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Abstract The commercial SAPO-34 zeolite with 0.38 nm pore size and ZIF-8 particles with 0.34
nm aperture size were separately dispersed into different polymer matrix, to prepare the mixed
matrix membranes (MMMs) for gas separation. The dispersed situation of the SAPO-34 and ZIF8 particles in matrix and the influence of the fillers on the separation performance of the membrane
had been investigated in this study. The as-synthesized MMMs showed a better trade-off between
permeability and selectivity than the pure polymer membrane and the performance could exceed
or close to the upper bound line of polymer membrane for CO2 and CH4 separation. The CO2
permeability and CO2/CH4 ideal selectivity of the 6FDA-mDAT MMM containing 40 wt% SAPO-34
zeolite was 190 barrer and ca. 60, respectively. The 6FDA-TrMPD based MMMs containing 20
wt% ZIF-8 provided a permeability of C3H6 and an ideal selectivity of C3H6/C3H8 at 24 barrer and
ca. 17, respectively. These separation performances were in a suitable agreement of the
theoretical value from Maxwell model.

1 Introduction
Gas separation technologies are crucial for several
industrial processes, including CO2 capture and storage
(CCS), and olefin/paraffin separation. Carbon dioxide
widely exists in the exhaust gas and result in the
greenhouse effect. Besides, the CO2 acts as an acid gas
impurity of the natural gas could corrode the transport
pipeline and reduce the heating value. The U.S. Energy
Information Administration had reported that the
consumption market of nature gas was 27.85 trillion cubic
feet (TCF) in 2017, and it will up to 31.91 TCF in 2040.
Propylene is the basic material of three major synthetic
materials. According to a reference, the world demand of
propene was 114 million tons in 2015 and has growing at
a rate of 5% annually (Christopher, et al., 2017). The
urgent demand for CCS and propene production promotes
the development and application of the related separation
materials and technologies (Mondal, et al., 2012; Zhou, et
al., 2018).
The
4,4’(hexafluoroisopropylidene)-diphthalic
anhydride (6FDA) based aromatic polyimide (PI)
membranes could provide a high gas permeability and
have been widely investigated for CO2/CH4 and
C3H6/C3H8 separation (Favvas, et al., 2017; Swaidan, et
al., 2015). The 6FDA-2,6-diaminotoluene-(6FDAmDAT)
and
the
6FDA-2,4,6-trimethyl-1,3phenylenediamine (6FDA-TrMPD) have a similar
backbone, while the former has only one methyl in each
monomer molecule and the latter has three. The number
of the methyl groups could control the stiffness of their
*

backbone (Tanaka, et al., 1992; Bachman, et al., 2016).
However, polymer membranes always reach a limit in
trade-off between permeability and selectivity for gas
separation. Robeson revealed an upper bound line of
polymer membranes based on the above phenomenon
(Robeson, 2008). In the recently reports, an effective
improve method was blending the porous inorganic filler
particles into polymer matrix to fabricate a new
membrane, the so-called mixed matrix membranes
(MMMs). It could combine both advantages of the
polymer membrane and the inorganic membrane (Cheng,
et al., 2018).
In terms of the filler choice, silicoaluminophosphate-34
(SAPO-34) zeolite is an interesting candidate because of
its rigid pore size ca. 0.38 nm and high adsorption affinity
to CO2 (Funke, et al., 2014). There are some literatures
reported that the SAPO-34 improved the separation
properties of the polymer membrane. For example, the
CO2 permeability and CO2/CH4 selectivity of PES
membrane could be increased by 22% and 13% through
adding 20% SAPO-34 (Wu, et al., 2019). Commercial
Matrimid5218 was blended with 20 wt% SAPO-34, its
CO2 permeability and CO2/CH4 selectivity was increased
by 55% and 103% (Peydayesh, et al., 2013). To our best
knowledge, there are few researches about adding SAPO34 zeolite into the 6FDA-mDAT and 6FDA-TrMPD
matrix, especially using the commercial filler.
Another promising filler, ZIF-8, has also been widely
researched for MMMs preparation, because it has an
aperture size ca. 0.34 nm. Besides, its excellent intrinsic
organic moiety provides a better compatibility of
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polymeric matrix than other inorganic filler. Others prior
properties, such as large pore volume and flexible
framework are also important for improving the
performance of the membrane. Up to now, Matrimid/ZIF8 (Carter, et al., 2017), P48/ZIF-8 (Guo, et al., 2018) and
others ZIF-8 filled MMMs (Dechnik, et al., 2017) had
been fabricated, the properties of the pure polymer
membrane had been improved. According to some reports,
the ZIF-8 was already incorporated in the polyimides, and
could obviously enhance the separation performance of
the neat polymer membrane for CO2/CH4 and C3H6/C3H8
mixture (Carter, et al., 2017; Zhang, et al., 2012a).
Herein, we would try to discuss the dispersed situation
and the influence of the SAPO-34 and ZIF-8 particles in
the 6FDA-mDAT and 6FDA-TrMPD polymer matrix.
The polyethersulfone (PES), which has a better flexibility
backbone than the 6FDA based polyimides, was also used
as a polymer matrix in this study.

