little bigger (Figure 3-4e) than on a-Al,Os
supports (Figure 3-4a and c), a selective continuous layer still does not form which can
be easily see from the cross section in Figure 3-4f. The pore size of mullite support is

~1.33um that may lead no selective membrane.

Figure 3-4 SEM images of the AIPO-18 membranes prepared on different supports by
combined templates under 473K for 72h. (a) and (b): NS-1 support. (c) and (d): F-tube support.

*(e) and (f): mullite support.
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Herein, For the AIPO-18 membranes prepared with combined TEAOH and DIPEA
templates, since high permeance membrane can be obtained, while, the selectivity is
still much lower compared with the current AIPO-18 membranes. In order to improve
the gas permeation properties of the AIPO-18 membrane, we try to prepare the AIPO-

18 membrane with using single TEAOH or DIPEA template.
3.3.2 Gas permeation properties of AIPO-18 membranes by single template TEAOH

TEAOH as the conventional template for preparing AIPO-18 zeolites [23-26] and
membranes [8,9,14,17]. Previously, we already successfully prepared the AIPO-18
zeolite membranes on macro-porous a-Al>O3 supports (average pore size:1.25um) with
the gel composition of 1.0A1203: 1.0P20s: 1.8TEAOH: 120H20. Those AIPO-18
membranes showed the average CO» gas permeance of 1.8 x 10”7 mol/(m? s Pa) with
the CO,/CHj4 selectivity of 101. Here, we try to prepare the AIPO-18 membrane on
macro-porous mullite support (average pore size of 1.33um) under the gel composition
of 1.0A1,03: 1.0P,0s: 1.8TEAOH: 120H;0, and increase 2h more to form the AIPO-18

membranes.

Intensity (a.u.)

Figure 3-5 XRD patterns of mullite support and the AIPO-18 membrane by single TEAOH
template.

Two AIPO-18 membranes were prepared on mullite supports and the
corresponding XRD patterns were shown in Figure 3-5. Both two membranes displayed
the characteristic peaks with 26=9.6°, 12.7°, 16°, and 21°, which is consistence with the
our previous reported AIPO-18 membrane [8.9], indicated the pure and non-preferred

orientation AIPO-18 membrane also can be formed onto mullite supports.
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Figure 3-6 The single gas permeance (a) and ideal selectivity (b) of AIPO-18 membranes on
mullite supports with single TEAOH template.

Single gas permeances of He, Ha, CO2, Oz, N2 and CH4 measured at 308K and
0.11MPa feed pressure by vacuum method are shown in Figure 3-6a as a function of
their kinetic diameters. Permeances decrease in the order of CO>>H>>He>0>>N>>CHa,
which was consistent with our previous study for pure AEI-type AIPO-18 membranes
prepared on a-AlO3 supports [9]. Since the CO; here shows the highest single gas
permeance compared with other five gases, it should be less defects on the surface
compared with using combined templates. Figure 3-6b is the ideal selectivity for the
gas pairs of H2/N2, Ho/CH4, CO2/N2, CO2/CHas, O2/N2, H2/O> and N»/CH4. Both two
membranes displayed high CO: single gas permeances, the AIPO-18 membrane
prepared here shows high CO» single gas permeance of 7.0 x 107 mol/(m? s Pa) with
the CO2/CHy ideal selectivity with the range of 71.2-80.1. The membranes also
displayed a high N2/CHjs ideal selectivity range from 5.85-6.71, which is higher than

the reported AIPO-18 membranes [14] however lower N> permeance ranges of (0.59-
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0.61) x 10”7 mol/(m? s Pa).

Table 3-3 Apparent activation energy of AIPO-18 membrane (AP-2) by single TEAOH
template.

Apparent activation energy Ea. (kJ/mol)
Membrane
H; CO; (02} N2 CHy4
AP-2 -2.53 -12.69 -7.51 -7.30 -0.75
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Figure 3-7 Temperature dependence on single gas permeance (a) and ideal selectivity (b) for
AIPO-18 membrane (AP-2) prepared with single TEAOH template. Pressure drop was
0.11MPa.

The effect of temperature on gas permeation properties for AIPO-18 membrane
(AP-2) is shown in Figure 3-7, single gas permeances of H>, CO2, Oz, N2, CHy4 five
gases continuously decreased with increasing temperature from 298K to 373K (Figure
3-7a), which finally decreased the CO»/CH4, Ho/CHas, CO2/N>, No/CHjy ideal selectivity
(Figure 3-7b).
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The apparent activation energies of Ho, CO2, Oz, N> and CH4 permeate through
AlPO-18 membrane were calculated by the Arrhenius equation, which was shown in
Table 3-3. CO; shows the highest apparent activation energy with -12.69 kJ/mol, which
indicated the strong adsorption for CO2 on AIPO-18 membrane. CH4 has a kinetic
diameter of 0.38nm, which is similar as the pore size of AIPO-18 zeolite membrane. A
negative activation energy of -0.75 kJ/mol was obtained. It indicates few defects with

the as-synthesized AIPO-18 membrane.
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Figure 3-8 Temperature dependence on AIPO-18 membrane (AP-2) for CO»/CH4 (a) and
N2/CH4 (b) separation by vacuum method. Pressure drop was 0.11MPa. Red symbols are
measured after one-round test.

For natural gas separation, as the main contaminates in natural gases are CO> and
N>, which will decrease the heat value of natural gas, also, CO» will lead to corrosion
when transportation process under moisture [5], the temperature dependence on

CO»/CH4 and No/CHj4 separation properties for AIPO-18 membrane are shown in Figure
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3-8. Both CO» and N> single gas permeance decreased dramatically when increasing
the temperature from 298K to 373K, while CH4 single gas permeance almost keep
stable. The CO» single gas permeance decreased from 8.24 x 10”7 mol/(m? s Pa) to 2.95
x 1077 mol/(m? s Pa) along with the CO2/CHj ideal selectivity decrease from 91.7 to
35.1 (Figure 3-8a). And the N single gas permeance decreased from 0.62 x 107
mol/(m? s Pa) to 0.35 x 107 mol/(m? s Pa) with the No/CHy ideal selectivity decrease
from 6.9 to 4.1 (Figure 3-8b). Meanwhile, after 373K measurement, CO> and N> single
gas permeances are 7.04 x 107 mol/(m? s Pa) and 0.56 x 107" mol/(m? s Pa) with the
CO»/CHs and No/CHy ideal selectivity of 79 and 6.3 at 308K, 0.11MPa, which is
restored to the similar gas permeation properties as fresh one, indicated a good thermo-

stability of AIPO-18 membrane.

8 140
a7 joe—= 120
@» < A
L 6 ©
£ 100 £
% 5 2z
£ K~——------- Ao Ao ____ N2l 9
= 4 CO,/CH o)
% , 2 4 60 £
8 S
§ 2 40 =
£ CH, x10
~ 0 0

0.1 0.15 0.2 0.25 0.3 0.35 0.4
Pressure (MPa)

Figure 3-9 Pressure dependence on AIPO-18 membrane (AP-2) for CO,/CH, separation by
vacuum method. Temperature was 308K.

Figure 3-9 shows the effect of pressure on CO2/CH4 gas permeation properties, the
COgz single gas permeance decreased continuously from 0.11MPa to 0.4MPa, while CHy4
single gas permeance is relative constant, which result in a slight decrease for CO2/CHs4
ideal selectivity. This phenomenon is similar as in SAPO-34 zeolite membranes [27,28],
due to both AIPO-18 membrane and SAPO-34 membrane belong to the
aluminophosphate material and have the same pore size of 0.38nm. Figure 3-10 is the
SEM images of the AIPO-18 membrane, the AIPO-18 membrane has a selective layer
of~ 10um that consist of the crystals size of ~8pum, which is similar as prepared on the

microporous alumina support with the same gel composition [9].
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Figure 3-10 Surface (a) and cross-sectional (b) images of AIPO-18 membrane prepared by
single TEAOH template on mullite support.

The gas permeation properties of seven AIPO-18 membranes prepared by single
TEAOH template fabricated on mullite supports are shown in Table 3-4. The AIPO-18
membrane can obtain gas permeance that higher that the current AIPO-18 membrane of
CO2 [8,17] and higher N2/CHy selectivity [14], while the reproducibility was not as
good as that prepared on alumina support [9]. Here, the defect is difficult to control

when fabricating those AIPO-18 membranes on mullite support.

Table 3-4 Reproducibility of AIPO-18 membranes by single TEAOH template prepared on
mullite supports (308K, AP=0.11MPa).

Membrane Permeance [107mol/(m? s Pa)] Ideal Selectivity (a) [-]
H; CO; N; CHy | Hy/CHy COy/N:; CO»/CHy N,/CH4
AP-1 2.84 742 0.610 0.104 27.2 12.2 71.2 5.85
AP-2 259 7.05 0591 0.088 29.4 11.9 80.1 6.71
AP-3 1.81 340 0445  0.256 7.1 7.6 13.3 1.74
AP-4 3.11 483 0.700 0.232 13.4 6.9 20.8 3.02
AP-5 231 458 0508  0.233 9.9 9.0 19.6 2.18
AP-6 1.56 2.61 0396  0.255 6.1 6.6 10.2 1.55
AP-7 210 374  0.496  0.104 20.2 7.5 36.0 4.77

XRD was performed to investigate the reason of bad reproducibility. Figure 3-11
shows the XRD patterns of those reproduced AIPO-18 membranes, unfortunately, the
impurities were found on those bad permeation AIPO-18 membranes. The impure phase
has the characteristic peaks with 26=7.5°, which represents the AFI phase AIPO-5.

AlIPO-5, has the AFI-type framework, is another microporous aluminophosphate with
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one-dimensional, cylindrical pores with a diameter of 7.3 A that was much bigger than
CO2 (3.3A), N2 (3.64A) and CH4 (3.8A) and thus permeances of AIPO-5 membranes

are much higher but selectivities are low [29].
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Figure 3-11 XRD patterns of reproduced AIPO-18 membranes by single TEAOH template.
Figure 3-12 illustrates SEM images of the impure AIPO-18 membrane, it is easily

found the AFI-type AIPO-5 impurity on the surface of the membrane, meanwhile, those

AIPO-18 crystals on the surface are not well intergrowth and inhomogeneous, thus,

finally formed a not continuous and unselective zeolite layer, which will result in the

bad gas permeation properties.

Figure 3-12 SEM images of AIPO-18 membrane (AP-4) by single TEAOH template.

In order to obtain the pure AIPO-18 membrane, two AIPO-18 membranes (AP-8
and AP-9) were prepared with using the single TEAOH template from different
company (35%, TCI). Gas permeation properties of the as-synthesized AIPO-18
membranes were illustrated in Table 3-5, and the corresponding XRD patterns were
shown in Figure 3-13. AP-1 and AP-2 use the TEAOH template from Sigma-Aldrich,
AP-8 and AP-9 use the TEAOH template from TCI.

52



Table 3-5 Gas permeation properties of AIPO-18 membrane prepared by different TEAOH on
mullite supports (308K, AP=0.11MPa).

Permeance [10"mol/(m” s Pa)] Ideal Selectivity (a) [-]
Membrane
H: CO; N; CH; | Hy/)CHy CO2/N2 CO/CH;s; N,/CH,4
AP-1 2.84 7.42 0.610 0.104 27.2 12.2 71.2 5.85
AP-2 2.59 7.05 0.591 0.088 294 11.9 80.1 6.71
AP-8 0.606 1.644 0.117 0.033 18.5 14.0 50.1 3.57
AP-9 0.746 1.738 0.148 0.039 18.9 11.8 44.1 3.75

Since the selectivities of the membranes were improved when changed the TEAOH,
while, the single gas permeances of CO» were decreased from ~7 to ~1.7 x10""mol/(m?
s Pa), and the impurity of AFI-type AIPO-5 was still existed in the prepared membrane

(as shown in Figure 3-13), thus lower the permeation properties.
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Figure 3-13 XRD patterns of AIPO-18 membranes prepared from different TEAOH template.

Herein, For the AIPO-18 membranes prepared with single TEAOH template on
mullite support, since high permeance and selectivity membrane can be obtained, while,
the reproducibility is not good, at the same time, impurity is formed and difficult to
control when prepared on mullite supports, thus finally decreased the gas permeation

properties of the TEAOH prepared AIPO-18 membranes.
3.3.3 Gas permeation properties of AIPO-18 membranes by single template DIPEA

The AIPO-18 zeolite membranes prepared on a series of porous supports by single
DIPEA template with the gel composition of 1.0Al203: 1.0P20s: x DIPEA: 120H>0
under 478K from 36h to 60h were summarized in Table 3-6, the n (DIPEA) ranges from
1.0 to 1.8, when prepared the AIPO-18 membranes at 478K for 48h. Pure AIPO-18
membranes were only obtained when n (DIPEA)=1.8; while, when the synthesis time

reduced to 36h or extended to 60h for n (DIPEA)=1.0 or 1.2, pure AIPO-18 membranes
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were also formed. Details of the AIPO-18 membranes with the n (DIPEA) were
discussed and the corresponding gas permeations properties of those membranes were

also investigated

Table 3-6 AIPO-18 membranes prepared with different synthesis conditions.

Membrane Support n (DIPEA) Syn. Conditions Phase
DIPEA-1 a-ALQO; (F tube) 1.2 478K, 48h AIPO-5
DIPEA-2 a-ALO; (YU-AO01) 1.2 478K, 48h AIPO-5
DIPEA-3 a-AlLOs (F tube) 1.2 478K, 60h pure
DIPEA-4 a-ALO; (YU-AO01) 1.2 478K, 60h pure
DIPEA-9 a-ALO; (YU-A08) 1.2 478K, 48h AIPO-5

DIPEA-10 a-ALOs (YU-A08) 1.2 478K, 48h AIPO-5

DIPEA-13 a-ALO; (YU-A08) 1.2 478K, 48h AIPO-5

DIPEA-14 a-ALOs (YU-A08) 1.2 478K, 48h AIPO-5

DIPEA-17 a-ALO; (F tube) 1.2 478K, 36h pure

DIPEA-18 a-ALQO; (YU-A08) 1.2 478K, 36h pure
DIPEA-5 a-ALO; (YU-A08) 1.8 478K, 48h pure
DIPEA-6 a-ALOs (YU-AO1) 1.8 478K, 48h pure
DIPEA-7 a-ALO; (YU-A08) 1.8 478K, 48h pure
DIPEA-8 a-ALQO; (YU-A08) 1.8 478K, 48h pure

DIPEA-11 Mullite 1.0 478K, 48h AIPO-5

DIPEA-12 a-ALO; (YU-A08) 1.0 478K, 48h AIPO-5

DIPEA-15 Mullite 1.0 478K, 48h AIPO-5

DIPEA-16 a-ALO; (F tube) 1.0 478K, 48h AIPO-5

DIPEA-21 a-ALO; (YU-A08) 1.0 478K, 48h AIPO-5

DIPEA-22 Mullite 1.0 478K, 36h Pure

DIPEA-23 a-ALO; (YU-A08) 1.0 478K, 36h Pure

DIPEA-24 Mullite 1.0 478K, 36h Pure

DIPEA-25 a-AlLO; (F tube) 1.0 478K, 36h Pure

3.3.3.1 The AIPO-18 membranes synthesized at n(DIPEA)=1.8

The XRD patterns of AIPO-18 membranes prepared with using the gel composition
of 1.0A1203: 1.0P20s: 1.8DIPEA: 120H20 at 478K for 48h were displayed in Figure 3-

14, the characteristic peak of 20 at 9.5° confirmed the pure AEI type AIPO-18

membranes were formed.

54



DIPEA-$
A | N J\ A
% DIPEA 7L
L
g A A
= DIPEA-6
=
J‘— - A
DIPEA-5

M | - A

5 10 15 20 25 30 35 40 45

20(°)
Figure 3-14 XRD patterns of AIPO-18 membranes prepared at 478K for 48h with gel
composition of 1A1,03:1P,0s:1.8 DIPEA:120H,0.

Figure 3-15 shows the SEM images of the AIPO-18 membranes prepared at n
(DIPEA)=1.8, pure and intergrowth AIPO-18 crystals with the size of ~1.5um were
formed on the surface of the membrane, and a continuous zeolite layer with the
thickness of ~4.5um were easily seen from the Figure 3-15b. The sheet-like
morphologies of the crystals is as same as the AIPO-18 membranes prepared with single

DIPEA template by Hasegawa et al [30].

Voo oo |
11.8mm x10.0k SE(U) 5.00u: SU80C 9 9mm x5.00k SE(U) 10.0um

Figure 3-15 Surface (a) and cross sectional (b) images of AIPO-18 membrane (DIPEA-5)

prepared with gel composition of 1 ALLO3:1P,0s5:1.8 DIPEA: 120H>0.

Figure 3-16 shows the single gas permeances of He, Hz, CO2, O, N> and CH4 as a
function of their kinetic diameters for the AIPO-18 membrane synthesized with n
(DIPEA)=1.8, single gas permeances were consistent as the pure AIPO-18 membranes

[9] with the order of CO>>H>>He>0>>N>>CHa.
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Figure 3-16 Single gas permeances as a function of the kinetic diameter of AIPO-18 membrane

(DIPEA-5) performed at 308K, 0.11MPa.
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Figure 3-17 The effect of temperature on single gas permeance (a) and ideal selectivity (b) of
AIPO-18 membrane (DIPEA-5) by gel composition of 1Al,03:1P>0s:1.8 DIPEA: 120H,0.

