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AbstractGenerally, the energy and capital intensive cryogenic distillation process is applied to separate light olefins.
To lower the cost of light olefin production, mixed matrix membranes (MMMs) incorporating nano-zeolite (NaY or
NaA) into a rubbery poly (ether block amide) (PEBA 2533) were fabricated to separate a propylene/ethylene mixture.
The effect of additive content and kind, MMM thickness, and operating temperature and pressure on the separation
performance of the synthesized membranes for a propylene/ethylene mixture were investigated. As an additive, NaY
was found to be more effective than NaA. Interestingly, the result of pure gas adsorption was consistent with the per-
meation performance of the membranes. Membranes with 6 wt% NaY showed the highest C3H6/C2H4 selectivity in all
synthesized membranes (3 wt%-10 wt%), on which, the C3H6/C2H4 selectivity was increased from 2.3 to 13.1, the per-
meability of propylene increased from 194 barrer to 262 barrer and the permeability of ethylene decreased from 85
barrer to 19.8 barrer when the propylene concentration in feed mixture increased from 10 mol% to 80 mol% at 35 oC
and 0.2 MPa. This membrane has the potential to separate propylene and ethylene in industry, and this work will push
forward the membrane separation process for olefin production.
Keywords: Mixed Matrix Membrane, NaY Zeolite, NaA Zeolite, PEBA2533, Propylene/Ethylene Mixture

INTRODUCTION

Light olefins are important building blocks for many essential
chemicals and products for industrial and domestic consumption,
among which ethylene and propylene are the two most important
light olefins [1,2]. At present, ethylene and propylene are mainly
produced by the processes of naphtha cracking, MTO (methanol
to olefins) and MTP (methanol to propylene, an on-purpose tech-
nology for producing propylene). In these processes, cryogenic distil-
lation separation technology is applied, which is generally operated
at temperatures as low as 100 oC; moreover, special cryogenic steels
are required for constructing the distillation columns. Therefore,
the cryogenic distillation process is very energy and capital inten-
sive [3,4].

Due to the similar physical and chemical properties of ethylene
and propylene, effective techniques for their separation are limited
[5,6]. Membrane separation is generally considered to be energy
efficient and environmentally friendly for gas separation [7-10]. In
the cryogenic distillation separation process for olefins applied in
industry today, a mixture of ethylene and ethane and a mixture of
propylene and propane are separated from the product mixture,
respectively, and then the desired ethylene and propylene are fur-
ther separated from the ethane and propane. Ethane and propane
are put together with other alkanes in the products and then com-

busted [11,12]. Based on the cryogenic distillation procedure, the
separation of ethane from propane is unnecessary and more focus
should be placed on the separation of ethylene from propylene in
the membrane separation process. So far, the separation of ethylene/
propylene by membranes is seldom reported in the literature, while
the separation of olefins/paraffins by membranes has been exten-
sively researched. From the literature for the separation of olefins
and other gases with membranes [13-19], we can search for clues
for membranes that have the potential to separate a propylene/eth-
ylene mixture. 6FDA-Durene polyimide membranes have been
used to investigate C3H6 and C2H4 pure gas permeation. The ideal
C2H4 /C3H6 selectivity is approximately 1.8 at 35 oC and 0.2 MPa
[20]. Polydimethylsiloxane (PDMS) membranes [21], polyurethane-
poly(vinylidene fluoride) (PU-PVDF) membranes [22], and poly
(ethylene oxide) (PEO) membranes [23] have been applied for ole-
fin/nitrogen or olefin/paraffin separation. On the basis of the pure
gas permeability of propylene and ethylene in these membranes,
the ideal C3H6/C2H4 selectivity ranges from 3.69 to 5.45 at 20 oC
and 0.2 MPa. Under the same conditions, PEBA 2533, a commer-
cial block copolymer composed of soft polyether (PE) amorphous
segments and hard polyamide (PA) crystalline segments, shows a
bigger ideal C3H6/C2H4 selectivity of 10.9 [18]. Therefore, PEBA2533
is advantageous in separating a propylene/ethylene mixture com-
pared with reported materials.