following: the 6FDA-mDAT/SAPO-34 MMMs were
presented by M-S-x, x was the weight ratio of filler in
polymer from 0 to 40 (wt%); 6FDA-TrMPD/SAPO-34
MMMs were abbreviated in T-S-x; 6FDA-TrMPD/ZIF-8
MMMs were named T-Z-x; the P-S-x were the
PES/SAPO-34 MMMs.
2.4 Characterization methods
The X-ray diffraction (XRD, Rigaku Smartlab 9/SWXD)
was used to analysis the structure of the MMMs. Scanning
electron microscopy (SEM, JEOL, JSM 6335F) could be
applied to observe the membranes’ morphology.
The single gas permeation of CO2 and CH4 was carried
out in a home-made equipment with a vacuum method.
The feed pressure and temperature were 1 atm and 35°C,
respectively. The permeation of C3H6 and C3H8 through
the 6FDA-TrMPD/ZIF-8 MMMs was at 1 atm and
35−100°C. The permeability coefficient (P) and ideal
selectivity (α) were calculated by the following equations.
𝑄𝑄𝑄𝑄
𝑃𝑃 =
(1)

2 Experimental
2.1 Materials

α =

𝐴𝐴∆𝑝𝑝
𝑃𝑃𝑖𝑖
𝑃𝑃𝑗𝑗

(2)

Where the Q was the volume flow rate of the gas at the
standard temperature and pressure (STP); l was the
membrane thickness; A was the effective area of the
membrane; ∆p was the pressure drop; i and j were the
permeating molecules. The unit of permeability
coefficient P was barrer (1 barrer = 10−10cm3(STP)cm
cm−2s−1cmHg−1).

The monomers 6FDA (99 wt%), TrMPD (98 wt%)
mDAT (98 wt%) were purchased from TCI company.
Acetic anhydride (97 wt%), triethylamine (99 wt%) and
the solvent N-methylpyrrolidone (NMP, 99 wt%) were
purchased from Wako company. The ZIF-8 powder
(Basolite®Z1200) and PES polymer were produced by
BASF Chemical Co. (Germany). The SAPO-34 powder
was provided by Nikki Universal Co., Ltd.

3 Results and Discussion

2.2 Synthesis of polyimide

3.1 XRD characterization

The polyimide polymer (6FDA-TrMPD and 6FDAmDAT) was synthesized from their monomers. The
polyamic acid was synthesized in nitrogen atmosphere.
Firstly, the diamine monomer, 6FDA monomer, acetic
acid, triethylamine and solvent NMP were mixed in a
four-neck round-bottomed flask. The catalyst acetic
anhydride and triethylamine added into the mixture when
it became a clear solution. The molar ratio of diamine
monomer: 6FDA: acetic anhydride: triethylamine was 1:
1: 4: 4. The imidization was carried out at 50°C for 2 hours.
The last solution was poured into ethanol and washed for
3 times. The washed polymer was dried at 80°C overnight.
2.3 Preparation of membranes
The initial ZIF-8 powder was treated by ball milling at
120 rpm for three days to eliminate the agglomeration
effect of small particles. The filler particles were mixed
with NMP for pre-wetting treatment and then the dried
polymer added in the solution. After ultrasonic treatment
for 4 hours and bubble removal for 30 minutes, the
solution was cast on the surface of a glass plate, and then
dried at 200°C for 20 hours. The film was peeled from the
glass plate. The neat polymer membrane was prepared
with the same method except no filler particles added. The
abbreviation method of the as-synthesized membrane as

Figure 1. XRD patterns of (A) initial filler powder and (B) the
as-synthesized MMMs: (a) SAPO-34 initial powder;
(b) ZIF-8 initial powder; (c) M-S-40; (d) T-S-40; (e)
P-S-30; (f) T-Z-40.
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The XRD patterns of two filler powder were displayed in
the Figure 1. The zeolite powder possessed a typical XRD
peaks belong to CHA structure. Another powder also
shown the XRD peaks in according to the ZIF-8 structure.
The XRD patterns of 30% SAPO-34 filled PES MMM (PS-30), 40% SAPO-34 filled 6FDA-TrMPD MMMs (T-S40), the 6FDA-mDAT MMMs containing 40% SAPO-34
(M-S-40) and 40% ZIF-8 filled 6FDA-TrMPD MMM (TZ-40) were also shown in the Figure 1. The characteristic
peaks of the filler appeared in each MMMs, even if the
initial ZIF-8 powder treated by ball milling.