Figure 3-17 illustrates the gas permeances and ideal selectivity of AIPO-18
membrane (DIPEA-5) as a function of temperature, same as the membrane prepared
with single TEAOH. Single gas permeances of H, CO>, O, N> four gases continuously
decreased with increasing temperature from 298K to 473K (Figure 3-17a). The single
gas permeance of He and CHy almost keep stable, which finally decreased the CO2/CHa,
H2/CHa, CO2/N2, No/CHy ideal selectivity (Figure 3-17b).

Table 3-7 shows the apparent activation energies for those six gases, CO; still
shows the highest apparent activation energy, with -14.0 kJ/mol, while, CH4 shows a
positive activation energy of +0.11kJ/mol, which may due to the effects of the AIPO-

18 membrane that same as the pure silica CHA membrane [31].
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Table 3-7 Apparent activation energy of AIPO-18 membrane (DIPEA-5) by single DIPEA
template.

Apparent activation energy Ea. (kJ/mol)

Membrane
H: CO;, (02} N, CH,4

DIPEA-S -2.37 -14.0 -6.82 -5.92 +0.11
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Figure 3-18 Temperature dependence on AIPO-18 membrane (DIPEA-5) for CO,/CH,4 (left)
and N»/CHjy (right) separation under vacuum method. Pressure drop was 0.11MPa. Red symbols
are measured after one-round test.

Temperature dependence on CO2/CH4 and N2/CHy4 separation properties for AIPO-
18 membrane (DIPEA) are shown in Figure 3-18. For the membrane prepared with
single DIPEA template, the similar gas permeation properties were found as with the
membrane prepared with single TEAOH [8,9], while, the CO> and N> single gas
permeances of membrane (DIPEA-5) almost increased 4 times as with here prepared
with single TEAOH membrane (AP-2). Again, CO> and N> single gas permeance
decreased as increasing temperature from 298K to 473K, and the single gas permeances
decreased from 32.2 x 10”7 mol/(m? s Pa) to 3.89 x 10”7 mol/(m? s Pa) and 2.18 x 1077
mol/(m? s Pa) to 0.93 x 10”7 mol/(m? s Pa), respectively. CHy single gas permeance also
keeps stable. what’s more, even under 473K, the N single gas permeance (0.93 x 107
mol/(m? s Pa)) still higher than that (0.62 x 10”7 mol/(m? s Pa)) of membrane AP-2

measured at 298K. The AIPO-18 membrane shows quite high gas permeance of CO»

57



compared with the intensively studies SAPO-34 membranes [6].

3.3.3.2 The AIPO-18 membranes synthesized at n(DIPEA)=1.2

Gas permeation properties of AIPO-18 membranes prepared with the gel
composition of 1.0A1,03: 1.0P,0s: 1.2DIPEA: 120H,0 at 478K for 36 and 48h were
illustrated in Table 3-6 and details of those high gas permeation membranes were also
shown in Table 3-8, the corresponding XRD patterns of the as-synthesized membranes

were also displayed in Figure 3-19.

Table 3-8 Gas permeation properties of AIPO-18 membranes prepared with gel composition of
1A1,05:1P,05:1.2 DIPEA:120H,0. (308K, AP=0.11MPa).

Membrane Permeance [10”'mol/(m?s Pa)] Ideal selectivity a [-]
support phase | CO: N2 CHs H: SFs | CO2/CHs N2/CHs H2/SFs
DIPEA-9 |YUA-08 AEI+AFI| 35.1 2.6 0.5 125 0.095 75.9 5.5 132.0
DIPEA-10 |YUA-08 AEI+AFI| 348 25 0.5 12.0 0.082 76.2 5.5 150.0
DIPEA-13 |YUA-08 AEI+AFI| 342 29 1.3 11.6 0.445 254 2.2 26.0
DIPEA-14 |YUA-08 AEI+AFI| 52.1 44 09 21.7 0.229 55.1 4.6 94.8
DIPEA-17' | F tube AEI 200 42 2.6 184 0.833 7.6 1.6 221
DIPEA-18' [YUA-08 AEI 298 31 0.7 155 0.117 45.0 4.6 132.1

! membrane prepared at 478K for 36h.

Four AIPO-18 membranes prepared under n(DIPEA)=1.2 at 478K for 48h
displayed good reproducibility as shown in Table 3-8, while, the AFI-type AIPO-5 with
the characteristic peak of 20 at 7.5° were found for all four membranes, which was
proved by the XRD characterization as shown in Figure 3-19b. However, pure AIPO-
18 membrane was formed when the synthesis time reduced to 36h and increased to 60h,
no impurity was found in Figure 3-19a. And compared with the membranes prepared
for 48h, both the membranes with 36 and 60h show a weak intensity of characteristic

peak of AIPO-18.
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Figure 3-19 XRD patterns of AIPO-18 membranes prepared at 478K for (36-60) h with gel
composition of 1A1,03:1P,0s:1.2 DIPEA:120H,0.

The SEM images of the membranes prepared under n(DIPEA)=1.2 at 478K for 48h
were shown in Figure 3-20, For the membranes with high gas permeation properties, a

thicker selective layer with the thickness of 4-4.5um.

Figure 3-20 SEM images of AIPO-18 membrane for DIPEA-13 (a and b), DIPEA-9 (c) and

DIPEA-10 (d) prepared with gel composition of 1A1,03:1P,0s:1.2 DIPEA: 120H>0.
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Figure 3-21 The effect of temperature on single gas permeance (a) and ideal selectivity (b)
of AIPO-18 membrane (DIPEA-10) by gel composition of 1A1,03:1P,0s5:1.2DIPEA: 120H,0.
Membrane DIPEA-10 was used to investigate the effect of temperature for the gas
permeations. Single gas permeances of Ho, CO,, O2, N> four gases decreased with
increasing temperature from 298K to 473K (Figure 3-21a), however, CHs single gas
permeance did not change a lot, which resulted in the reduction of the CO»/CHas, H2/CHa,

CO2/N3, No/CHjy ideal selectivity (Figure 3-21b).
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Figure 3-22 Temperature dependence on AIPO-18 membrane (DIPEA-10) for CO»/CHy (left)
and N»/CHjy (right) separation under vacuum method. Pressure drop was 0.11MPa. Red symbols
are measured after one-round test.

Meanwhile, gas permeation properties of CO2/CH4 and No2/CHgy separations as a
function of temperature for AIPO-18 membrane (DIPEA-10) are shown in Figure 3-22.

CO; single gas permeance decreased from 41.7 x 10”7 mol/(m? s Pa) to 5.17 x 107
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mol/(m? s Pa) and the CO2/CH4 ideal selectivity decreased from 89.6 to 12.3 by
increasing temperature from 298K to 473K. Nz single gas permeance decreased from
2.82 x 107 mol/(m? s Pa) to 0.98 x 10”7 mol/(m? s Pa) along with No/CH4 decreased
from 6.05 to 2.31. The AIPO-18 membrane with the AIPO-5 impurity (DIPEA-10)

shows higher gas permeation properties compared with pure AIPO-18 membrane

(DIPEA-S).
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Figure 3-23 Pressure dependence on AIPO-18 membrane (DIPEA-10) N»/CH4 separation
under vacuum method. Temperature was 308K.

Single gas permeances of N2 and CHjy through membrane DIPEA-10 as a function
of pressure were shown in Figure 3-23, both N> and CHy single gas permeances
increased as increasing the pressure from 0.11MPa to 0.3MPa, as a result, the N2/CHy

ideal selectivity was almost constant.
3.3.3.3 The AIPO-18 membranes synthesized at n(DIPEA)=1.0

Table 3-9 shows the gas permeation properties of AIPO-18 membranes prepared
with the gel composition of 1.0A1203: 1.0P20s: 1.0DIPEA: 120H,0 at 478K. while,
impurity was formed when performed the membranes at 478K for 48h, and the
membranes prepared on the alumina supports displayed lower gas permeation
properties than that on mullite supports. The membranes with the n(DIPEA) of 1.0 on
the mullite supports show lower CO> single gas permeances and CO»/CH4 ideal

selectivities, however, the Ho/SF¢ ideal selectivities are much higher, less defects may
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form with the mullite-supported AIPO-18 membranes with the n(DIPEA)=1.0

synthesized at 478K for 48h. At the same time, the pure AIPO-18 membranes were also

obtained when decreasing the synthesis time to 36h. It was also confirmed by the XRD

characterization of those as-synthesized membranes showed in Figure 3-24. However,

the gas permeation properties of the pure AIPO-18 membranes were not as good as with

prepared by using n(DIPEA)=1.0.

Table 3-9 Gas permeation properties of AIPO-18 membranes prepared with gel composition of

1ALO3:1P,05:1.0 DIPEA:120H,0. (308K, AP=0.11MPa).

Membrane Permeance [10-"mol/(m?s Pa)] Ideal selectivity a [-]
support phase CO, N; CHy H: SFs CO2/CHs N»/CH4 HySFs
DIPEA-11 | mullite AEI+AFY 20.4 1.90 0.30 9.69 0.0211 67.8 6.32 460.0
DIPEA-12 [YUA-08 AEI+AF] 23.3 4.42 3.91 20.87 1.3862 5.9 1.13 15.06
DIPEA-15 | mullite AEI+AF]I 13.8 1.22 0.17 5.85 0.0083 79.9 7.05 700.1
DIPEA-16 | F tube AEI+AF] 17.0 8.21 9.86 27.7 - 1.7 0.83 -
DIPEA-21 |YUA-08 AEI+AFI 50.2 8.12 3.97 33.8 1.2803 12.6 2.04 26.4
DIPEA-22' | mullite ~ AEI leak leak
DIPEA-23! [YUA-08 AEI 53.4 7.62 3.06 38.0 0.8696 17.5 2.49 43.7
DIPEA-24' | mullite ~ AEI leak leak
DIPEA-25' | F tube  AEI 22.0 4.76 235 20.9 - 9.3 2.0 -

! membrane prepared at 478K for 36h.
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Figure 3-24 XRD patterns of AIPO-18 membranes prepared at 478K for (36-48) h with gel

composition of 1A,O3:1P>05:1.0 DIPEA:120H,0.

As with the AFI-type impurity formed during the synthesis conditions of 478K,

48h for both n(DIPEA) of 1.0 and 1.2, the crystals collected from the bottom of the

autoclaves after membrane DIPEA-11 synthesis was characterized by XRD and SEM,
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it is obvious that AFT crystals with the rod-like morphology [31] formed not only on

the surface of membranes, also existed in the gel solution after 48h growth.

| fltensity (a.u.)

Figure 3-25 SEM images and XRD pattern of crystals collected from the bottom of the

autoclave after membrane n(DIPEA=1.0) synthesis.
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Figure 3-26 SEM images of membrane with gel composition of 1A1:03:1P>0s:1.0 DIPEA:
120H0.

Surface (a) and cross sectional (b) of membrane prepared on mullite support with 48h

Surface (c) and cross sectional (d) of membrane prepared on mullite support with 36h

Surface (e) and cross sectional (f) of membrane prepared on a-Al,O3; with 36h

Figure 3-26 shows the SEM images of membranes prepared with gel composition
of 1A1r03:1P205:1.0 DIPEA: 120H20 under 478K for 36 and 48h on differnet supports,
smaller crystals with the size less than 1pum were formed on the surface of mullite

support when synthesized for 36h, as a result, the membrane formed a zeolite layer of
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~7um, which is thinner than that of membrane prepared with 48h (zeolite layer of ~
12um); however, when prepared with the same time of 36h, the crystals are bigger on
the small pore size alumina support but with a thinner membrane layer of ~3.5um, it
may due to less seeds went into the inner pore of support with using small pore size

support [32], thus big crystals and thin zeolite layer obtained.
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Figure 3-27 Single gas permeances as a function of the kinetic diameter of AIPO-18
membranes (DIPEA-11 and DIPEA-15) performed at 308K, 0.11MPa.

Single gas permeation properties as a function of gas kinetic diameter on two
membranes fabricated on mullite supports by using n (DIPEA) of 1.0 were shown in
Figure 3-27. Both of two membranes show same gas permeation trend, which were
consistent as the pure AIPO-18 membrane [9] with the order of
COx>H>>He>0>No>CH4>CF4>SF¢. Since CF4 (kinetic diameter:0.47nm) and SFg
(kinetic diameter:0.55nm) cannot go through the pore of AIPO-18 membrane (0.38nm)
while can go through the pore of the impurity AIPO-5 (0.73nm), which may be the

reason of high gas permeances for all impure AIPO-18 membranes.
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Figure 3-28 Effect of temperature on single gas permeance (a) and ideal selectivity (b) of AIPO-
18 membrane (DIPEA-15) by gel composition of 1A1,03:1P205:1.0DIPEA: 120H,0.

As same as previous, membrane DIPEA-15 was also used to investigate the effect
of temperature for the gas permeation properties. From Figure 3-28a, single gas
permeances of Ha, CO2, Oz, N> four gases decreased with increasing temperature from
298K to 473K, and single gas permeances of He and CH4 are essentially independent
of temperature. However, single gas permeance of SF¢ increased with increasing
temperature, indicated the activated diffusion happens, and some defects formed in the
membrane [6], which resulted in the reduction of the CO2/CHs, Ho/CHs4, CO2/Na,
N2/CHj ideal selectivity (Figure 3-28b).

Ideal Selectivity
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Figure 3-29 Temperature dependence on AIPO-18 membrane (DIPEA-15) for CO2/CHjy (left)
and N»/CHjy (right) separation under vacuum method. Pressure drop was 0.11MPa.

Figure 3-29 is single gas permeation properties of CO2/CHs and N»/CHg
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separations as a function of temperature for AIPO-18 membrane (DIPEA-15). CO»
single gas permeance decreased from 15.8 x 10”7 mol/(m? s Pa) to 2.20 x 10”7 mol/(m?
s Pa) and the CO»/CHy ideal selectivity decreased from 87.4 to 13.4 by increasing
temperature from 298K to 473K. N single gas permeance decreased from 1.46 x 107
mol/(m? s Pa) to 0.46 x 10”7 mol/(m? s Pa) along with No/CH4 decreased from 8.08 to

2.79. The lower single gas permeance may due to the thick selective layer(~12pum) as

shown in Figure 3-26b.
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Figure 3-30 Pressure dependence on AIPO-18 membrane (DIPEA-15) for CO,/CHs and
N2/CHj4 separation under vacuum method. Temperature was 308K.

Figure 3-30 shows single gas permeances of CO2, N2 and CH4 through membrane
DIPEA-15 as a function of pressure. CO; single gas permeance decreased, the CO;
permeance decreased when increasing pressure from 0.2MPa to 0.4MPa, and has a
slight maximum at a feed pressure of 200 kPa, whereas both the N> and CH4 permeance
increases slightly with pressure., the N» single gas permeance increased to 1.34 x107
mol/(m? s Pa), and the CO; single gas permeance decreased to 1.25 x10 mol/(m? s Pa)
at 0.4MPa. While, both the CO»CH4 and N»/CHj4 ideal selectivity decreased with
pressure range from 0.2MPa to 0.4MPa, and have a highest perm-selectivity at 0.2MPa,
the CO2/CH4 and N2/CH4 perm-selectivity dropped to 62.8 and 6.76 at 0.4MPa,

respectively.
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3.3.3.4 Comparison
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Figure 3-31 Pco: vs acozcrs of AIPO-18 membranes under different synthesis conditions.

The CO,, CH4 gas permeation properties of the AIPO-18 membranes prepared with
combined TEAOH and DIPEA templates, single TEAOH template and single DIPEA
template were plotted in Figure 3-31. Highest CO> single gas permeance is 53.4 x107
mol/(m? s Pa) of the membrane prepared with DIPEA, and the highest CO2/CH4 perm-
selectivity membrane were obtained by the single TEAOH template.

Table 3-10 and Table 3-11 compared the No/CH4 and CO2/CHjy separations for the
membranes prepared in this study with other inorganic membranes reported in the
literatures. Within these materials, our membranes displayed moderate N»/CHs4
permeation properties, while, for CO2/CH4 separation, our membranes displayed the
highest CO; permeance with the moderate selectivity, especially for the combined AEI

and AFI membranes, indicated a protentional application for natural gas purification.
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Table 3-10 Comparison of No/CH, separations through the inorganic membranes.

. Thickness| N»/CHy N, Permeance .
Material o Test conditions Reference
(um) |selectivity|[10”mol/(m? s Pa)]
Feed pressure: 223kPa,
SAPO-34 1.8-2.2 | 7.4-8.6 5.79-8.68 [12]
AP=138kPa;296K
Feed pressure: 223kPa,
SAPO-34 3.0-42 | 6.5-7.4 2.95-4.35 [13]
AP=138kPa;296K
Feed pressure: 275kPa,
SAPO-34 2.3 5.7-11.3 0.94-4.02 [11]
AP=174kPa;295K
Feed pressure: 223kPa,
SAPO-34 6.2 8 1.67 [1]
AP=138kPa;296K
SAPO-34 | 2.0-3.0 | 5-7 1.00 Feed pressure: 350kPa, 293K [5]
SSZ-13 | 7.8 13 0.22 Feed pressure: 270kPa, 293K [5]
Carbon molecular
o 70+15 7.7 ~0.0003 Feed pressure: 448kPa, 308K [15]
sieve
Feed pressure: 223kPa,
AIPO-18 2.4 3.0-4.6 4.54-10.3 [14]
AP=138kPa;296K
AP-2! Feed pressure: 110kPa, )
- 6.89 0.62 This study
(Pure AEI) AP=110kPa;298K
DIPEA-5! Feed pressure: 110kPa, )
4.0 4.07 2.18 This study
(Pure AEI) AP=110kPa;298K
DIPEA-10! Feed pressure: 110kPa, )
4.0 6.05 2.82 This study
(AEI+AFI) AP=110kPa;298K
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Table 3-11 Comparison of CO»/CHj4 separations through the inorganic membranes.