Polymeric membranes used for gas separation often suffer from
a ‘‘trade-off’’ phenomenon between membrane permeability and
selectivity [24,25]. In particular, an increase in membrane permea-
bility is often accompanied by a decrease in membrane selectivity
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or vice versa. To improve both the permeability and selectivity simul-
taneously, several strategies have been put forward, such as cross-
linking modifications [10,26], polymer blends [27], and synthesis
of mixed matrix membranes (MMMs) [28,29]. MMMs have
drawn more attention because they exhibit the combined benefits
of polymeric matrixes and inorganic additives. Polymeric matrixes
have the advantage of processability and low cost while inorganic
additives possess high permeability and selectivity [30]. The inor-
ganic additives generally incorporated into polymeric matrixes for
the fabrication of MMMs include carbon nanotubes [31-33], silica
[34,35], MgO [36], polyhedral oligomeric silsesquioxane (POSS)
[37], MOFs [20,28], zeolites and other nanoparticles [13,38-43].
Both 4A and NaY zeolites have stronger polarity, so introducing
them into polymeric matrixes favors the separation of easily polar-
ized gaseous molecules from a mixture. Incorporation of 4A zeo-
lite into PEBA 1657 not only increases the membrane permeability
for CO2, CH4, O2, and N2 but also increases the ideal selectivity for
CO2/CH4 and O2/N2 [38]. Ahmad et al. studied the pure gas per-
meability of O2, N2, H2 and CO2 on poly(vinyl acetate)/4A MMMs
and showed an enhanced ideal selectivity for O2/N2, H2/N2 and
CO2/N2 gas pairs with increasing amount of zeolite grains in the
membrane until up to 25 wt% [39]. Sanaeepura et al. [40] fabri-
cated cellulose acetate/Co(II)-NaY MMMs and obtained remark-
ably enhanced CO2 permeability and CO2/N2 selectivity on mem-
branes compared with pure cellulose acetate membranes. The CO2

permeability and CO2/N2 selectivity was increased by 43.9% and
61.7%, respectively.

Since ethylene molecules are symmetrical and nonpolar but
propylene molecules are asymmetric and polar, it seems reason-
able to take advantage of the polarity of NaA and NaY zeolites to
improve the performance of polymeric matrixes in propylene/eth-
ylene separation. It is anticipated that propylene will be preferen-
tially adsorbed onto the zeolite grains from a mixture of ethylene
and propylene, which favors selective permeation of propylene over
ethylene. In the present work, we fabricated a series of MMMs
(PEBA2533/NaA and PEBA2533/NaY membranes) and tested the
separation of propylene from ethylene on the membranes. We
investigated in detail the effects of the zeolite kind and amount of
zeolite grains embedded in the membrane on the microstructure
and separation performance of the membrane. In addition, the
effect of operating conditions (i.e., temperature, pressure and com-
position of the gas mixture) on the membrane separation perfor-
mance was also studied.

EXPERIMENTAL

1. Materials
PEBA 2533 polymer in the form of elliptic pellets was purchased

from Arkema Inc. This polymer was comprised of 20 wt% poly
[imino (1-oxodo-decamethylene)] as the amide segments and 80
wt% poly (tetramethylene oxide) as the ether segments. Silica sol
(40 wt%) and 4A zeolite particles were supplied by Sigma-Aldrich
and Energy Chemicals, respectively. Sodium hydroxide (NaOH)
(A.R., >96 wt%) and sodium metaaluminate (NaAlO2) were pur-
chased from Kermel Co. and Sinopharm Chemical Reagent Co.
respectively. N,N-dimethyl acetamide (DMAc) supplied by Aldrich

was used during membrane preparation. All gases used in the experi-
ments were of research grade (99.8-99.999% pure) and acquired
from Taiyuan Iron and Steel Group Co., Ltd.
2. Membrane Preparation