3.3 Gas separation performance
Maxwell model could be used to describe the gas
transport though the mixed matrix membrane (Zhang, et
al., 2012a). To investigate the role of SAPO-34 and ZIF8, the comparison of the theoretical value from Maxwell
model and empirical value from experiment was made in
this study. The calculation method by Maxwell model as
following:
𝑃𝑃 = 𝑃𝑃1 ×

𝑃𝑃1 + 2𝑃𝑃2 －2𝑣𝑣(𝑃𝑃1 －𝑃𝑃2 )
𝑃𝑃2 + 2𝑃𝑃1 + 𝑣𝑣( 𝑃𝑃1 －𝑃𝑃2 )

(3)

Where P, P1 and P2 was the gas permeability of MMMs,
pure polymer matrix (continuous phase) and pure filler
(dispersed phase); v was the volume fraction of the filler
particles. The separation performance of the neat polymer
was from this study. The CO2 permeability and CO2/CH4
selectivity of pure SAPO-34 membrane were 2090 barrer
and 100 (Wu, et al., 2015). The C3H6 permeability and
C3H6/C3H8 ideal selectivity of the pure ZIF-8 membrane
were 210 barrer and 84 (Zhang, et. al., 2012b).
The theoretical value calculated by Maxwell equation
for each system was represented in a black solid circle in
the Figure 3. In each graph, the filler content of the solid
circles from left to right was 0 wt%, 10 wt%, 20 wt%, 30
wt%, 40 wt% and 50 wt%, respectively.
3.3.1 SAPO-34 filled MMMs
According to the Figure 3a, adding 40 wt% SAPO-34
zeolite could obviously increase the CO2 permeability as
well as the CO2/CH4 ideal selectivity, comparing with the
neat 6FDA-mDAT membrane (M-S-0). The improvement
was benefit from the suit pore size of the SAPO-34 (0.38
nm). The separation performance of the M-S-40 exceeded
the Robeson upper line of the polymeric (2008). It was
also overlapping with the theoretical value predicted by
Maxwell model at 30 wt% filler content and closing to the
theoretical value at 40 wt%.
However, there was a different change trend on the
separation performance of 6FDA-TrMPD based
membrane after adding the SAPO-34 zeolite, as shown in
Figure 3b. Increasing the SAPO-34 content from 0 wt%
(T-S-0) from 40 wt% (T-S-40) could only enhance the
CO2 gas permeability, but not improve the ideal
selectivity of CO2/CH4. The existence of the sieve-in-acages or other defects was considered to result in the
unexpected performance. There was a competition effect
during the sieve-in-a-cages and SAPO-34 zeolite pore for
gas transport, the former even provided a route for CH4
easier to transport. It would increase both the permeability
of CO2 and CH4 and decreased gas selectivity of CO2/CH4.
While the experimental result displayed that the
selectivity of CO2/CH4 remained a relatively stable. The
Al or P atoms which located in SAPO-34 zeolite
framework are in favour of the adsorption of CO2 (Funke,
et al., 2014). It could offset some part of the negative
influence from sieve-in-a-cages. The amount of sieve-ina-cage of M-S-40 (Figure 2c) was less than T-S-40
(Figure 2d) also suggested the improvement of the
separation performance of the former could be better than
of the latter. Nevertheless, the separation performance of

Figure 2. SEM images of initial filler powder and the crosssection of the as-synthesized MMMs: (a) SAPO-34
initial powder; (b) ZIF-8 initial powder; (c) M-S-40;
(d) T-S-40; (e) P-S-30; (f) T-Z-40.

3.2 SEM characterization
According to the Figure 2a, the zeolite powder has the
typical cubic crystals, the particle size was around 1 μm.
The MOF powder in Figure 2b also showed a cubic shape
with the particle size around 200 nm. The nano-sized
particles easily agglomerate. The agglomerate had been
eliminated by ball milling method, as shown in the Figure
2f. The ball-milled ZIF-8 particles also had a smaller size
than initial particle. It contributed to the distribution of
ZIF-8 particles in the polymer matrix and reduce the
interfacial defect between the filler and the matrix.
The SAPO-34 zeolite particles were homogeneously
dispersed into three kinds of polymer matrix based on the
cross-sectional SEM images (Figure 2). Unfortunately,
some sieve-in-a-cages could be observed from each crosssection of the membranes. Their appearance was due to
the poor compatibility between inorganic zeolite filler and
polymer matrix. The affinity of the filler and the matrix
depended on the nature properties of filler and matrix. The
6FDA-TrMPD possessed a rigid backbone so that its
based MMM had the largest amounts of sieve-in-a-cages
compared with 6FDA-mDAT and PES based MMMs.
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T-S-30 and T-S-40 exceeded the Robeson upper bound
(2008) as well as the M-S-40.