. CO,/CHs4 | CO,Permeance o
Material . Test conditions Reference
selectivity [[10”7mol/(m? s Pa)]
T 400 0.046 Feed pressure: 100kPa, AP=100kPa;308K [2]
Feed pressure: 200kPa, AP=100kPa;298K
DDR 200 3.00 . [3]
(with sweep gas)

ZIF-8 | 4~7 240 Feed pressure: 139.5kPa, AP=40kPa;295K [10]
SAPO-34 | 171 18.0 Feed pressure: 222kPa, AP=138kPa;295K [4]
Si-CHA! | 54 17.0 AP=100kPa;313K [6]
SSz-13! | 56 8.60 AP=100kPa;313K [6]
SAPO-17 | 53 11.0 Feed pressure: 303kPa, AP=200kPa;298K [7]
AlIPO-17 | 25 5.23 Feed pressure: 303kPa, AP=200kPa;298K [7]
AIPO-18 | 220 6.50 Feed pressure: 303kPa, AP=200kPa;298K [8]

Feed pressure: 200kPa, AP=100kPa;298K
AIPO-18 120 2.0 . [9]
(with sweep gas)
AIPO-18 | 60 0.66 AP=138kPa;295K [17]
a-3!
13.7 18.04 Feed pressure: 110kPa, AP=110kPa;308K | This study
(Pure AEI)
AP-2!
91.7 8.64 Feed pressure: 110kPa, AP=110kPa;298K | This study
(Pure AEI)
DIPEA-5!
60.2 322 Feed pressure: 110kPa, AP=110kPa;298K | This study
(Pure AEI)
DIPEA-10!
89.6 41.7 Feed pressure: 110kPa, AP=110kPa;298K | This study
(AEI+AFI)

I single gas test.
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3.4 Conclusions

AlPO-18 membranes were prepared by using combined TEAOH and DIPEA
templates, single TEAOH template and single DIPEA template, respectively. Pure
AlPO-18 membranes with different gas permeation properties can be obtained through
these three routes. Through combined TEAOH and DIPEA templates, the as-
synthesized pure AIPO-18 membranes displayed moderate CO> single gas permeance
with lowest CO2/CHjy ideal selectivity. Through single TEAOH template, the obtained
AlPO-18 membranes displayed highest CO2/CHj4 selectivity however lowest CO> gas
permeance, meanwhile, those AIPO-18 membranes show bad reproducibility. Through
single DIPEA template, both pure and impure AIPO-18 membranes were formed by
changing the n(DIPEA), synthesis temperature and synthesis time. The membrane with
single DIPEA template displayed highest CO2 single gas permeance with moderate
CO»/CHy ideal selectivity.

Gas permeation properties of both pure and impure AIPO-18 membranes were
affected by measuring conditions of temperature and pressure. CO2, N> single gas
permeances decreased dramatically by increasing temperature, while CH4 single gas
permeance was almost independent of temperature. Pressure also dramatically
decreased CO; single gas permeance however slightly increased both N> and CHjy single

gas permeances.
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Chapter 4 Preparation and Gas Permeation Properties of CHA

Zeolite Membranes

4.1 Introduction

Natural gas processing requires that impurities such as CO> or N> be removed to
obtain higher purity CHa, since both N> and CO» decrease the heating value and CO»
is corrosive in the presence of moisture. Carbon dioxide can be removed with amine
scrubbers or polymer membranes, but at the high pressures typical of natural gas wells,
operation of scrubbers is expensive and most polymer membranes plasticize and lose
selectivity. Nitrogen is typically separated from natural gas by cryogenic distillation,
which is an expensive and energy-intensive process. Recent developments for these
separations include adsorbents such as carbon molecular sieves [1] and ion-exchanged
clinoptilolite zeolite [2—4] for pressure swing adsorption [5]. Polymer membranes such
as cellulose acetate have been used for CO> removal, but they are not sufficiently
selective for N»/CHy separations, and their fluxes are low.

Several zeolite membranes have been reported to separate CO2/CHs mixtures,
including T [6,7], DDR [8.,9], MFI[10-13], Y [14-16], AIPO-18 [17], SSZ-13 [18], and
SAPO-34 [19-21]. The SAPO-34 membranes had the highest permeances (> 107
mol/(m? s Pa)), and their CO2/CHy selectivities were as high as 100 at 4.6-MPa feed
pressure. The SAPO-34 zeolite has the CHA structure, which is a 3-D pore system with
ellipsoidal cages (0.67 nm x 1.0 nm) that are accessible via eight-membered ring
windows (0.38-nm diameter). The pores in SAPO-34 are essentially the same size as
the kinetic diameter of CHj. Larger hydrocarbons such as propane and n-butane, which
had kinetic diameters of 0.43 nm, also adsorb in SAPO-34, because these molecules
have cross sections similar to methane and their chains are sufficiently flexible that they
can enter the SAPO-34 pores [22]. Another zeolite with the CHA structure is SSZ-13,
but it does not contain phosphorous, and it has a high Si/Al ratio. In the first report of

SSZ-13 membranes for CO2/CH4 separations, the selectivity was only about 11 at a

75



permeance of ~2.0x10”7 mol/(m? s Pa) at 298 K and a feed pressure of 223 kPa [18].
These membranes were hydrothermally synthesized on the inside surface of porous
stainless-steel tubes with 44% porosity and 4-pum diameter pores. Recently, SS7Z-13
membranes prepared by secondary growth on the outside of porous mullite tubes were
reported to have CO,/CHy separation selectivities exceeding 200 [23], and this type
membrane was used in the current study.

The separation of No/CH4 mixtures using membranes has received less attention
because the kinetic diameters of N> and CHy differ by less than 5% (0.364 nm for N»,
0.38 nm for CHj), and thus separation by size is difficult. In addition, both gases adsorb
weakly, and thus adsorption-based selectivity is also low. Polymer membranes have low
fluxes for these gases, and selectivities for CHs over N> in rubbery polymers is only
around 5. Likewise, N2/CHj selectivities for glassy polymer membranes are typically
less than 3 [5]. Silica membranes have shown potential for removing N> with No/CH4
selectivities exceeding 10, based on single-gas permeances [5], but to our knowledge
N2/CH4 mixture permeances for these membranes have not been reported. Ion-
exchanged ETS-4 membranes [24] were selective for N», with N2/CHy selectivities of
5.4 at 308 K, but N, permeances were only ~107 mol/(m* s Pa). The N2/CHj ideal
selectivity of DDR3 membranes exceeded 25 at ambient temperature, but the
measurements were carried out with a sweep gas on the permeate side, and mixture
permeances were not reported [25].

In addition to CH4, CO», and N>, natural gas contains higher hydrocarbons (mainly
ethane, propane, and n-butane), and these can affect membrane separations, even if their
concentrations are only a few percent. Both propane and n-butane have been reported
to slowly decrease permeances and selectivities over several days during CO2/CH4
separations on SAPO-34 membranes [26]. The original permeances and selectivities
were recovered when the higher hydrocarbons were removed from the CO»/CHafeed.
However, these membranes had permeances that were only about 10-20% of
permeances reported for SAPO-34 membranes prepared more recently (different
precursors were used to prepare these membranes), and thus the effect of these

hydrocarbons on separations may be different [20].
76



In this paper, the effect of propane on CO»/CH4 and No/CHg separations was studied
for both SAPO-34 and SSZ-13 membranes. The permeances were an order of
magnitude higher for SAPO-34 membranes than for SSZ-13 membranes, probably
because the SAPO-34 membranes were grown on the inside of porous alumina tubes
with 100-nm pores, whereas the SSZ-13 membranes were grown on the outside of
porous mullite tubes with 1.3-m pores [23]. The best SSZ-13 membrane had higher
selectivities for CO»/CHy separations (280 at 350 kPa feed pressure, 205 at 1.73-MPa
feed pressure) and No/CHj separations (12 at 350-kPa feed pressure, 9 at 1.73-MPa feed
pressure). The membranes had low concentrations of defects, and CO»/i-butane
separation selectivities greater than 500,000 were measured for one SAPO-34
membrane. Propane significantly decreased the N> permeance in both types of
membranes, and it decreased the CO> permeance to a lesser extent in SAPO-34
membranes, likely because propane’s heat of adsorption is similar to that of CO,. The
selectivities were much less affected by propane. For higher feed pressures, propane
initially increased the CO; permeance and decreased the CHs4 permeance in SSZ-13
membranes, so that selectivities increased significantly. All permeances decreased over
days in the presence of propane so that steady state was not achieved, and SAPO-34
membranes were affected more than SSZ-13 membranes; the effects were reversible in

all cases.

4.2 Experimental

4.2.1 SAPO-34 membranes

Two SAPO-34 membranes were prepared as described previously [20] by
secondary growth on the inside of seeded, porous Al>O3 tubes (1-cm O.D.). The SAPO-
34 seed crystals were synthesized by microwave heating at 453 K for 7 h from a gel
with the composition of 1 Al2O3: 1 P20s: 0.6 SiO2: 2TEAOH: 75 H20, where TEAOH
is tetraecthylammonium hydroxide. The SAPO-34 membrane synthesis was carried out
at 493 K for 6 h using a gel composition of 0.85 Al>O3: 1 P>Os: 0.3 SiO,: 2TEAOH:

155 H20. The template was removed from the membranes by calcination under vacuum
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at 723 K for 6 h with heating and cooling rates of 1 K/min.
4.2.2 SS7-13 seeds synthesis

The SSZ-13 seed crystals were synthesized using a procedure similar to that
described by Yuen and Zones [27]. The molar composition of the gel was 1.0 SiO»: 0.10
Na»O: 0.025 AbO3: 0.40 TMAdaOH: 44 H>O, where TMAdaOH is N, N, N, trimethtyl-
I-adamantammonium hydroxide. The gel was prepared by mixing NaOH, Al(OH)3 and
DI water and stirring the mixture at room temperature for 1 h to form a homogenous
aluminate solution. Then water and template were slowly added to the solution over 15
min, and the solution was stirred for 1 h without heating. Finally, colloidal silica (Ludox
TM-40, Sigma-Aldrich) was added to the solution, which was stirred for an additional
1 h, and the mixtures were aged overnight at room temperature while being stirred. The
gel was transferred to a Teflon-lined autoclave and held in an oven at 433 K for 96 h.
After synthesis, the SSZ-13 crystals were recovered by centrifugation, and they were
washed three times in DI water and dried overnight at 373 K. The template was removed

from the crystals in air at 823 K for 10 h with heating and cooling rates of 10 K/min.
4.2.3 SSZ-13 membranes

Six SSZ-13 membranes were prepared on the outside of porous mullite tubes
(NIKKATO Company, 12-mm O.D., 1.3-um average pore size) by secondary growth.
Ten-cm long tubes were polished using 800# sandpaper and washed several times with
boiling DI water for 30 min and dried overnight at 373 K. The outer surface of the tubes
was coated with SSZ-13 crystals by rub-coating with a 10% seed/water slurry, and then
placed in an autoclave containing 270 g of synthesis gel. The gel had a molar
composition of 1.0 SiOz: 0.1 Naz0: 0.025 AL20s3: 0.05 TMAdaOH: 0.05 TEAOH: 80
H>O. All the chemicals were purchased from Sigma-Aldrich. The gel was prepared by
dissolving NaOH, Al(OH)3, TMAdaOH (25%) and TEAOH (35%) in DI water and then
adding colloidal silica (Ludox TM-40). The solution was stirred for 48 h at 333 K to
obtain a uniform gel.

Hydrothermal synthesis was carried out in an oven at 443 K for 48 h. The resulting
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membranes were washed under running tap water for 15 min, soaked in deionized water
overnight, and then dried overnight at 373 K. The membranes were calcined in air at
753 K for 6 h with heating and cooling rates of 0.5 K/min. The calcined membranes

were stored at 373 K prior to separation measurements.
4.2.4 Characterization

The crystal structures of SSZ-13 and SAPO-34 powders collected from the bottom
of the autoclaves after membrane synthesis were confirmed by XRD (Scintag PAD-V

XRD instrument with Cu Ka radiation). The crystal size and shape were determined by

SEM (JEOL JSM-6400).
4.2.5 Gas permeation and separation measurements

Single-gas fluxes and mixture separations were measured in two flow systems
described previously [28]. The feed flow rates were adjusted with electronic mass flow
controllers. The feed pressure was either 270 kPa, 350 kPa or 1.73 MPa, and was
controlled with back pressure regulators. The permeate pressure was maintained at 84
kPa (ambient pressure in Boulder, CO). No sweep gas was used. Fluxes were measured
with bubble flow meters, and compositions were measured by a GC (HP 5890 or SRI
8610C) with a Hayesep D column and a TCD and a FID. An automated sample loop
collected samples from the feed and permeate streams. The tubular membranes were
sealed in a stainless-steel module with silicone or Viton O-rings. The module for the
SSZ-13 membranes with the zeolite layer on the outside of the tube used two O-rings
at each end. Because the O-rings were in direct contact with the SSZ-13 layer, the seals
were probably not as good as the seals on the smooth glazing of the SAPO-34
membranes, which required only one O-ring at each end. Thus, extremely high
selectivities were probably not attainable with the SSZ-13 membranes.

Teflon inserts were used to minimize concentration polarization in the module for
the SAPO-34 membranes [28], but this could not be done for the SSZ-13 membranes,
and thus concentration polarization decreased SSZ-13 selectivities when they were high

and/or when separations were done at high pressures. Research grade CHs4, CO», and
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N> were used. Either research grade propane was used, or instrument-grade propane
was purified with activated carbon, AlbO3, and KMnOj4 to remove higher hydrocarbons,
moisture, and unsaturated species. Propane (1, 5, or 9%) was added to the binary feed
gases by either adding pure propane (for measurements at 270 and 350 kPa) or by
feeding a mixture of propane with CO2 or N> at the higher pressures.

Log-mean partial pressure differences were used to calculate permeances. Most of
the separations were carried out at room temperature using equimolar mixtures of
CO2/CH4 and N»/CHg4, but CO2/CH4 separation was also carried out for a SSZ-13
membrane at temperatures from 298 to 473K. A dead-end system without sweep gas

was used for single-gas flux measurements.

4.3 Results and discussion

4.3.1 Separations in SAPO-34 membranes

Selectivities and permeances for the SAPO-34 membranes were reported
previously [20,21,29,30]. At room temperature and 275-kPa feed pressure, the
CO/CHy separation selectivities were ~100 and the CO» permeances were ~1.5x107°
mol/(m? s Pa). At room temperature and 4.6 MPa feed pressure, the CO,/CHa separation
selectivities remained near 100 for the best membranes, but the CO, permeances
dropped to ~5x107 mol/(m? s Pa) because CO; approached saturation loading in the
SAPO-34 pores at the high pressures. These membranes were also selective for No/CH4
separations at room temperature, and the No/CHjy selectivity was 5-7 for a feed pressure
of 350 kPa. The N> permeance was ~1x107 mol/(m? s Pa), which is significantly lower
than the CO» permeance because the larger N> has a lower diffusivity than CO», and N»
also has a lower loading because it has a significantly lower heat of adsorption
[19,31,32].

Carbon dioxide/i-butane separation selectivities were measured on similar
membranes to identify the fraction of flow through defects larger than 0.50 nm. As
reported previously, the COy/ibutane selectivities were 15,000-20,000 for an 80/20

COy/i-butane feed when silicone O-rings were used [21] and the feed pressure was 275
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kPa. For another membrane, the CO»/i-butane selectivities were about 20,000 with
silicone O-rings, but COy/i-butane selectivities exceeded 500,000 when Viton O-rings
were used. Apparently, i-butane dissolves in and diffuses through the silicone O-rings,
and because the i-butane permeances through the membranes were so low, the
permeance through the silicone O-rings dominated. These are much higher gas-phase
separation selectivities than have been reported previously for zeolite membranes, and
they demonstrate that SAPO-34 membranes can be prepared with extremely low
concentrations of defects. Selectivities of 500,000 cannot be measured accurately
because of the difficulty of sealing the membranes in the module and because

concentration polarization cannot be eliminated for such selectivities.
4.3.2 Separations in SSZ-13 membranes

As shown in Table 4-1, the separation selectivities for both CO2/CHs and N»/CHy
mixtures were higher for the six SSZ-13 membranes. The best membranes (SZ-1 and
SZ-5) had a CO,/CHj selectivity of about 280 at a feed pressure of 270 kPa. However,
their CO; permeances (1.8-2.1x107 mol/(m? s Pa)) were only about 10% of SAPO-34
membranes permeances, most likely because the SSZ-13 layers were grown on the
outside of supports with large pores (1.3 pm), whereas the SAPO-34 layers were on the
inside of supports with much smaller pores (0.1 pum). As a result, SSZ-13 zeolite grew
inside the support pores and formed a thicker separation layer (Figure 4-1). The CO»
permeances are reproducible (Table 4-1), but the CH4 permeances show more variation,
likely because these small permeances are more sensitive to O-ring sealing and small

defects.
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; &'\_y\’\k— SR,

zeolite layer

Figure 4-1 Scanning electron micrograph of a) cross section and b) top view of a SSZ-13

membrane on a porous tubular mullite support.
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Table 4-1 Single-gas and mixture permeances and CO,/CHs selectivities at 270-kPa feed

pressure and 298 K for SSZ-13 membranes.