First, the synthesis of nanosized NaY molecular sieves followed
the hydrothermal process reported in the literature [44]. An alu-
minosilicate gel was prepared using silica sol as the silicon source,
sodium metaaluminate (NaAlO2) as the aluminum source and
sodium hydroxide (NaOH) as the alkali source. Then, 3 g of NaA-
lO2 was added to 43 ml of NaOH aqueous solution (3.4 M), fol-
lowed by stirring for approximately 10 min. After that, 27.44 g of
silica sol (40wt%) was added to the mixture under stirring at ambi-
ent temperature and maintained at that temperature for 2h to form
the synthesis gel. The zeolite synthesis gel had a composition (in
molar ratio) of 10 SiO2 : Al2O3 : 5 Na2O : 180 H2O. The gel was
transferred to a stainless-steel crystallization reactor and the crys-
tallization reaction was allowed to occur at 100 oC for approxi-
mately 9 h. Then, the reactor was cooled to room temperature.
The obtained suspension was centrifuged and rinsed thoroughly
with deionized water until it became neutral. The obtained NaY
crystal grains were dried at 60 oC and stored in a desiccator. After
heating at 140 oC for 3-5 h to remove vapors adsorbed by the zeo-
lite, the zeolite particles were imbedded into the polymeric matrix
to synthesize MMMs.

PEBA2533/NaY membranes were prepared via the solution-cast-
ing technique. A predetermined amount of zeolite particles was
dispersed in DMAc solvent to form a zeolite slurry, followed by
sonication in an ultrasonic bath for 1 h to break up any aggregates
of the particles. At the same time, sonication drove the particles to
disperse more homogeneously in the suspension. Then, PEBA
2533 polymer pellets were added to the slurry under continuous
agitation for 24 h at 70 oC. The solution was allowed to stand with-
out disturbance for at least one day at 70 oC to remove gas bub-
bles. The solution was then cast onto a clean and dry glass plate to
obtain the wet membranes, followed by evaporation of the solvent
in a vacuum oven at 70 oC for one day to obtain PEBA2533/NaY
membranes. The PEBA2533 polymer concentration in the slurry
was kept at 15 wt%, whereas the concentration of zeolite NaY in
the membrane casting slurry was predetermined so that the zeo-
lite content in the resulting membranes was in the range of 0 to
10 wt%.

A similar procedure was used to prepare PEBA2533/NaA mem-
branes, and the concentration of 4A zeolite in the membranes var-
ied from 0 to 20 wt%.
3. Characterization

The crystal structure of zeolite NaY was measured by powder
X-ray diffraction (XRD) using a Rigaku Miniflex 600 diffractome-
ter employing Cu-K


 radiation at 40 kV and 20 mA, scanning over

the range of 5-50o (2) at a rate of 4o/min.
The morphology of NaA and the as-synthesized NaY crystals

was observed by a scanning electron microscope (SEM, JEOL
JSM-6010PLUS/LV) at an accelerating voltage of 10-20 KV. The
surface and cross-sectional morphology of the prepared PEBA2533/
NaY membranes was examined using the same SEM. Homoge-
neous cross-sections of the samples were obtained by fracturing
the samples in liquid N2. The samples were sputter-coated at 10
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mA for 60 s in a JEOL sputter coater fitted with Au. The thickness
of the membranes was measured by using a Mitutoyo micrometer.
The dispersion of the zeolite grains in the MMMs was detected by
electron dispersive X-ray analysis (EDX, INCA-Oxford).

To detect the particle size distribution for the as-synthesized NaY,
dynamic light scattering (DLS) analyses were performed at room
temperature by utilizing a Malvern Zeta sizer Nano ZS90 particle
size analyzer. The sample was sonicated in ethanol for 15 min to
prepare a suspension. The counting rate for each measurement
was kept at approximately 500 kcps with the results being aver-
aged over at least three tests.