Due to the PES possessed the best flexibility of the
polymer chain compared with the 6FDA-mDAT and
6FDA-TrMPD, the PES had the best affinity with the
SAPO-34 zeolite filler. It could reduce the interfacial
defects. In this case, the CO2/CH4 ideal selectivity could
be increased with the SAPO-34 content increasing (Figure
3c). Adding 40 wt% SAPO-34 led to the CO2 permeability
and CO2/CH4 selectivity increased by ca. 100% and 44%,
respectively. The ideal selectivity of the as-synthesized
PES/SAPO-34 MMMs were all higher than the theoretical
value by Maxwell model.
3.3.2 ZIF-8 filled MMMs
The ball-milled ZIF-8 nano-particles had also been used
to improve the performance of 6FDA-TrMPD membrane
for separating CO2 and CH4. Even if no sieve-in-a-cage
could be clearly observed from the SEM image (Figure 2f)
of the T-Z-40 membrane, the CO2/CH4 selectivity still
decreased by ca. 30% compared with the neat film. A
literature reported that ZIF-8 has a flexible structure, the
pore size could up to 0.42 nm (Fairen-Jimenez, et al.,
2011). Zhang, et al., (2012b) reported that the pure ZIF-8
membrane only provided a selectivity of CO2/CH4 about
12, which less than of neat film. Hence, it was reasonable
that the gas CO2 permeability of 6FDA-TrMPD increased
at loss of selectivity of CO2/CH4 after adding ZIF-8 in this
study.
In order to identify the absence of the defect and
further explore the role of ZIF-8, the C3H6 with a kinetic
diameter about 0.4 nm and C3H8 with a kinetic diameter
ca. 0.42 nm could be used as the probe molecules in this
study. After adding 20 wt% ZIF-8, the C3H6 permeability
and C3H6/C3H8 ideal selectivity of the neat film were both
improved. The separation performance was highly
consistent with the theoretical value. It confirmed that
ZIF-8 performed well in the MMMs for C3H6/C3H8
separation.

Figure 3. Comparison of theoretical value and empirical value
on the performance of the as-synthesized MMMs with
different filler content for (a−c) CO2/CH4 and (d)
C3H6/C3H8 separation at 1 atm and 35°C: (a) 6FDAmDAT/SAPO-34 MMMs; (b) 6FDA-TrMPD/SAPO34 MMMs; (c) PES/SAPO-34 MMMs; (d) 6FDATrMPD/ZIF-8 MMMs. In each graph, the filler
content of the solid circles from left to right was 0%,
10%, 20%, 30%, 40% and 50%, respectively.

Figure 4. Scatter diagram of the CO2 permeability ratio and
CO2/CH4 selectivity ratio of the as-synthesized
MMMs and the neat film at 1 atm and 35°C.

The scatter diagram about permeability ratio and ideal
selectivity ratio of the MMMs and neat film could make a
summary about the influence of the fillers on the polymer
matrix. In terms of CO2/CH4 separation, the SAPO-34
zeolite provided the best improvement on the PES based
membrane (Figure 4). The SAPO-34 particles almost
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synchronously enhance the permeability and selectivity of
the 6FDA-TrMPD based membrane.

SAPO-34 Membranes,” J. Membr. Sci., 456, 185−191
(2014)

4 Conclusions

Guo, A., Y. Ban, K. Yang, and W. Yang; “Metal-organic
Framework-based Mixed Matrix Membranes: Synergetic
Effect of Adsorption and Diffusion for CO2/CH4
Separation,” J. Membr. Sci., 562, 76−84 (2018)

For CO2/CH4 separation, the SAPO-34 zeolite could both
enhance the gas permeability and selectivity of 6FDAmDAT based membranes and PES based membranes. The
compatibility of the filler and polymer matrix influenced
their MMMs’ separation performance. The flexible
structure of ZIF-8 particles acted as some nonselective
pathways for CO2 and CH4, while it could benefit the large
gas molecules separation. The separation performance of
6FDA-mDAT MMM containing 40 wt% SAPO-34 for
CO2/CH4 and 6FDA-TrMPD MMM containing 20 wt%
ZIF-8 for C3H6/C3H8 was in a suitable agreement with the
theoretical value from Maxwell model.
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