Single-gas permeance Ideal Mixtures permeance  Separation
Membrane [mol/(m? s Pa)] selectivity [mol/(m? s Pa)] selectivity

C0O,x10"” _ CH4x10°  CO,/CHs  CO;x10” CH4x10°  CO,/CHj4

SZ-1 2.2 1.4 156 2.1 0.77 280
SZ-2 2.2 34 66 2.6 2.7 95

SZ-3 2.1 2.0 110 2.2 14 155
SZ-4 2.0 2.2 92 2 1.6 125
SZ-5 1.8 1.2 152 1.8 0.63 276
SZ-6 2.1 2.5 85 2.1 1.6 136

Average 2.1+0.14  2.1+0.7 110+34 2.1+0.24 1.5+0.7 178+73

As shown in Table 4-1, the CO; single-gas permeances were close to their mixture

permeances for the SSZ-13 membranes. However, the CHs4 mixture permeances were
21 to 47% lower than their single-gas permeances, and thus the mixture selectivities
were on average 60% higher than the ideal selectivities, apparently because CO>
preferentially adsorbs in the SSZ-13 pores because of its higher heat of adsorption.
The COx/i-butane separation selectivity was > 20,000 for SSZ-13 membrane SZ-1 and
about 2,800 for membrane SZ-5, indicating that the concentration of defects larger than
0.50 nm was low for SSZ-13 membranes. These selectivities are for a feed pressure of
270 kPa and a 90% CO2/10% ibutane feed and are probably lower limits because the
O-rings are not expected to seal as well on the zeolite layer as on a smooth glazed layer.
Moreover, because the SSZ-13 layer was on the outside of the support, concentration
polarization could not be minimized as it was for the SAPO-34 membranes, where a
Teflon support was inserted inside the tube [28]. At these high selectivities,
concentration polarization is expected to be significant. The i-butane permeances were
similar in mixtures with N> or CO», but because N> permeates slower than CO», the
Nz/i-butane selectivity was only 1,400 for membrane SZ-1.

As shown in Table 4-1, the two membranes (SZ-1 and SZ-5) had similar CO»/CH4
separation selectivities at 270-kPa feed pressure, indicating that the CH4 flux through
defects that permeated ibutane did not contribute significantly to the total CHs flux. As

the pressure increased, the CO»/CH4 separation selectivity for both membranes
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decreased significantly (Figure 4-2) as the CO> permeance decreased and the CHa
permeance increased. These measurements were carried out at a feed flow rate of 0.6
SLPM (standard L/min). The CO2/CHj4 separation selectivities were 70 (SZ-1) and 73
(SZ-5) at 1.73-MPa feed pressure. These permeances were significantly affected by
concentration polarization at high pressure [28], however, so that when the feed flow
rate was increased from 0.6 to 4.0 SLPM for membrane SZ-1 at 1.73 MPa, the CO2/CHa4
separation selectivity increased from 70 to 205. Thus, the selectivity was only 25%
lower at the high feed pressure at high flow rates. The CO2/CHy4 selectivity of membrane
SZ-5, which had more defects based on its i-butane flux, increased to 122 when the feed
flow rate increased to 4 SLPM. Thus, the CO,/CHy selectivity at high pressure
correlates with the defect concentration, as measured by the CO»/i-butane selectivity.

Indeed, defects are expected to have a bigger influence on selectivity at higher pressures.
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Figure 4-2 CO2 and CH4 permeances and CO»/CHy4 separation selectivities for SSZ-13
membrane SZ-5 as a function of feed pressure at 293 K and CO»/CHy selectivities of SSZ-13
membrane SZ-1 (open triangles). The feed flow rate was 0.6 SLPM except where noted.

The CO> permeance and the CO»/CHs4 selectivity also decreased as the temperature
increased for SSZ-13 membrane SZ-1 (Figure 4-3); the selectivity was 91 at 373 K and
35 at 473 K. These trends are similar to those reported previously for SAPO-34

membranes [19], but the selectivities are higher.
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Figure 4-3 Carbon dioxide and CH4 permeances and CO»/CHjy separation selectivities for SSZ-

13 membrane SZ-1 as a function of temperature at 270-kPa feed pressure.

Table 4-2 Single-gas and mixture permeances and selectivities at 298 K for N, and CH4 for

SSZ-13 membranes at 270-kPa feed pressure.

Single-gas Ideal Mixtures permeance  Separation
Membrane permeance selectivity [mol/(m? s Pa)] selectivity

N;x10*  CH4x10° N,/CH,4 N,x10* CH4x10° N,/CH4

SZ-1 2.2 1.4 16 1.8 1.4 13

SZ-2 1.1 34 3 1.3 2.9

SZ-3 2.3 2.0 12 23 24

S7-4 2.1 2.2 10 2.0 2.3

SZ-5 1.6 1.2 13 1.2 1.1 11

SZ-6 2.5 2.5 10 24 2.9 8
Average 2+0.5 2.1+0.73 10.8+4 1.83+0.46  2.2+0.7 9+2.8

As observed for the SAPO-34 membranes, the N> permeances through the SSZ-13
membranes (1.8x10°® mol/(m? s Pa) for membrane SZ-1 at 270-kPa feed pressure) were
much lower than the CO; permeances for the same reasons. Thus, the N2/CH4
separation selectivities, which were 9-13 at 270 kPa for the best membranes (Table 4-
2), were lower than the CO,/CH4 separation selectivities [33]. These selectivities are
higher than the N»/CHy selectivities for SAPO-34 membranes; those values did not
exceed 7. The N»/CHjy ideal selectivities for the best membranes (SZ-1 and SZ-5) were
about 20% higher than their mixture selectivities because CHs decreased the N>
permeance, but N> did not affect the CH4 permeance. At a feed pressure of 1.73 MPa,
the N»/CHj4 separation selectivity for SSZ-13 membrane SZ-1 was about 9 (Figure 4-
4). Both the N> and CH4 permeances increased with N2 feed concentration, but N>

increased more than CH4, probably because at higher N> loadings [33], CH4 had less
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effect on N> permeation.
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Figure 4-4: Nitrogen and CH4 permeances and N»/CHj4 separation selectivity at 293 K for SSZ-

13 membrane SZ-1 as a function of N, mole fraction in the feed at a 1.73-MPa feed pressure.
4.3.3 Effect of propane on CO»/CHj separations in SAPO-34 membranes

As shown in Figure 4-5, when 5% propane was added to the CO»/CHj4 feed at 350-
kPa pressure, the CO, permeance for SAPO-34 membrane SA-1 dropped by 14%
immediately, and then it continued to decrease so that after 6 h, the CO> permeance had
dropped 40%. The CO,/CHjs selectivity increased slightly when 5% propane was added
to the feed, and even though the CO> permeance decreased with time, the CO2/CH4
selectivity remained constant at about 82. The propane permeance reached steady state
almost immediately, and the initial CO2/propane selectivity was 550; the CO2/propane
selectivity decreased with time as the CO2 permeance decreased. The decrease in CO2
permeance with time is probably due to propane slowly adsorbing in SAPO-34 pores
[34]. The propane diffusivity is low in SAPO-34 pores, so it requires a long time to
reach a steady-state loading, particularly in the presence of CO,. Because the propane
permeance was constant, most of the propane must permeate through defects, and the
loading in the defects reached steady state quickly. The contribution of propane
diffusion through the SAPO-34 pores to the propane flux was insignificant. When
propane was removed from the feed, the membrane recovered its original permeances
slowly, and the initial CO; permeance was only obtained in a reasonable time by heating

the membrane to 473 K.
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Figure 4-5 Carbon dioxide and CH4 permeances and CO,/CHj4 separation selectivity at room
temperature and 350-kPa feed pressure for SAPO-34 membrane SA-1 when 5% propane was
added to the feed.

The slow decrease in CO2 permeance in the presence of propane could be due to
adsorption of a low-concentration impurity (unsaturated hydrocarbon, moisture) in the
SAPO-34 pores, but only ethane was detected by GC in significant concentrations in
the propane feed. Moreover, the decrease in CO; permeance was the same for both
instrument-grade and research-grade propane. In addition, a purifier containing
KMnOy-impregnated Al,O3 beads, which should remove unsaturated hydrocarbon such
as propylene, did not significantly change the permeation behavior. Thus, the slow
decrease in CO2 permeance with time was probably not the result of an impurity, but

was due to slow adsorption of propane in the SAPO-34 pores.
4.3.4 Effect of ethane on CO2/CHj4 separations in SAPO-34 membranes

When 5% ethane was added to a CO2/CHj4 feed to SAPO-34 membrane SA-2 at a
pressure of 350 kPa, the CO;, and CH4 permeances initially dropped, as shown in Figure
4-6. After few minutes, permeances increased to steady-state values that were about 14%
lower than their original values and they remained stable for 3 h. This is in contrast to
propane addition (Figure 4-5), which decreased CO2 permeances by 35% over 3 h.
When ethane was added, the CO; permeance decreased more than the CH4 permeances
so that the CO2/CHy selectivity was 6% lower. Ethane has a lower heat of adsorption
than propane in SAPO-34 [34], and thus affects the permeances less than propane.
Ethane is also smaller than propane and thus should interfere less with the diffusion of

other gases in the zeolite channels. Because the heat of adsorption of ethane is low, the
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CO; permeances recovered about 97 % of their original values within a few minutes

after ethane was removed from the feed, as shown in Figure 4-6.
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Figure 4-6 Carbon dioxide and CH4 permeances and CO»/CHy; separation selectivity for SAPO-

34 membrane SA-2 when 5% ethane was added to the feed at 350-kPa feed pressure.
4.3.5 Effect of propane on CO2/CHj separations in SSZ-13 membranes

Propane affected CO2/CHj4 separation significantly less in SSZ-13 membranes than
in SAPO- 34 membranes. As shown in Figure 4-7 for a feed pressure of 350 kPa, the
CO; permeance through SSZ-13 membrane SZ-1 initially dropped by 3% when 5%
propane was added to the feed, and then it slowly decreased a total of ~13% over 2 days.
The CHs4 permeance decreased 23% over the same time period, so the CO2/CHa
selectivity increased 13% when propane was added, and then it stabilized at ~250 for
the next 2 days. The CO,/propane selectivity was ~3,300 after two days. For membrane
SZ- 5, the COy/propane selectivity was 1,600 with a CO, permeance of 1.6x107
mol/(m? s Pa) at 270-kPa feed pressure. The propane permeance was similar in mixtures
with N2 or COz, suggesting that the essentially all propane permeation is through
defects, and thus propane permeance reached steady state quickly. Otherwise, the
propane flux through SSZ-13 pores should be lower in mixtures with CO2 because CO>
competes better for adsorption sites. Propane adsorbs in the SSZ-13 pores [35,36] and
decreases CO; and CH4 permeances. Propane permeance through the SSZ-13 pores was
apparently insignificant compared to its flux through the defects. When propane was
removed from the feed, about 95% of the original CO; and CH4 permeances and the
CO»/CHy selectivity were recovered in 6 h, and permeances slowly approached the

initial values over about 2 days.
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Figure 4-7 Carbon dioxide, methane, and propane permeances and CO./CHj separation
selectivity at 293 K for SSZ-13 membrane SZ-1 in the presence of 5% propane at 350-kPa feed
pressure.

In contrast to the behavior at a feed pressure of 350 kPa, adding propane to the
CO»/CHj4 feed at 1.73 MPa increased both selectivity and CO, permeance, as shown in
Figure 4-8 for membrane SZ-5. Adding 5% propane initially increased the CO»
permeance by ~10%; the CO, permeances then slowly decreased, but was still higher
than its original value even after 4 days. In contrast to the CO; permeance, the CHy
permeance slightly decreased when propane was added to the feed, and thus propane
increased the CO»/CHy selectivity by 15%. When propane was removed from the feed,

the CO; permeance relatively quickly returned to its original value.
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Figure 4-8 Carbon dioxide, methane, and propane permeances and CO,/CHj separation
selectivity at 293 K for SSZ-13 membrane SZ-5 in the presence of 5% propane at 1.73 MPa
feed pressure.

Although the CO> permeance increased when propane was added, it was still lower
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than the single-gas CO» permeance at 1.73-MPa feed pressure (7.7x10°® mol/(m? s Pa)).
The CH4 mixture permeance was about 15% lower than its single-gas permeance (1x10"
 mol/(m? s Pa)), and it dropped an additional 15% in the presence of propane. The
CO2/CH4 ideal selectivity at 1.73 MPa was 77, which is similar to the mixture
selectivity without propane. However, the ideal selectivity was measured at twice the
partial pressures of CO2 and CHy in of the mixture, and the ideal selectivity is expected
to be higher at lower pressures, where the CO; loading is further from saturation. The
lower CO2 permeance in the presence of CHy at 1.73 MPa probably results from
concentration polarization since these measurements were made at a feed flow rate of
0.6 SLPM. When the flow rate at 1.73 MPa increased to 2 SLPM for CO,/CH4 mixtures,
the selectivity increased by about 30%, and the CO» flux increased by ~20%. Similar
flow-rate dependence has been observed for CO2/CHs4 mixtures with SAPO-34
membranes at high pressure [28]. In contrast, the CO»/CH4 mixture selectivity for the
SSZ- 13 membrane at low pressure (Table 4-1) was 80% higher than its ideal selectivity
because preferential adsorption of CO; decreased the CH4 permeance. As shown in
Figure 4-9, propane affects CO» permeance and CO>/CHy selectivity more as the feed

pressure increases, but the decrease in CH4 permeance is less sensitive to the pressure.
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Figure 4-9 Percentage change in CO, and CH; permeances and CO,/CHj4 separation selectivity
after adding 5% propane to feed as a function of feed pressure (open symbols, SSZ-13
membrane SZ-5; closed symbols, SSZ-13 membrane SZ-1).

When a higher propane concentration (9%) was added to a CO2/CH4 feed at 1.73
MPa for SSZ- 13 membrane SZ-1, the CO; permeance increased more (16%), as shown

in Figure 4-10, and then the CO» permeance decreased by 5% over the next 24 h. Thus,
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the CO, permeance was still greater than its original value after 24 h. Similar to the
behavior for 5% propane, the CH4 permeance rapidly decreased by 20% when 9%
propane was added to the feed, and then it slowly dropped over the next 24 h. Because
CO; permeance increased and CHs4 permeance decreased, the CO»/CHy selectivity
increased by 40%, from 68 to 96, when 9% propane was added. The selectivity
increased by another 6% over the next 24 h because the CH4 permeance decreased faster
than the CO» permeance. As observed for other separations, the propane permeance

stabilized after the first measurement. The COx/propane selectivity was between 2,070

and 2,200.
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Figure 4-10 Carbon dioxide, CHa4, and propane permeances and CO»/CHy, separation selectivity
at 293 K for SSZ-13 membrane SZ-1 in the presence of 9% propane at 1.73-MPa feed pressure.

The CO; permeance for a 95% CO2/5% propane mixture decreased linearly with
increased temperature, as shown in Figure 4-11, but the propane permeance remained
nearly constant. As a result, the CO»/propane selectivity decreased from about 5,500 at
295 K to 830 at 423K. Each data point in Figure 4-8 was obtained after a 1-h
equilibration time, and fluxes changed less than 3% in 1 h. The temperature
independence of the propane permeance also indicates that propane permeates through
defects and the amount permeating through SSZ-13 pores is insignificant. The propane
loading in the SSZ-13 pores decreases as temperature increases, as does the CO»
loading. However, the activation energy for propane diffusivity in SSZ-13 pores is
expected to be much larger than that for CO2 or CHy since propane is so close in size

to the SSZ-13 pores. Thus, the propane permeance in SSZ-13 pores might be expected
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to increase with temperature; we cannot explain its temperature independence.
Propane may affect permeation more in SAPO-34 than SSZ-13 membranes
because the heat of adsorption of propane is higher in SAPO-34 (24.6 kJ/mol) than in
SSZ-13 (19.4 kJ/mol), whereas the heat of adsorption of CO> is similar in the two
zeolites (SAPO-34, 25.5 kJ/mol; SSZ-13, 24 kJ/mol) [36,37]. Thus, CO> should better

compete with propane for adsorption sites in SSZ-13 pores than in SAPO-34 pores.
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Figure 4-11 Carbon dioxide and propane permeances and CO»/propane separation selectivity
of a 95% CO,/5% propane mixture for SSZ-13 membrane SZ-1 as a function of temperature at
350-kPa feed pressure.

Propane might increase the CO2 permeance and decrease the CH4 permeance at
high pressure by deforming the 8-member ring windows in SSZ-13 from a circular to
an elongated shape, similar to what Sastre et al. [38] observed with molecular dynamics
when propane adsorbed in AFX and AEI zeolites. These zeolites also have 8-membrane
ring windows. For the AFX zeolites, propane diffusivities decreased by 60-70% at 300
K as the propane loading increased, likely because one dimension of the windows
narrowed as more propane adsorbed. The AEI zeolites only showed slight changes in
diffusivity, even though the model also predicted significant distortions of their pore
openings.