To investigate whether there was a chemical reaction between
the NaY particles and the pure PEBA2533 molecules, attenuated
total reflection Fourier-transform infrared (ATR-FTIR) spectra for
as-synthesized NaY particles and PEBA2533/NaY MMMs were
measured using an EQUINOX55 spectrometer (Bruker, Germany)
over the wavenumber range from 400 cm1 to 4,000 cm1 at a res-
olution of 4 cm1.
4. Separation of Ethylene and Propylene Mixtures

Ethylene/propylene mixtures were separated using the as-syn-
thesized PEBA2533/zeolite membranes as the separation materials
with a constant-pressure and variable-volume method. The experi-
mental setup used for ethylene/propylene separation by the mem-
branes was the same as that shown elsewhere [18]. The olefin
mixture was admitted to the membrane cell, which was placed in
a thermal bath for temperature control. The effective membrane
area for permeation was 12.56 cm2. The quantity of the gas perme-
ated through the membranes was measured using a homemade
bubble flowmeter. The soap-bubble flowmeter mainly consists of a
pipette (measurement range of 1 mL) and a glass junction, with an
accuracy of 0.01 mL. The downstream composition of the gas was
determined by a GC-950 gas chromatograph equipped with a
thermal conductivity detector and an Agilent Porapak Q column.
The membrane performance was evaluated in terms of permeabil-
ity and selectivity. The permeability (PA) of the membranes can be
calculated using the following equation:

(1)

where QA is the quantity of the downstream gas A (cm3(STP)), t is
permeated time interval (s), A is the effective membrane area (cm2),
l is the thickness of the membrane (cm), p1 and p2 are the upstream
and downstream partial pressures (cmHg), respectively. The per-
meability is usually expressed in barrer (1 barrer=1010 cm3(STP)
cm/cm2 s cmHg).

The mixed selectivity of gas A to gas B (A/B), defined as their
permeability ratio, was used to measure the membrane selectivity:

(2)

where PA and PB represent the permeability of C3H6 and C2H4,
respectively.

In the separation experiments for propylene/ethylene mixtures,
the permeability and mixed gas selectivity of C3H6 to C2H4 were
measured in the range of 35 oC to 20 oC and feed pressures rang-
ing from 0.2 MPa to 0.5 MPa.

5. Adsorption Tests
The gas permeation through the membranes is believed to fol-

low the solution-diffusion mechanism. Gas sorption in the zeolite
fillers and in the membranes thus plays an important role in mem-
brane permselectivity. The relationship between the solubility and
the temperature for the two gases was determined using the pres-
sure delay technique [45]. The sorption system consisted of two
stainless steel chambers connected via a switching valve. One cham-
ber is the sample chamber with a volume of 2.06 cm3 (Vs), and the
other chamber is a reference chamber with a volume of 4.73 cm3

(VR) (including associated connecting tubes).
The two chambers were kept at a constant temperature by a

thermal bath. The gas pressure in the reference chamber was mon-
itored by a pressure gauge. Membranes or zeolites of known vol-
ume were loaded into the sample chamber of the system, which
was evacuated for approximately 3 h to remove the gas present in
the system. Then, the sorbate gas was admitted to the pre-evacu-
ated reference chamber until a given pressure (p1) was reached.
The gas stored in the reference chamber was allowed to flow to
the sample chamber and the system was considered to be at sorp-
tion equilibrium after a constant pressure (p2) was eventually reached.
The quantity (mol) of the gas sorbed in the membranes or zeolite
sorbents can be evaluated from

(3)

where Vm is the volume of the membrane or zeolite sorbent sam-
ple (cm3), and R and T are gas constant and operation tempera-
ture, respectively. Ideal gas behavior was assumed, which is reasonable
for the relatively low pressures considered. After that, the connec-
tion between the two chambers was switched off and an addi-
tional amount of gas was admitted to the reference chamber to
reach a pressure of p; then, a new sorption equilibrium was estab-
lished at pressure pe by connecting the two chambers. The incre-
mental sorption uptake (mol) is given by

(4)

Thus, the overall quantity of the gas sorbed in the sorbent at an
equilibrium pressure of pe is

(5)

In our experiment, p is always equal to p1; Eq. (5) can be rear-
ranged as follows:

(6)

The gas “solubility” in the sorbent characterized in terms of sorp-
tion uptake normalized by gas pressure is expressed as

(7)

In the experiment, the operation temperature varied from 15 oC
to 20 oC.