Adsorbate-induced distortion of the flexible zeolite structure and changes in
diffusivities were observed previously for p-xylene in silicalite-1 zeolite. Ortho- and m-
xylene did not adsorb in freshly prepared silicalite-1, but reached 50% loading in ~7 h
after the sample was exposed to an adsorption/desorption cycle of para-xylene that
apparently caused slight but permanent changes in the pore structure, even after all p-

xylene was removed [39].
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Nicolas et al. [40] reported that the CO2/N2 separation selectivity increased for an MFI
membrane when propane was added; propane decreased the CO2 permeance by about
60% but decreased the N> permeance more, so that the CO2/N» selectivity increased
from 3 to 5.5. As the temperature increased, the CO» and N permeances increased and
the selectivity decreased, likely because propane desorbed. They concluded that the
selectivity increased because N> adsorption decreased more than CO: adsorption

because CO; likely interacts more strongly with adsorbed propane.
4.3.6 Effect of propane on N2/CH4 separations in SSZ-13 membranes

In contrast to its effect on CO» permeances, propane decreased the N> permeance
at all pressures studied, and in almost all cases it also decreased the N2/CHjy selectivity.
Steady state was not reached in any of the N2/CHs separation measurements in the
presence of propane. When 5% propane was added to a N»/CHy4 feed, N> permeance
initially dropped by about 10%, and then continuously decreased so that the N»
permeance was 44% lower after 7 days (Figure 4-12). The CHs permeance also
decreased when propane was added, and after an initial decrease of 20%, the CH4
permeance decreased proportionally less than the N> permeance so that the selectivity
continuously decreased with time (from 13 to 11 over 7 days). The propane permeance
stabilized over 24 h at a value 25% higher than in a mixture with CO> and CH4 (Fig.4-
7). Because CO; adsorbs more strongly than N3, it competes better with propane for
adsorption sites in the SSZ-13 pores. Thus, in the presence of CO», not much propane
permeated through SSZ-13 pores, and the propane flux through defects stabilized
quickly. For mixtures with N2, some propane probably permeates through SSZ-13 pores
and this permeation is slow so the propane permeation could take longer to stabilize.
The additional permeation of propane through SSZ-13 pores in the presence of N»

means that the total propane permeance is higher than in the presence of COx.
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Figure 4-12 Nitrogen, methane, and propane permeances and No/CHjy separation selectivity at
293 K in the presence of 5% propane for SSZ-13 membrane SZ-1 at 350-kPa feed pressure.

At 270 kPa, the Na/propane separation selectivity was 254 for membrane SZ-1 and
100 for membrane SZ-5. The N, permeance slowly recovered when propane was
removed from the feed, so that after 2 days, only 83% of the initial N2 permeance was
restored. Heating the membrane to 373 K for 1 h recovered the initial permeances,
showing that the behavior was reversible.

In a separate experiment, when 5% propane was added to a N2/CH4 feed, N> and
CH4 permeances continuously decreased by 17% and 10%, respectively, over 1 day,
and the N2/CHy selectivity decreased by 8% (Figure 4-13). The propane permeances
had not stabilized in 1 day. As shown in Figure 4-14 when propane was removed from
the feed, the N> permeance increased to its initial value in 1 day and the propane GC
peak for the permeate decreased in a similar time scale. Thus suggests that these
propane peaks are mostly due to desorption from the SSZ-13 pores, and this propane

hinders N> permeation.
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Figure 4-13 Nitrogen, methane, and propane permeances and No/CHy separation selectivity at

293 K for SSZ-13 membrane SZ-1 in the presence of 5% propane at 350-kPa feed pressure.
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Figure 4-14 Percent of N, flux recovered (from Figure 4-13) and percent decrease in the
propane concentration in the permeate after removing 5% propane from the feed for SSZ-13
membrane SZ-1 at 293 K and 350-kPa feed pressure.

At 1.73-MPa feed pressure, the behavior for No/CH4 mixtures in the presence of
propane was similar to that observed for the lower-pressure feed. As shown in Figure
4-15, adding 5% propane to the feed decreased the N> permeance by 36% and the CHy
permeance by 6.5% after 2 days, so the selectivity decreased from 8 to 6. When the
temperature was increased to 332 K, the permeance initially increased, but then
decreased over 20 h. When propane was removed from the feed at 293 K, the N>
permeance slowly recovered, but 90% of the original N> permeance was attained after
1 h when the temperature was increased to 373 K hour. Even 1% propane decreased the
N> permeance by about 25% after 2 days of continuous flow at 1.73-MPa feed pressure,
but selectivity was less affected, and permeances recovered slowly when propane was

removed from the feed.
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Figure 4-15 Permeances and N»/CHj4 separation selectivity at 293 K for SSZ-13 membrane SZ-

1 in the presence of 5% propane for 1.73-MPa feed pressure.
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4.3.7 Implications for membrane applications

Both SAPO-34 and SSZ-13 zeolite membranes have low defect concentrations
(based on COy/i-butane selectivities), and they have potential for CO2/CH4 and No/CH4
separations at high pressures. The SSZ-13 membranes have higher CO»/CH4 and
N2/CHy selectivities but lower permeances than SAPO-34 membranes, which are
prepared on supports with smaller pores and thus are thinner. Using a smaller-pore
support to prepare SSZ-13 membranes would also likely yield higher permeances. In
addition, SSZ-13 membranes are less affected by propane than SAPO-34 membranes,
and thus they may have more potential for applications. The typical propane and n-
butane concentrations in natural gas would have to be decreased for effective use of
SAPO-34 membranes for either CO2/CHs4 or N»/CH4 separation. The SSZ-13
membranes are more suitable for No/CH4 separations, but removing propane is probably
necessary for their use on a large scale. Moreover, at high pressure, propane improves
CO,/CHy separations, but some type of periodic regeneration, such as raising the

temperature, would be necessary to limit how much the permeance decreased long term.

4.4 Conclusions

SSZ7-13 and SAPO-34 membranes can be prepared with few defects larger than 0.5
nm, as indicated by the high CO»/i-butane separation selectivities (> 500,000 for SAPO-
34, 20,000 for SSZ-13). These high selectivities are likely lower limits because of
concentration polarization and possible O-ring sealing problems. SSZ-13 membranes
separate No/CH4 mixtures with higher selectivities of 9-13 at low pressure. The highest
N2/CHy selectivity for SAPO-34 membranes was 7. SSZ-13 membranes separate
CO»/CH4 mixtures with higher selectivities (> 200 at high pressure) than SAPO-34
membranes, but their permeances are only ~10% of the SAPO-34 membrane
permeances because the SSZ-13 membranes are thicker. Propane continuously
decreases CO> and N, permeances for both SSZ-13 and SAPO-34 membranes at low
pressures, but permeances decreased ten times faster for SAPO-34 membranes. Propane

only changed selectivities slightly but steady state was not reached even after seven
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days. At high pressures, CO> permeances and CO»/CHy selectivities initially increased
for SSZ-13 membrane, and then CO, permeances decreased a few percent per day. For
9% propane in the feed, the CO2/CHy selectivity initially increased 40%. Propane
decreases N> permeance more than CO; permeance because CO; competes better for
adsorption sites than N> in the zeolite pores because of its higher heat of adsorption.
Propane adsorbs in SSZ-13 and SAPO-34 pores, but essentially all its permeance is

through defects.
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Chapter S Preparation and Gas Permeation Properties of PESU-
based Mixed Matrix Membranes with CHA and AEI Zeolite

Particles

5.1 Introduction

Membrane based gas separation processes have drawn an increasing attention for
gas separation application [1-4] due to its energy cost saving, ease operating and low
environmental impact. Polymer membranes [5-8], are attractive for air, H> and CO
separation because of its good mechanical strength, low operating cost and high
flexibility, while, the trade-off between permeability and selectivity limited the further
improvement for industrial gas separation. In comparison, inorganic membranes [9—13]
exhibited both high permeability and selectivity for gas separation, but the poor
reproducibility of inorganic membrane lead to problems for gas separation in industrial-
scale. Therefore, the Mixed Matrix Membranes (MMMs), which was comprised by
imbedding inorganic fillers into a polymeric matrix, as one of the alternative candidate
to overcome those limitations between polymer and inorganic membranes in gas
separation, acquired a lot of intensive researches in recent years [14—19]. Zornoza et
al.[20] prepared the 6FDA polyimide based MMMs with Grignard functionalized
mesoporous silica. Those membranes displayed the Ho/CH4 separation selectivity of
21.8 with H permeability of 794 Barrer, CO2/N> separation selectivity of 24.4 with
CO; permeability of 1214 Barrer, CO2/CH4 separation selectivity of 31.5 with CO>
permeability of 1245 Barrer, and O»/N» separation selectivity of 4.3 with O»
permeability of 178 Barrer. These results indeed prove the gas permeation properties of
the inorganic filler filled MMMs were improved compared with the pure polymer.
MMMs as a hybrid material, which was not simply combined the processability of
polymer and the superior permeability and selectivity of inorganic fillers [21]. In fact
the performance of the MMMs was varied by many factors such as the suitable

combination of the filler and the polymer matrix, the properties of the filler and the
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interface between the polymer and the filler [14]. Thus, for making successful mixed
matrix membrane, one of the key challenging is to choose the proper matrix and filler
to meet the suitable combination, meanwhile, for a good polymer matrix, it should meet
the demand with a commercially acceptable performance and still have a good flexible
when membrane formation [22,23]. Polyethersulfone (PESU) [24] with a good glass
transition temperature Tg (~215°C), good mechanical property, thermal, hydrolytic
stability and good oxidative [25], as well as the low cost, shows a widely study in these
years [26—28]. At the same time, CHA type and AEI type zeolite with the unique pore
size ~0.38nm, good thermal and hydrothermal stability along with the different
adsorption properties for different gases which showed excellent gas separation
performances [29-33]. Both SAPO-34 zeolite and SSZ-13 zeolite have the chabazite
structure. SAPO-34 zeolite was a Si-substituted aluminophosphates crystalline
materials built of equimolar Al04~ and PO4" tetrahedral units together with SiO4 unit,
while SSZ-13 zeolite was built without PO4" tetrahedral units and showed high Si/Al
ratio [34,35]. The difference in SAPO-34 and SSZ-13 structure may display different
gas permeation properties in gas separation process.

In this work, both AEI type AIPO-18 and CHA type SAPO-34, SSZ-13 zeolites
with different crystal sizes were prepared to fill in the PESU polymer for making mixed
matrix membranes, and compared the different gas permeation proprieties of MMMs
with different sizes zeolites. In the other hand, we also compared gas permeation of the
MMMs with loading the same CHA structure zeolites (SAPO-34 and SSZ-13) with

different crystals compositions.

5.2 Experimental

5.2.1 Zeolite synthesis

5.2.1.1 CHA type zeolites

Three SAPO-34 zeolites were made by using different gel compositions as

described in Table 5-1, and details of the synthesis procedures were described in
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Chapter 2. The synthesis details of SSZ-13 crystal also described in Chapter 2.

Table 5-1. Synthesis conditions of SAPO-34 zeolites.

Zeolite Gel composition Syn. Cond.
SAPO-34-1 1A1,03:2P,05:0. 6Si0:4TEAOH:75H,0 453K, 4h
SAPO-34-2 1A1;03:1P205:0.6Si02:1.5STEAOH:0. SDIPEA:75H,0 473K, 12h
SAPO-34-3 1AL103:1P205:0.6Si02:1.5STEAOH:0. SDIPEA:75H,0 473K, 12h

(Added 0.2% SAPO-34-2)

5.2.1.2 AEI type zeolites

Three AIPO-18 zeolites were made by using different gel compositions as
described in Table 5-2, details of the synthesis procedures were also described in
Chapter 2

Table 5-2 Synthesis conditions of SAPO-34 zeolites.

Zeolite Gel composition Syn. Cond.
AIPO-18-1 1A1,03:3.16P205:6.32 TEAOH:186H,0 423K, 20h
AIPO-18-2 1A1L,03:1P,05:1.8 TEAOH: 60H,0:21PA 423K, 20h
AIPO-18-3 1AL 03:1P,05:1.8 TEAOH:60H,0 423K, 20h

5.2.2 Membrane preparation

5.2.2.1 Neat PESU membrane fabrication

The neat PESU membrane was produced by adding 15 wt.% commercially
polyethersulfone (PESU, BASF Chemical CO., Germany) into N-Methyl-2-
pyrrolidone (NMP) solution (99.13%, Wako) at 80°C and stirred for 4h to dissolve it,
then stirred at R.T overnight, then put into ultrasonic machine for more 4h before being
cast onto glass board with the glass rod of 50-70um thickness. The casted films were
then dried for 2 h at 80°C under vacuum to remove most solvent, and finally heated the

films at 200°C under vacuum for 20 h until the membrane became hard.

5.2.2.2 Mixed matrix membrane fabrication

PESU based mixed matrix membranes (MMMs) were fabricated by loading 20-30
wt.% SAPO-34, SSZ-13 and AIPO-18 zeolites into PESU. The zeolites were dried in a
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vacuum oven at 200°C for 24h to remove all the moisture and adsorbed stuff.
Afterwards, the particles were dispersed in N-Methyl-2-pyrrolidone (NMP) solution
(99.13%, Wako) stirred for 1h and ultrasonicated for 4h to get fully dispersion. Next,
added the PESU (BASF Chemical CO., Germany) into the resulting dispersion at 80°C
to dissolve it and stirred for another 4h, then the resulting polymer/zeolites mixtures
were mixed together at R.T for 12h and ultrasonicated for more 4h before being cast
onto glass board with the glass rod of 50-70um thickness. The casted films were then
dried for 2 h at 80°C under vacuum to remove most solvent, and finally heated the films

at 200°C under vacuum for 20 h until the membrane became hard.
5.2.3 Characterization

The morphology of as-synthesized zeolites and the compatibility of these mixed
matrix membrane that between the zeolite filler and PESU matrix were determined by
a field emission scanning electron microscope (FE-SEM, JEOL JSM 6335F) at an
acceleration voltage of SKV. The crystallinity of the neat PESU membrane and PESU
based mixed matrix membranes along with the as-synthesized crystals phase were
identified by X-ray diffraction (XRD, SHIMADZU XRD-6100) using a Shimadzu XD-
3 diffractometer with Cu-Ka radiation at a scanning range of 26 =5~45° and a scanning

rate of 4°/min.
5.2.4 Gas permeation

Single gas permeation of He, Hz, CO2, Oz, N2, CH4 six gases were measured by
means of vacuum method with a fixed volume pressure gauge [36] using a time-lag
method [37]. The membranes were performed at 35°C with a feed pressure of 0.3MPa
using an apparatus as described by Cui et al [10] and illustrated in Figure 5-1. Before
permeation measurement, membranes were degassed in the gas permeation apparatus
system under vacuum at 353K for 3h. Area of membranes were fixed to 18.86cm?. The
solution-diffusion theory was used to describe the mixed matrix membrane permeation,
For a particular penetrant i, the permeability coefficient (P;) was calculated from the

penetrant diffusion coefficient (D;) and the solubility coefficient (S;), the permeability
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coefficient (P;) was represented in Barrer (I Barrer =107'" [em?(STP) cm]/(cm? s
cmHg)), which was defined as follow:
P=D;S;

The permeability coefficient P; and the time-lag @ were directly measured by the
time-lag method under vacuum, while the diffusion coefficient D; was estimated by the
time-lag € and the thickness of the film (/):

D~=P/(66)

Meanwhile, the permselectivity (o45) of the mixed matrix membrane, as to say, the
ability of separating specie A form specie B, was calculated as follow:
o45=P4/Pp

As the permeability coefficient P; describe in Eq. (1), so the permselectivity (ou4p)
can be written as:
0.45=(D.4/Dp)/(S4/S5)= 0P 0545

Therefore, the diffusion coefficient (D;) and the solubility coefficient (S;) altogether

determined the quality of the MMMs.
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Figure 5-1 Schematic diagram of gas permeation apparatus with vacuum method.

5.3 Results and discussion

A plenty of researches on the gas separation through mixed matrix membranes
already concluded that the gas separation performance of MMMs was not only affected
by the simple properties of the filler and the polymer itself, but the quite good
combination of the polymer and the filler [14,38,39]. And the MMMs with loading sub-
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micron range zeolite would enhance the interface contact between polymer and the
filler and provide more interfacial area [39]. For this purpose, we systematically
investigated the gas permeation properties of PESU-SP-34 MMMs, PESU-SSZ-13
MMMs and PESU-AP-18 MMMs.

5.3.1 Zeolite characterization

The properties of adopted, SAPO-34, SSZ-13 and AIPO-18 zeolites are shown in
Table 5-3. The corresponding morphologies of the SAPO-34, AIPO-18 and SSZ-13
zeolites were characterized by SEM as shown in Figure 5-2 and Figure 5-3, respectively.

Table 5-3 Properties of CHA type and AEI type zeolites.

Zeolite Synthesis condition Crystal shape Size (nm)
SAPO-34 zeolite
SAPO-34-1 453K, 4h spherical ~100
SAPO-34-2 473K, 12h spherical + cubic ~100-500
SAPQO-34-3 473K, 12h spherical ~200
SSZ-13 zeolite
SSZ-13 423K, 6d cubic ~400
AIPO-18 zeolite
AlIPO-18-1 423K, 20h Sheet-like 300
AlIPO-18-2 423K, 20h - 300-500
AIPO-18-3 423K, 20h Sheet-like 500-700

Figure 5-2 The SEM images of SAPO-34 zeolites (a) SAPO-34-1, (b) SAPO-34-2, (c) SAPO-

34-2, and AIPO-18 zeolites (d) AIPO-18-1, () AIPO-18-2, () AIPO-18-3.
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Three SAPO-34 zeolites with the crystals sizes range from 100nm to S00nm and
three AIPO-18 zeolites with the crystals sizes range from 300nm to 700nm were
confirmed from Figure 5-2. Meanwhile, cubic SSZ-13 zeolite with crystals size of

~400nm is confirmed by SEM as shown in Figure 5-3.

Figure 5-3 The SEM image of SSZ-13 zeolite.
5.3.2 Membrane characterization

Mixed matrix membranes (MMMs) obtained with loading 40 wt.% SAPO-34,
SSZ-13 and AIPO-18 zeolites turned to rigidification and were broken before or during
test. Then the effective PESU-SP-34 (-SSZ-13 and -AIPO-18) mixed matrix
membranes only with adding 20 wt.% and 30 wt.% SAPO-34 (SSZ-13 and AIPO-18).
The corresponding XRD patterns of fabricated MMMs were displayed in Figure 5-4,
as shown in Figure 5-4, the neat PESU membrane with a broad peak of 2 & ranges from
15° to 22.5° due to the amorphous structure, and the amorphous peak become weaker
after loading both CHA-type SAPO-34, SSZ-13 and AEI-type AIPO-18 zeolites. But
even after increasing SAPO-34 and SSZ-13 zeolites up to 30 wt.% (Figure 5-4a) and
loading AIPO-18 zeolites up to 40 wt.% (Figure 5-4b), the peak of the neat PESU
membrane was still existed. And these SAPO-34 filled MMMs show much weaker
zeolite peaks compared with the zeolite itself (as seen in Chapter 2), and the XRD
patterns with loading 20 wt.% and 30 wt.% showed almost similar zeolite peak intensity
for loading with SAPO-34 crystals, which may be result from the aggregation and may
result in the similar gas separation performance for the MMMs with different zeolite
loadings. And compared with the SSZ-13 zeolite based Mixed Matrix Membrane, the

MMMs showed the highest zeolite peak intensity among these MMMs and the
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intensities are increased when increasing the loading from 20 wt.% to 30 wt.%. This
may be result from the different physical properties [ 18] of the silicoaluminophosphates
type and aluminosilicate type CHA zeolites, which at last resulted in the different
compatibility among these mixed matrix membranes. For loading AIPO-18 zeolites, the

intensities of the crystals are also increased.

Figure 5-4 The XRD patterns of PESU-based Mixed Matrix Membranes (MMMs).

(a) PESU-CHA MMMs, (b)PESU-AEI MMMs.
5.3.3 Gas permeation properties of Mixed Matrix Membranes (MMMs)

Loading with different zeolites will lead to differences among the MMMs because

of the different behavior [40] among the SAPO-34, SSZ-13 and AIPO-18 zeolites.
5.3.3.1 Gas permeation properties of CHA zeolites filled mixed matrix membranes

The single gas permeability of PESU/SAPO-34 (SSZ-13) mixed matrix
membranes were summarized in Table 5-4 and plotted in Figure 5-5. The single gas
permeability of all these 6 gases increased after loading both all three SAPO-34 and
SSZ-13 zeolites into the PESU polymer. From the Figure 5-5, it’s obvious to notice that
the single gas permeability followed the order of H2 (2.89 A) > CO» (3.3 A) > 02 (3.46
A) >N, (3.64 A) > CHy4 (3.8 A) of all these MMM s except for PESU-SP-1. For the
MMMs with loading smaller and homogeneous nano-sized SAPO-34-1, these 6 gases
single gas permeability increased ~2 times (Table 5-4) compared with the pure PESU
membrane. The average of H» permeability increased ~136% and CO> permeability
increased ~113%, while the average of N> permeability increased ~600% and CHj4

permeability increased more than 700%. The CHjy single gas permeability was a little
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higher than the N> single gas permeability. It may account for the interface void defects
from the incompatibility between the filler and the polymer matrix. lead the CHgy
molecular go through the non-selective and less resistant by-pass without going through
the pores with the zeolites [14]. And for the heterogeneous SAPO-34-2 zeolite filled
MMMs, as with the bigger and different size ranges zeolite filled into the PESU
polymer, the PESU-SP-2 MMM s showed the highest single gas permeability among all
this SAPO-34 filled mixed matrix membranes except for PESU-SP-1. For the PESU-
SP-3 membranes, which showed the lowest single gas permeability among all these
CHA-type zeolites filled mixed matrix membranes, but still increased the H» single gas
permeability from 14 barrer to 18 barrer and CO; single gas permeability from 6.8
barrer to 8.2 barrer with 20 wt.% loading.

Table 5-4 Single gas permeability of PESU/CHA MMMs.

Permeability [Barrer]

Membrane

He H, CO, 0, N CH;,
PESU-SP-1 (20 wt.%) 38 39 17 4.0 1.7 2.0
PESU-SP-1 (20 wt.%)-2 25 27 12 2.7 1.1 1.2
PESU-SP-2 (20 wt.%) 25 26 13 2.3 0.39 0.33
PESU-SP-2 (30 wt.%) 34 37 20 3.6 0.64 0.54
PESU-SP-3 (20 wt.%) 19 18 8.2 1.6 0.24 0.19
PESU-SP-3 (30 wt.%) 21 20 8.9 1.6 0.26 0.19
PESU-SSZ-13 (20 wt.%) 26 27 13 2.2 0.35 0.30
PESU-SSZ-13 (30 wt.%) 33 34 16 2.7 0.47 0.41
PESU 13 14 6.8 1.2 0.20 0.18

nelic dieterlﬁi ’
Figure 5-5 The Single gas permeability of PESU/SAPO-34 (SSZ-13) Mixed Matrix
Membranes as a function of gas kinetic diameter.

Table 5-5 shows the ideal selectivity of all these SAPO-34 (SSZ-13) filled mixed
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matrix membranes, for SAPO-34-1 filled MMMs, since it displayed the highest single
gas permeability of all six gases among all these MMMs, while it showed much lower
ideal selectivity for all gases, even lower than the neat PESU polymer. The bad
incompatibility that increased the single gas permeability and decreased the ideal
selectivity. The MMM with loading heterogeneous SAPO-34-2 increased both H> and
CO; single gas permeability and improved ideal selectivity of H»/CH4 and CO»/CHa,
and filling the homogeneous SAPO-34-3 into the PESU polymer showed the highest
ideal selectivity of Ho/CH4 and CO2/CHg4 but a little lower single gas permeability for
H> and CO,. And with SSZ-13 zeolite, with 20 wt.% loading, it shows similar ideal
selectivity as with SAPO-34-3 zeolite but with better single gas permeability.
Meanwhile, for both SAPO-34 and SSZ-13 zeolites filled membranes, it’s obvious to
notice single gas permeabilities of the measured 6 gases increased as increasing the
zeolite loading from 20 wt.% to 30 wt.%. And compared with the two types CHA
structure filled mixed matrix membranes, the SSZ-13 filled MMMs shows a little higher
single gas permeability and maintains the ideal selectivity. At the same time, we also
can learn that loading zeolite into PESU can improve the single gas permeability from
the Figure 5-6.

Table 5-5 The ideal selectivity of PESU/CHA MMMs.

Ideal selectivity a[-]

Membrane
H2/N2 H2/CHy CO2/CHs O2/N2 CO2/N2 Hy/O:

PESU-SP-1 (20 wt.%) 23 20 8.5 2.4 10 10
PESU-SP-1 (20 wt.%)-2 25 22 9.3 2.6 11 9.9
PESU-SP-2 (20 wt.%) 67 78 40 5.9 34 11
PESU-SP-2 (30 wt.%) 59 70 37 5.6 31 10
PESU-SP-3 (20 wt.%) 77 95 43 6.8 35 11
PESU-SP-3 (30 wt.%) 78 110 48 6.3 34 12
PESU-SSZ-13 (20 wt.%) 77 88 42 6.2 37 12
PESU-SSZ-13 (30 wt.%) 72 82 39 5.8 34 12
PESU 69 77 38 6.2 34 11

Figure 5-6 shows the gas permeability of MMMs compared with neat PESU
membrane. It’s obvious loading zeolite into PESU polymer increased all the single gas

permeability. Both the permeability and ideal selectivity were increased for loading
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both SAPO-34-3 and SSZ-13 zeolites from 20 wt.% to 30 wt.%. And it’s obvious that
the MMMs with loading SAPO-34-1dramatically decreased the ideal selectivity since

it improves the gas permeability, this may result from defects that formed in the PESU-

SP-1 MMMs.

Figure 5-6 Permeability(left) and selectivity (right) of mixed matrix membranes compared with
neat PESU membrane.

As the connection between polymer and the filler strongly affected the gas
permeation properties, in order to confirm the differences between these MMMs, the
cross sectional of these dense films SEM images with 20 wt.% zeolites loading were
shown in Figure 5-7. For the SAPO-34 zeolites filled MMMs, the images of Figure 5-
7a and Figure 5-7b, corresponding to the smallest SAPO-34-1 filled membrane, it’s
clearly to notice the big agglomeration among these SAPO-34-1 zeolites which formed
a big void at the interface, finally strongly affect the gas permeation properties. The
SEM images of PESU-SP-2 were shown in Figure 5-7¢ and Figure 5-7d, because of the
heterogeneous particle distribution and the agglomeration in some degree [41], here we
still can see some voids between the interfaces. For PESU-SP-3 (Figure 5-7e and Figure
5-7f), because of the small enough crystals size of SAPO-34-3 particles, since it still
aggregates, however the aggregated crystals almost inserted into the polymer, which
shows good gas permeation properties, and compared with this three SAPO-34 filled
MMMs, as the better compatibility as shown in Figure 5-7g and Figure 5-7h for PESU-
SSZ-13 MMMs, which also leads to good gas permeation properties.

Meanwhile, cross sectional of these dense MMMs films SEM images with 30 wt.%
zeolites loading were shown in Figure 5-8. Compared with 20 wt.%, for the MMMs

with loaded SAPO-34-1 and SAPO-34-2, the agglomeration become more sever, lead
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to more defects such as more voids [14,39], which in verse, decreased the ideal
selectivity and improved the permeability. By filling 30 wt.% SAPO-34-3 zeolites into
the PESU polymer, due to the homogeneous crystals size, the crystals can insert into
the polymer evenly, which improved both gas permeability and selectivity. While for
the MMMs loaded with SSZ-13 crystals, since the crystals can distribute well, due to

the bigger crystal sizes, it may improve the gas permeability while reduce the selectivity.

Figure 5-7 SEM images of Mixed matrix membranes with loading 20 wt.% zeolites, (a) and

(b): PESU-SP-1; (c) and (d): PESU-SP-2; (e) and (f): PESU-SP-3, (g) and (h): PESU-SSZ-13.

Figure 5-8 SEM images of Mixed matrix membranes with loading 30 wt.% zeolites, (a) and
(b): PESU-SP-1; (c) and (d): PESU-SP-2; (e) and (f): PESU-SP-3, (g) and (h): PESU-SSZ-13.
Meanwhile, we also compared the difference of these MMMs in permeability,
solubility and diffusion coefficient, which summarized in Table 5-6 and Table 5-7,
respectively. It’s clearly to see the MMMs loaded with SAPO-34 crystals show similar
gas solubility for PESU-SP-2 MMMs and PESU-SP-3 MMM s. For PESU-SP-1 MMM,

the gas solubilities were lower and diffuse so quick (Table 5-6) may result from the bad
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connection between the polymer and the crystals (Figure 5-7a and b). Since the degree
of the compatibility is severe for PESU-SP-2 MMMs, it shows higher diffusion than
PESU-SP-3 MMM s. For SSZ-13 loaded PESU-SSZ-13 MMMs, here we showed the
same phenomenon as Luo et al.[42] description, the membrane shows much higher (~2
times) gas solubility than the same structure SAPO-34 in Table 5-6, while the PESU-
SSZ-13 membranes also displayed higher gas diffusion performance, which at last
performed the similar ideal selectivity with PESU-SP-34 membranes.

Table 5-6 The correlation of Permeability, Solubility and Diffusion of PESU/CHA MMM:s.

P Permeability (P) Solubility Coefficient (S) Gas diffusion Coefficient (D)
Membrane
[10-°cm3(STP) em/(cm? s emHg)] [10-3em?(STP)/(em® emHg)| [10-7(em?/sec)]
co, o, N, CH €O, O N, CH, €O, O, N, CH,

PESU-SP-1 (20wt%) 16.9 4.04 1.69 1.99 60.3 338 222 333 0.280 1.20 0.774 0.597
PESU-SP-1 (20wt%) 11.7 2.73 1.06 1.25 92.9 534 351 250 0125 0511 0.302 0.500
PESU-SP-2 (20wt%) 13.5 232 0391 0.335 167 10.3 937 322 0.0805 0.225 0.0418  0.0106
PESU-SP-2 (30wt%) 19.7 3.60 0.638 0.539 197 120 108 334 0100 0301  0.0593 0.0162
PESU-SP-3 (20wt%) 8.25 1.63  0.239  0.194 109 6.26 490 154 0.0758 0.260 0.0488  0.0126
PESU-SP-3 (30wt%) 8.92 1.64  0.260 0.185 163 10,0 796 229 0.0549 0.163 0.0327  0.0081
PESU-SSZ-13 (20wt%) 12.7 216 0347 0.304 325 176  21.1 540 0.0390 0.123 0.0165  0.0056
PESU-SSZ-13 (30wt%) 16.0 275 0471 0.409 378 20.2 283 588 0.0422 0.136 0.0167  0.0070

PESU 6.75 122 0.198 0.178  69.5 399 244 935 0.0970 0305 0.0810 0.0190

The addition of SAPO-34 and SSZ-13 into the PESU can enhance the diffusion
selectivity (Table 5-7), while have a different effect on the solubility selectivity, in a
word, gas selectivity of MMMs can be improve by increasing solubility selectivity.
Table 5-7 The ideal selectivity of Permeability, Solubility and Diffusion coefficient for

PESU/CHA MMMs.

Membrane CO,/CH4 CO2/N; 02/N2

PESU-SP-1 (20 wt%) 8.49 18.1 0.47 10,0 27.16 0.36 239 152 1.55
PESU-SP-2 (20 wt%) 40.3 5.19 7.57 34.4 17.87 1.93 594 1.10 5.39
PESU-SP-2 (30 wt%) 36.6 5.91 6.19 30.9 18.34 1.69 5.64 1.11 5.07
PESU-SP-3 (20 wt%) 42.6 7.08 6.02 345 2223 1.55 6.81 1.28 5.32
PESU-SP-3 (30 wt%) 48.2 7.11 6.77 343  20.42 1.68 629 1.26 4.98
PESU-SSZ-13 20 wt%) 41.7 6.02 6.93 36.6 15.44  2.36 623 0.83 7.46
PESU-SSZ-13 (30 wt%)  39.0 6.43 6.00 33.9 1339 2.53 584 0.72 8.13
PESU 37.9 7.43 5.11 342  28.49 1.20 6.17 1.63 3.77
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5.3.3.2 Gas permeation properties of AEI zeolites filled mixed matrix membranes

The single gas permeability of PESU/AIPO-18 mixed matrix membranes were
summarized in Table 5-8 and plotted in Figure 5-9, the single gas permeability was
followed the order of H>> CO2 > O2> Nz > CHy on all these AIPO-18 zeolites filled
MMM, indicating the effect of molecular sieve among those MMMs.

Table 5-8 Single gas permeability of PESU/AEI MMMs.

Permeability [Barrer]

Membrane

He H» CO, 0, N CH,4
PESU-AP-1-20 wt.% 28 29 13 2.5 0.73 0.73
PESU-AP-2-20 wt.%-1 25 24 11 1.8 0.26 0.27
PESU-AP-2-20 wt.%-2 33 34 16 2.8 0.51 0.47
PESU-AP-2-20 wt.%-3 18 19 10 1.7 0.29 0.27
PESU-AP-3-20 wt.% 18 17 8.3 14 0.24 0.21
PESU-AP-3-30 wt.% 16 16 7.2 1.3 0.22 0.17
PESU 13 14 6.8 1.2 0.20 0.18

It is easily found the gas permeability of those MMMs were dramatically improved
by incorporating AIPO-18 zeolites. Permeability was increased by filling smaller
crystals. In the case of PESU-AP-3-20 wt.%, gas permeability of H> and CO; were
increased from 14 to 17 barrer and 6.8 to 8.3 barrer compared with pure PESU
membrane, respectively. Further incorporating 30 wt.% AIPO-18-3, gas permeability
of Hy and CO, were decreased to 16 barrer and 7.2 barrer. For PESU-AP-2-20 wt.%,
the H> and CO; gas permeability enhanced a lot with H» increased from 13 to 34 barrer

and CO; increased from 6.8 to 16 barrer, respectively.

WIS TP emem? s

Figure 5-9 The Single gas permeability of PESU/AIPO-18 mixed matrix membranes as a

function of gas kinetic diameter.
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Table 5-9 The ideal selectivity of PESU/AEI MMMs.

Ideal selectivity a [-]

Membrane
Hy/N, Hy/CHy COCHs 02/N» CO/N:; Hy/0,

PESU-AP-1-20 wt.% 39 39 17 34 17 11
PESU-AP-2-20 wt.%-1 91 89 40 6.8 40 13
PESU-AP-2-20 wt.%-2 67 73 35 5.5 32 12
PESU-AP-2-20 wt.%-3 67 70 35 5.8 34 12
PESU-AP-3-20 wt.% 74 83 39 6.1 35 12
PESU-AP-3-30 wt.% 74 92 42 6.1 34 12
PESU 69 77 38 6.2 34 11

The ideal selectivities of AIPO-18 filled MMMs were illustrated in Table 5-9.
Similar as the MMMs filled with SAPO-34 zeolites, by incorporating smaller size
crystals, due to more defects formed, since improved the gas permeability while the
ideal selectivity was reduced. In the case of PESU-AP-3 MMMs, since the permeability
of Hy and CO» decreased by the filler loading increased from 20 wt.% to 30 wt.%, the
ideal selectivities of Ho/CH4 and CO»/ CH4 were increased from 83 to 92 and 39 to 42

by the filler loading increased from 20 wt.% to 30 wt.%.

Figure 5-10 SEM images of mixed matrix membranes with loading 20 wt.% AIPO-18 zeolites;
surface from air side (a), surface from glass side (b) cross sectional (c) of PESU-AP-1; surface
from air side (d), surface from glass side (e) cross sectional (f) of PESU-AP-3.

The SEM images of AIPO-18 loaded MMMs are shown in Figure 5-10. For PESU-

115



AP-1 MMM s with filling the smallest crystals size AIPO-18-1 zeolites, crystals become
agglomeration in the PESU that result in the void defects [14]. and for the PESU-AP-3
MMMs, only few zeolites were found from the cross-sectional as shown in Figure 5-
10f, many crystals were found from the surface, it may due to the bad compatibility [38]

between AIPO-18 and PESU, thus did not change a lot for gas permeability.

Figure 5-11 Permeability(left) and selectivity (right) of mixed matrix membranes compared
with neat PESU membrane.

Figure 5-11 shows the gas permeability of AIPO-18 zeolites loaded MMMs
compared with neat PESU membrane, it’s easily seen loading zeolite into PESU
polymer increased all the single gas permeability, loaded with smallest AIPO-18
zeolites into PESU polymer, gas permeability was largely enhanced while decreased all
the ideal selectivity. The PESU-AP-2 MMMs by incorporating AIPO-18-2 shows both

high gas permeability and ideal selectivity.
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5.4 Conclusions

Three AIPO-18 zeolites with different crystals sizes under 1pum, three SAPO-34 crystals
with different crystals sizes under 500nm and one SSZ-13 with ~400nm crystal size
were used as filler for fabricating PESU-based mixed matrix membranes (MMMs).
CHA type zeolites SAPO-34 and SSZ-13 showed more effective over AEI type AIPO-
18 to fabricate PESU-based MMMs for gas separation. Compared with the smallest
SAPO-34-1 crystals and the inhomogeneous SAPO-34-2, the MMMs by incorporating
homogeneous SAPO-34-3 with the crystal size of ~200nm and SSZ-13 with the crystal
size ~400nm showed a continuous interface with less defects.

The MMM s using 30 wt.% SAPO-34-3 showed an increase of ~42.8% in H» single gas
permeability and 30.8% in CO; single gas permeability, which result in the ideal
selectivity of a 42.8% increase for H2/CH4 and 26.3% increase for CO2/CHas. And the
MMMs using 20 wt.% SSZ-13 with the crystal size ~400nm showed an increase of
~92.8% in Hz single gas permeability and 91.2% in CO: single gas permeability, which
result in a 14.2% increase for Ho/CHg4 ideal selectivity and 10.5% for CO2/CH4 ideal
selectivity. In all, we can conclude that SAPO-34 as the filler showed higher ideal

selectivity and SSZ-13 as the filler displayed higher single gas permeability.
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Chapter 6 Preparation and Gas Permeation Properties of 6FDA-

based Mixed Matrix Membranes with CHA Zeolite Particles

6.1 Introduction

Mixed Matrix Membranes (MMMs) were firstly discovered by UOP and attracted
insensitively investigation in recently [1-7]. The emerged technology that combined
the inorganic moieties and polymers, is considerated to be a promising approach to
overcome the so-called Robeson upper bound limit of the permeability and selectivity
[8]. While, the big challenge in Mixed Matrix Membranes (MMMs) is still exist with
the defects such as the nonselective interfacial voids [9-12], polymer chain
rigidification [13—16] and pore blockage [14,16]. In one way, the appropriate choose of
polymer matrix and the inorganic fillers is a reasonably way to obtain the defect-free
and successful Mixed Matrix Membranes (MMMs).

The polyimides, general with good thermal, chemical stability and good
mechanical properties, are suitable for gas separation application [17—-19], especially
for the polyimide with 2,2-bis(3,4-dicarboxyphenyl) hexafluoropropane dianhydride
(6FDA) based membrane. A lot of studies have been reported that 6FDA-based
membranes displayed attractive gas transportation properties [3,6,7,20]. Introduction of
-C(CF3)2- group in 6FDA dianhydrides can restrict the torsional motion of neighboring
phenyl rings and the packing properties of the chains, which can increase the gas
permeability and selectivity [6,19,21]. The 6FDA based polymer membranes are mainly
studies with containing s series of diamine moieties, meanwhile, it has been also
reported the diamine moieties such as 2,4,6-trimethyl-1,3-phenylene-diamine (TrMPD)
exhibited high permeability and selectivity for gas separation [19].

In this work, 6FDA-TrMPD (PI) polymer was firstly prepared by polymerization
process, and then used for the polymer matrix, and three CHA type SAPO-34 zeolites
with different sizes were used as filler for making 6FDA-TrMPD based self-supported

mixed matrix membranes (MMMs). Gas permeation properties of the as-synthesized
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MMMs were investigated, meanwhile, gas permeation properties were also studies by

milling method for making MMMs.

6.2 Experimental

6.2.1 Chemicals

The structures of monomers 4,4’-(hexafluoroisopropylidene) diphthalic anhydride
(6FDA) and 2.4.6-trimethyl-1,3-phenylene-diamine (TrMPD) were shown in Figure 6-
1. The 6FDA monomer was obtained from TCI Co. and TrMPD monomer was supplied
by Sigma-Aldrich, respectively. N-methyl-2-pyrrolidinone (NMP) of analytical grade,

Acetic anhydride (>99.5%)), triethylamine (99%), were purchased from Wako without

further purification.
o}
0 HQN N H2
6FDA TrMPD
L [ J
o o -
|
C
—N ] N I
CF,
L O 0] J,
6FDA-TrMPD

Figure 6-1 Chemical structures of the monomers and the polyimide.
6.2.2 SAPO-34 zeolites

The properties of SAPO-34 zeolites with different crystals sizes adopted as filler
for preparing the MMMs were described in Table 6-1, details of the synthesis

procedures were described in Chapter 2.
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Table 6-1. Synthesis conditions of SAPO-34 zeolites.

Aged Syn.
Zeolite Gel composition
time(h) Conditions
SAPO-34-1 (1)  1ALO;:1P205:0.6Si0::1.5TEAOH':0. SDIPEA:75H-0 12 473K, 12h
SAPO-34-2 (2) 1A1203:1P205:0.6Si02:1.5TEAOH:0. SDIPEA:75H:0 12 473K, 12h
1A1205:1P205:0.6Si02:1.5TEAOH:0. SDIPEA:75H20
SAPO-34-3 (3) 12 473K, 12h

Added 0.2% SAPO-34-1

1: TEAOH from TCI Co.
6.2.3 Synthesis of 6FDA-TrMPD polyimide

The monomers of 6FDA and TrMPD were firstly purified by vacuum sublimation.
The sublimation schematic was shown in Figure 6-2. Then polymerization was
performed, the preparation of 6FDA-TrMPD is carried out in two stages: first the
polyamide acid was produced by mixing the purified monomers 6FDA and TrMPD in
an anhydrous medium within the NMP solution under the inert N> atmosphere; then
chemically imidization was performed by adding the mixture of acetic anhydride and
triethylamine into the solution. The resulting solution was stirred at R.T. for Ih,
following stirred for 2h under 50°C, then precipitated the as-synthesized polyimide in
ethanol, washed for 3 times, finally, dried the polyimide in a vacuum oven at 100°C for

24h. The structure of the obtained 6FDA-TrMPD was shown in Figure 6-1.

B

Waterin

—_—

Water out

Llcater

Crude solid

Figure 6-2 Schematic diagram of Sublimation.
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6.2.4 Membrane fabrication

The pure self-supported 6FDA-TrMPD membrane was prepared by adding the
6FDA-TrMPD into NMP (6FDA-TrMPD: NMP=15.wt %: 85.wt %) solution and
stirred until fully dissolve. Then remove the bubble from the casting solution, and
casted the solution onto glass board with the glass rod of 50-70um thickness, and slowly
evaporated abundant NMP solvent at 80°C for 2 h, and finally heated the films at 200°C
under vacuum for 20 h until the membrane became hard.

The self-supported 6FDA-TrMPD/SAPO-34 mixed matrix membranes (MMMs)
were fabricated by adding 20-40 wt.% SAPO-34 zeolites into the polymer matrix. The
SAPO-34 zeolites were dried in a vacuum oven at 200°C for 24h to remove all the
moisture and adsorbed stuff before usage. Afterwards, the SAPO-34 particles were
dispersed in NMP solution, then the resulting solution were stirred for 1h and sonicated
for 4h at R.T. to get fully dispersion. Next, added the as-synthesized 6FDA-TrMPD into
the resulting dispersion at 80°C to dissolve it and stirred for another 4h, then the
resulting polymer mixtures were mixed together at R.T. for 12h and sonicated for more
4h. Bubble should be removed from the casting solution before being cast onto glass
board with the glass rod of 50-70um thickness. The casted films were then dried for 2
h at 80°C under vacuum to remove most NMP solvent, and finally heated the films at

200°C under vacuum for 20 h until the membrane became hard.
6.2.5 Characterization

The morphology and the compatibility of these mixed matrix membrane that
between the zeolite filler and 6FDA-TrMPD matrix were determined by a field
emission scanning electron microscope (FE-SEM, JEOL JSM 6335F) at an acceleration
voltage of SKV. The crystallinity of the neat 6FDA-TrMPD membrane and 6FDA-
TrMPD based mixed matrix membranes were identified by X-ray diffraction (XRD,
SHIMADZU XRD-6100) using a Shimadzu XD-3 diffractometer with Cu-Ka radiation

at a scanning range of 26 =5~45° and a scanning rate of 4°/min.
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6.2.6 Gas permeation

Single gas permeations of He, Hz, CO2, Oz, N2, CHy six gases were measured by
means of vacuum method with a fixed volume pressure gauge [22] using a time-lag
method [23]. The membranes were performed at 35°C with a feed pressure of 0.3MPa.
Setup details were described in Chapter 4. Before permeation measurement,
membranes were degassed in the gas permeation apparatus system under vacuum at
353K for 3h. Area of membranes were fixed to 18.86cm?. The permeability coefficient
P; and the time-lag 8 were directly measured through time-lag method under vacuum,
while the diffusion coefficient D; was estimated by the time-lag 6 and the thickness of
the film (/):

D~=P/(606)
The solubility coefficient was caculated through the permeability coefficient and
diffusion coefficient:

P[:Dl"S[

6.3 Results and discussion

6.3.1 Properties of SAPO-34 zeolites

The properties of SAPO-34 zeolites used here are shown in Table 6-2, the
corresponding morphologies of the three SAPO-34 zeolites were characterized by SEM

and showed in Figure 6-3.

Table 6-2. Properties of CHA type zeolites.

Zeolite Synthesis condition Crystal shape Size (nm)
SAPO-34-1 (1) 473K, 12h Cubic >1000
SAPO-34-2 (2) 473K, 12h spherical + cubic ~100-500
SAPO-34-3 (3) 473K, 12h spherical ~200

As shown in Figure 6-3, SAPO-34-1 zeolites prepared with TEAOH from TCI. Co.
have a crystals size more than 1um aggregated by the ~500nm crystals, SAPO-34-2
zeolites have a wide crystals size ranges from 100nm to 500nm, SAPO-34-3 zeolites

have a homogeneous crystals size of ~200nm.
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Figure 6-3 SEM images of SAPO-34 zeolites (a) SAPO-34-1, (b) SAPO-34-2, (¢c) SAPO-34-

3.

6.3.2 Characterization of mixed matrix membranes (MMMs).

1.3 ( 0/
PI-2 (40wt%) P1-3 (40wt%)

PI-2 (30wt%)
PI-3 (30wt%)

'z

PI1-2 (20wWt%) ‘ PI-3 20wt%)

PI(6FDA-TrMPD) PI(6FDA-TrMPD)

i —————————————————— i
5 10 15 20 25 30 35 40 45 5 ( 5 20 25 30 35 40 45

PL1 (30Wt%)

YT

PI-1 (30wt%)
without milling

Figure 6-4 XRD patterns of 6FDA-TrMPD (PI) and 6FDA-TrMPD (PI) based MMMs with
different concentration by filling different SAPO-34 zeolites (a) SAPO-34-2, (b) SAPO-34-3,
(c) SAPO-34-1.

Two zeolites SAPO-34-2 and SAPO-34-3 were filled in 6FDA-TtMPD (PI) with
the loading of 20 wt.%, 30 wt.%, and 40 wt.% respectively, the corresponding XRD
patterns were shown in Figure 6-4, The neat PI polymer has a broad peak with the 26
ranges from 10° to 20° due to its amorphous property. The amorphous peak become
weaker after loading both three SAPO-34 zeolites. And the intensity of the amorphous
peak decreased as increasing the filler loading from 20 wt.% to 40 wt.%, even after

increasing SAPO-34 zeolites up to 40 wt.% (Figure 6-4a and b) the peak of the neat PI
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membrane was still existed. However, the intensity of the SAPO-34 crystals within
MMMs increased after enhancing the loadings, but this SAPO-34 filled MMMs show
much weaker zeolite peaks compared with the zeolite itself (as seen in Chapter 2). In
the case of SAPO-34-1 filled PI-1 MMMs, the MMMs show similar intensity,
indicating the milling method wouldn’t change the incorporating degree.
Cross-sectional SEM images of SAPO-34-2 filled mixed matrix membrane with
the loading of 20 wt.%, 30 wt.%, and 40 wt.% were shown in Figure 6-5. The SAPO-
34 crystals can distribute into the Pl membrane, while, due to the heterogeneous crystals
sizes, the distribution was not so evenly, and agglomeration similar as MFI zeolites [24]
was occurred during the formation of mixed matrix membrane due to the strong van
der Waals attractions between the SAPO-34 particles, which will affect the separation
performance of membrane. As increased the loading of the SAPO-34-2 zeolite, the
degree of the agglomeration increased to some degree. With the poor connection of
zeolite and polymer, the incompatibility between zeolite and 6FDA-TrMPD (PI)
polymer result in the sieve-in-a-cage morphology [15,25] which may affect the gas

permeability properties of these membranes.

= a2l ) = 100 nm o AN — 100 nm | i

Figure 6-5 SEM images of mixed matrix membranes, (a)and (b): PI-2(20 wt.%); (c)and (d):
PI-2(30 wt.%); (e)and (f): PI-2(40 wt.%).

Considerate the incompatibility between zeolite and polymer, milling method was
adopting to release this situation. SAPO-34-1 with the biggest crystal size more than

1um was used to investigate the effect of the milling method during the preparation of
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6FDA-TrMPD based self-supported mixed matrix membrane. Figure 6-6 and Figure 6-
7 show the SEM images of 6FDA-TrMPD (PI) based mixed matrix membranes loaded
with 30% SAPO-34-1 zeolite without milling and with milling method. The milling
method were performed by adding the mill ball into the casting solution and milled

together with~100r/min for 12h before casting.

Figure 6-6 SEM images of Mixed matrix membrane PI-1 (30 wt.%) without milling, (a)and

(b): surface from glass side; (c)and (d): surface from air side; (e)and (f): cross sectional.

I
e

Figure 6-7 SEM images of Mixed matrix membrane PI-1 (30 wt.%) with milling, (a)and (b):

surface from glass side; (c)and (d): surface from air side; (e)and (f): cross sectional.
The agglomeration was still existed in both milling (Figure 6-7¢ and f) and without-
milling (Figure 6-6e and f) MMMs. In the case of PI-1 (30 wt.%) without milling, the

surface from both glass and air sides show similar morphology, while it is clear to see
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many SAPO-34 crystals appear on the the surface from glass side of the membrane PI-
1 (30 wt.%) with milling. Meanwhile, the SAPO-34 zeolites become smaller in the
membrane PI-1 (30 wt.%) with milling compared with the membrane without milling,

it may reduce the defect, finally affect the gas permeation properties.
6.3.3 Gas permeation properties of mixed matrix membranes (MMMs).

The single gas permeability of He, Ho, CO2, O, N2 and CHy4 six gases of the pure
6FDA-TrMPD (PI) and 6FDA-TrMPD-based mixed matrix Membrane were measured

and performed under vacuum method at 35°C, 0.3MPa.

Table 6-3 Single gas permeability of PI/SAPO-34 Membranes.

Membrane Permeability [Barrer]
He H, CO, 0, N, CH,
PI-3 (20 wt.%) 721 1165 1268 292 91 70
PI-3 (30 wt.%) 864 1432 1654 376 122 91
PI-3 (40 wt.%) 1103 2013 2719 622 226 162
PI-2 (20 wt.%) 669 1041 1132 252 77 59
PI-2 (30 wt.%) 748 1233 1408 325 104 74
PI-2 (40 wt.%) 861 1437 1663 382 129 96
PI-1 (30 wt.%) w/o milling 850 1310 1318 304 92 72
PI-1 (30 wt.%) with milling 962 1493 1542 342 103 77
PI 461 687 751 158 45 38

All these membranes single gas permeations were shown in Table 6-3 and plotted
in Figure 6-8. All of these gases were test for 2 times to get the exactly data, as shown
in Figure 6-8. It is obvious seen that loading all of these three sizes SAPO-34 zeolites
dramatically enhanced the permeability of these six gases compared with pure 6FDA-
TrMPD (PI) membrane. Meanwhile, according to Table 6-3, as loading SAPO-34-3
from 20 wt.% to 40 wt.%, the CO; single gas permeability increased from 69%-262%,
and as loading SAPO-34-2 from 20 wt.% to 40 wt.%, the CO> single gas permeability
increased from 51%-121%, and for loading 30 wt.% SAPO-34-1 with and without
milling increased the CO» single gas permeability by 75% and 105%, respectively. At
the same time, the COz single gas permeability increased 120% for 30 wt.% SAPO-34-
3 loading and 87% for 30 wt.% SAPO-34-2 loading. As observed, loading homogenous
SAPO-34 crystals (SAPO-34-3) into 6FDA-TrMPD (PI) increased much more CO>
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single gas permeability than filling heterogeneous zeolites. And incorporating bigger
sizes and heterogeneous SAPO-34 crystals (SAPO-34-1) shows a little higher CO»
single gas permeability than loading with heterogeneous SAPO-34-2 zeolites. In
addition, compared with using milling method, after milling, the CO> single gas
permeability also increased ~17% compared with the membrane without milling, which

shows a positive effect on MMMs gas permeance.

Figure 6-8 The Single gas permeability of PI/SAPO-34 mixed matrix membranes as a function

of gas kinetic diameter.

Table 6-4 The ideal selectivity of PI/SAPO-34 Membranes.
Ideal selectivity a|-]

Membrane
H2/N2 H2/CHy CO2/CHsy O2/N2 CO2/N2 Hi/O:

PI-3 (20 wt.%) 13 17 18 3.2 14 4.0

PI-3 (30 wt.%) 12 16 18 3.1 14 3.8

PI-3 (40 wt.%) 9 12 17 2.8 12 3.2

PI-2 (20 wt.%) 14 18 19 3.3 15 4.1

PI-2 (30 wt.%) 12 17 19 3.1 14 3.8

PI-2 (40 wt.%) 11 15 17 3.0 13 3.8

PI-1 (30 wt.%) w/o milling 14 18 18 3.3 14 4.3
PI-1 (30 wt.%) with milling 14 19 20.0 3.3 15 4.4
PI 15 18 19.6 3.5 17 4.3

Since all the single gas permeability increased with loading all of these SAPO-34
zeolites, unfortunately, due to the different increment for all of the tested six gases,
which in aversely decreased the ideal selectivity compared with the pure PI polymer.
As shown in Table 6-4, for the CO2/CHj4 gas pair, as loading SAPO-34-3 from 20 wt.%

to 40 wt.%, the CO2/CHy4 ideal selectivity decreased from 8%-13%, and as loading
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SAPO-34-2 from 20 wt.% to 40 wt.%, the CO»/CHj4 ideal selectivity decreased from
3%-13%, and for loading 30 wt.% SAPO-34-1 with and without milling, the CO2/CH4
ideal selectivity decreased 8.2% for the membrane PI-1without milling, while, the
CO2/CHgy ideal selectivity increased by 2.0%. As observed, after milling, the membrane

shows positive effect on both gas permeability and selectivity.

Figure 6-9 Permeability of mixed matrix membranes compared with neat Pl membrane (a): PI-
3 (filled with SAPO-34-3); (b): PI-2 (filled with SAPO-34-2) (c): PI-1 (filled with SAPO-34-
D).

Gas permeability and the corresponding ideal selectivity of MMMs compared with
neat PI membrane were shown in Figure 6-9 and Figure 6-10, respectively. It’s obvious
that loading zeolite into PI polymer increased all single gas permeability, in addition,
for the MMMs, the less permeable gases, for instance, N> and CHa, were also been
improved by incorporating more zeolite into the PI polymer. Especially for the N», as a
result, reduced the CO»/N> ideal selectivity to 12 and 13 with 40 wt.% for PI-3 and PI-
2, respectively. It indicates the diffusivity for MMMs affected strongly by loading the
SAPO-34 zeolites.
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Figure 6-10 Ideal selectivity of mixed matrix membranes compared with neat PI membrane (a):
PI-3 (filled with SAPO-34-3); (b): PI-2 (filled with SAPO-34-2) (c): PI-1 (filled with SAPO-
34-1).

Permeability of SAPO-34 filled MMM s increased largely due to the increment with
both solubility coefficient and diffusion coefficient, as seen in Table 6-5, while, as the
differential with the increment for different gases, therefore, the ideal selectivity of

COy/CH4, CO2/N> and O2/N; systems were decreased as shown in Table 6-6.
Table 6-5 The correlation of Permeability, Solubility and Diffusion of PI/SAPO-34 MMMs.

Permeability (P) Solubility Coefficient (S) Diffusion Coefficient (D)
Membrane
[Barrer] [107cm*(STP)/(cm® cmHg)] [1077(cm?/sec)]

CO: (0} N2 CHs | CO2 O2 N2 CHs | CO2 O N> CHs
PI-3 (20 wt.%) 1268 292 91 70 314 26 27 78 4.03 11.06 3.38 0.90
PI-3 (30 wt.%) 1654 376 122 91 369 27 29 89 448 1395 4.21 1.02
PI-3 (40 wt.%) 2719 622 226 162 | 1219 26 29 91 223 23.62 7.72 1.78
PI-2 (20 wt.%) 1132 252 77 59 330 26 27 82 343 9.69 285 0.72
PI-2 30 wt.%) 1408 325 104 74 332 28 27 80 424 11.61 3.84 093
PI-2 (40 wt.%) 1663 382 129 96 369 22 29 88 451 1775 4.43 1.08
PI-1 (30 wt.%) w/o milling 1310 304 92 72 405 33 35 92 325 9.10 263 0.78
PI-1 (30 wt.%) with milling | 1542 342 103 77 364 28 30 84 424 1241 348 0.91
PI 751 158 45 38 243 15 18 67 3.14 1036 2.52 0.57
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Table 6-6 The ratio of Permeability, Solubility and Diffusion coefficient of PI/SAPO-34

MMMs for CO»/CH4, CO2/N; and O2/N; systems.

Membrane

PI-3 (20 wt.%)
PI-3 (30 wt.%)
PI-3 (40 wt.%)
PI-2 (20 wt.%)
PI-2 (30 wt.%)
PI-2 (40 wt.%)

PI-1 (30wt%) w/o milling  18.21

PI-1(30wt%)with milling  19.97

PI

CO2/CH4 CO2/N; 02/N2
op os oD op os op op as oD

18.18 4.05 4.49 13.98 11.70 1.19 3.22 0.98 3.27
18.19 4.15 4.39 13.54 12.71 1.06 3.08 0.93 3.31
16.83  13.46 1.25 12.03 41.60 0.29 2.75 0.90 3.06
19.18 4.03 4.77 14.76 12.27 1.20 3.29 0.97 3.40
18.95 4.17 4.55 13.55 12.27 1.10 3.12 1.03 3.02
17.37 4.17 4.16 12.92 12.68 1.02 2.97 0.74 4.01

4.38 4.18 14.21 11.56 1.24 3.30 0.95 3.46

4.31 4.64 14.95 12.25 1.22 3.32 0.93 3.57
19.61 3.64 5.48 16.53 13.47 1.25 3.48 0.85 4.11

For CO2/CHas, CO2/N> and O»/N» systems, the diffusion coefficient ratios were

decreased after loading the SAPO-34 zeolites into the PI polymer, since the solubility

ratio improved, while, as a consequence, the ideal selectivities were decreased,

indicating the SAPO-34 zeolites have an important effect for diffusivity for loaded

MMMs. Meanwhile, the MMMs after milling improved both CO> permeability and

CO2/CHgy selectivity.

Figure 6-11 plots the relationship between gas permeability and the corresponding

COy/CH4, CO2/N2, H2/CH4, H2/O2, H2/N> and O2/N> systems for pure PI and SAPO-34

filled PI/SAPO-34 membranes. Both neat PI and PI based MMMs show highest CO»

gas permeability, which is different from some reported polyimide [19,26] and

polyimide based MMMs [26]. At the same time, the permeation properties were

improved by largely improve the gas permeability with little reduce the selectivity.
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Figure 6-11 Permeability vs Selectivity of SAPO-34 loaded MMMs.

6.4 Conclusions

Three SAPO-34 crystals with different crystals sizes were used as filler for
fabricating 6FDA-TrMPD (PI) based mixed matrix membranes (MMMs). Gas
permeation properties were improved by incorporating three SAPO-34 zeolites into
6FDA-TrMPD (PI) polymer. Gas permeation results indicated the permeability were
mainly enhanced while decreased a little of the ideal selectivity by loading SAPO-34
zeolites. Gas permeability increased as increasing the filler loading with 20 wt.%, 30
wt.% and 40 wt.%. Higher permeability can be obtained by loading homogeneous and
small SAPO-34-1 for the membrane PI-3 MMMSs, meanwhile, using milling method to
prepare 6FDA-TrMPD (PI)/SAPO-34 MMMs can improve both CO> permeability and
CO2/CHgy selectivity.
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Chapter 7 Conclusions and Future Works

7.1 Conclusions

In this thesis, gas separation membrane: AEI type zeolite AIPO-18 membranes,
PESU and Pl-based mixed matrix membranes with filling CHA type SAPO-34, SSZ-
13 and AEI type AIPO-18 zeolites. And the gas permeation properties on those gas
permeation membranes were investigated, meanwhile, the effects of temperature and
pressure on AEI type zeolite AIPO-18 membranes for gas separation were also been
discussed.

The first object was aimed at preparing the AEI type and CHA type zeolites with
different sizes for the AIPO-18 zeolite membranes and mixed matrix membranes, which
is shown in Chapter 2.

The second object was aimed at investigating the gas permeation properties on gas
separation membranes, which can be divided into four parts:

(1): The first part was to study gas permeation properties on AEI type zeolite AIPO-
18 membranes, as shown in Chapter 3. The AIPO-18 zeolite membranes were prepared
by single TEAOH, single DIPEA template and dual TEAOH and DIPEA templates,
respectively. The AIPO-5 impurity formed sometimes when performed the AIPO-18
membranes with single TEAOH and single DIPEA template. The AIPO-18 membranes
prepared by single TEAOH template displayed highest CO2/CHjs selectivity however
lowest CO; single gas permeance, by single DIPEA template displayed highest CO»
single gas permeance with moderate CO2/CH4 ideal selectivity, and prepared by
combined TEAOH and DIPEA templates displayed moderate CO> single gas
permeance with lowest CO2/CHy ideal selectivity. Meanwhile, temperature decreased
dramatically for CO; and N> single gas permeance, while the CHy is almost independent
of temperature, as a result, the CO»/CH4 and N2/CHy4 ideal selectivity was decreased as
increasing temperature. Pressure decreased CO; single gas permeance while increased

a little for N> and CHy single gas permeances, which finally CO>/CHy4 ideal selectivity
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decreased as increasing pressure and No/CHy ideal selectivity is almost stable.

(2): The second part was to study gas permeation properties on CHA type zeolite
SAPO-34 and SSZ-13 membranes, as shown in Chapter 4. SSZ-13 and SAPO-34
membranes can be prepared with few defects larger than 0.5 nm, as indicated by the
high CO»/i-butane separation selectivities (> 500,000 for SAPO-34, 20,000 for SSZ-
13). SSZ-13 membranes separate No/CH4 mixtures with higher selectivities of 9-13 at
low pressure. The highest N»/CHy selectivity for SAPO-34 membranes was 7. SS7-13
membranes separate CO2/CH4 mixtures with higher selectivities (> 200 at high pressure)
than SAPO-34 membranes, but their permeances are only ~10% of the SAPO-34
membrane permeances because the SSZ-13 membranes are thicker. Propane
continuously decreases CO; and N> permeances for both SSZ-13 and SAPO-34
membranes at low pressures, but permeances decreased ten times faster for SAPO-34
membranes. Propane only changed selectivities slightly but steady state was not
reached even after seven days. At high pressures, CO; permeances and CO2/CH4
selectivities initially increased for SSZ-13 membrane, and then CO2 permeances
decreased a few percent per day. For 9% propane in the feed, the CO>/CHj selectivity
initially increased 40%. Propane decreases N> permeance more than CO2 permeance,
because CO> competes better for adsorption sites than N> in the zeolite pores as a result
of its higher heat of adsorption. Propane adsorbs in SSZ-13 and SAPO-34 pores, but
essentially all its permeance is through defects.

(3): The third part was to study gas permeation properties on PESU based mixed
matrix membranes by filling CHA type SAPO-34, SSZ-13 and AEI type AIPO-18
zeolites, which is shown in Chapter 5. Gas permeability of all test six gases are
improved by loading these three type zeolites from compared with neat PESU polymer.
While loading with the smallest SAPO-34 zeolites (~100nm) decreased the ideal
selectivity due to the crystals aggregation, and loading 20 wt.% bigger and
homogeneous SAPO-34 (~200nm) and SSZ-13 (~400nm) zeolites can improve both
gas permeability and selectivity. Meanwhile, CO; single gas permeability and CO2/CH4
ideal selectivity are increased by increasing the filler loading from 20 wt.% to 30 wt.%

for SAPO-34 with ~200nm crystals size.
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(4): The fourth part was to study gas permeation properties on 6FDA-TrMPD (PI)
based mixed matrix membranes by filling CHA type SAPO-34 zeolites, which is shown
in Chapter 6. One homogeneous SAPO-34 zeolite (~200nm) and one heterogeneous
SAPO-34 zeolite (100nm-500nm) were added into homo-made 6FDA-TrMPD (PI)
polymer, the single gas permeability. Gas permeability was dramatically improved by
filling both zeolites along with decreasing a little ideal selectivity and increased as
increasing the filler loading with 20 wt.%, 30 wt.% and 40 wt.%. Higher permeability
membrane can be obtained by loading homogeneous zeolites, meanwhile, using milling
method to prepare 6FDA-TrMPD (PI)/SAPO-34 MMMs can improve both CO»

permeability and CO2/CHj selectivity.

7.2 Future works

(1) AIPO-18 membrane is a good candidate for light gas separation as with the
excellent pore structure of 0.38nm. Until now, all the reported AIPO-18 membranes
were prepared by using the structure-directing agent (SDA), it need to remove the SDA
before applying to the usage. If the AIPO-18 membrane can be prepared without using
the SDA and keeps the good performance for light gas separation, it will reduce the cost
and avoiding some defects that formed when removing the SDA. Microwave irradiation
should be a good way for preparing the AIPO-18 membrane without using the SDA.

(2) For preparing the mixed matrix membranes (MMMs), the crystals that difficult
to aggregate should be a good candidate to fabricate high gas separation performance
membranes. All-silica or high silica zeolites with appropriate pore system might be a
good choice. Meanwhile, before loading the zeolites into the polymer, the modification
of both filler and polymer may improve the connection of the filler and polymer, for

example, amino-functionalized of the filler and polymer.

143



List of publications

1._Ting Wu, Bin Wang, Zhanghui Lu, Rongfei Zhou, Xiangshu Chen, “Alumina-
supported AIPO-18 membranes for CO,/CH4 separation™, Journal of Membrane
Science. 471, 338-346, 2014.

2. Ting Wu, Merritt C. Diaz, Yihong Zheng, Rongfei Zhou, Hans H. Funke, John L.
Falconer, Richard D. Noble, “Influence of propane on CO2/CH4 and N»/CH4 separations
in CHA zeolite membranes”, Journal of Membrane Science. 473, 201-219, 2015.
3._Ting Wu, Kazuhiro Tanaka, Xiangshu Chen, Izumi Kumakiri, Hidetoshi Kita,
“Synthesis and gas permeation properties of AEI zeolite membranes by DIPEA as a
template”, Membrane. (Accepted)

4. Ting Wu, Izumi Kumakiri, Kazuhiro Tanaka, Xiangshu Chen, Hidetoshi Kita,
“Preparation and gas permeation properties of PESU-based mixed matrix membranes

with nano-sized CHA-type zeolites”, (In preparation for submission)

144



Acknowledgements

The three years in Yamaguchi university was so unforgettable, I would like to
express my gratitude to all dears who helped me. Without them, I could not finish my
thesis. First and foremost, I would like to express my deepest appreciate to my first
supervisor, Professor Hidetoshi Kita, who offered me this wonderful opportunity to
continue my research, thank you for guiding, supporting and giving me a lot of
delightful ideas throughout my research. In addition, your enthusiastic, endless interest
on study, devoted academic attitude also guided me in my personal and latter academic
life. I would also like to extend my sincere gratitude to my second supervisor, Associate
Professor Kazuhiro Tanaka, without your patient instruction, valuable advice and
carefully reading, my thesis wouldn’t finish so complement.

I felt graceful to Associate Professor [zumi Kumakiri for your insightful feedback
to my academic questions and kindness, warm-hearted supported to my private lives.
your offered me a lot of help that I really appreciate. I also want to show my respect to
the Research Assistant Tomoko Koga for your kindly help during my research.

Special appreciation would go to my master’s supervisor Professor Xiangshu Chen,
thanks for leading me the membrane research load and the recommendation to study in
Yamaguchi university. Moreover, appreciate my co-supervisor, Professor Rongfei
Zhou, without you, I would not be me now.

Thanks for all my dear officemates for giving me a lot of help and advice, my
senior: Mr Masuda, Hayashi, Yamamoto, Liu, Ms Qiu and my colleagues Mr Saeda,
Kajimura, Nakazono, Nakamura, Keshimoto, Hitaka, Aida, Hu and so on. Also, my
dear friends Miriam, Paloma, Pablo, Catarina, especially for Miriam and Paloma, your
encouragement that enlighten me when I felt bad. In addition, thanks for all the stuffs
in dean’s office that offering every help in my study and daily life.

Last but not the least, I’d like to give my special thanks to my beloved family for
100% supporting and endless love throughout my life.

Wu Ting

145