PA  
QAl

At p1  p2 
-------------------------

A/B  
PA

PB
------

q0  
p1  p2 VR  P2 Vs   Vm 

RT
----------------------------------------------------------

q  
p   pe VR   pe   p2  Vs  Vm 

RT
----------------------------------------------------------------------

q  q0   q  
p1  p2   p VR  pe VR   Vs  Vm 

RT
-----------------------------------------------------------------------------

q  q0   q  
2p1 p2 VR  pe VR   Vs  Vm 

RT
------------------------------------------------------------------------

S  
q
pe
----
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RESULTS AND DISCUSSION

1. Characterization
The XRD pattern for the synthesized NaY zeolite powders was

detected to determine its topology, and the result is given in Fig. 1.
As shown in Fig. 1, the as-synthesized NaY crystals show an XRD
pattern that is well consistent with that given for standard NaY in
the literature [46]. No diffraction peaks attributed to other crystals
were observed. The SEM images show that both NaY and NaA
crystals are uniform with a size of approximately 500-600 nm, and

Fig. 1. X-ray diffraction patterns for zeolite NaY; SEM images of the zeolite NaY and NaA.

Fig. 3. ATR-FTIR spectra for as-synthesized NaY particles (a), pure
PEBA2533 membrane (b) and PEBA2533/NaY-6wt% MMMs
(c).Fig. 2. Particle size distribution of as-synthesized NaY zeolite.

no amorphous staff is observed.
Fig. 2 displays the particle size distribution for the as-synthe-

sized NaY zeolite characterized by DLS. The polydispersity index
(PI) was found to be 0.316, which indicates that the particle size is
well controlled [47]. The mass median diameter was determined
to be 410 nm by the aforementioned method. The DLS result is
consistent with that observed from SEM.

The main functional surface features for the as-synthesized NaY



580 X. Zhang et al.

March, 2021

Fig. 4. SEM images of PEBA2533/NaY membranes containing different amounts of NaY grains (surface of the membranes is represented
with s; cross-sections of the membranes are represented with c).
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particles and fabricated membranes were characterized by ATR-
FTIR. As expected, Fig. 3(a) shows the characteristic bands of zeo-
lite Y. The band between 467cm1 and 506cm1 is assigned to T-O
(T=Si or Al) symmetric stretching vibrations, while the band
observed at 579 cm1 arises from the presence of structural dou-
ble rings (D6R) assigned to Y zeolite. The characteristic symmet-
ric (695 cm1, 786 cm1) and asymmetric (1,006 cm1, 1,121 cm1)
stretching vibrations are due to the [TO4] tetrahedral blending band
of the as-synthesized NaY sample [48]. The characteristic bands
for PEBA2533 are shown in Fig. 3(b). The band at 1,106 cm1 is
the stretching vibration of C-O-C in the PE segment and the band
at 3,298 cm1 is ascribed to the N-H stretching vibration of the PA
segment. The band at 1,739 cm1 is assigned to the C=O stretch-
ing vibration of the carboxyl group that connects PA to the PE

Fig. 5. SEM-EDX mapping images of cross-sections of PEBA2533/NaY membranes containing different amounts of NaY grains (C marked
in red, Al marked in green, Si marked in blue).

section [28]. Fig. 3(c) shows the ATR-FTIR spectrum for PEBA2533/
NaY-6 wt% MMMs. It is obvious that Fig. 3(c) is the same as Fig.
3(b), which indicates that NaY crystal grains have only a physical
reaction with PEBA2533 molecules and that no chemical reaction
occurs between the two. All the NaY crystal grains are embedded
into the inner region of the polymeric matrix and no crystals are
located on the surface of the membrane because no characteristic
bands for NaY zeolite are found in Fig. 3(c).

Fig. 4 shows SEM images of the surface and cross-section of
PEBA2533/NaY membranes containing different amounts of NaY
grains. All the membranes are dense and NaY crystal grains can-
not be observed clearly on the surface of the membranes from the
images of the surface, which is consistent with the ATR-FTIR result.
The images of the cross-section of the membranes show that NaY
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crystals are uniformly dispersed in the polymer matrix at a con-
tent no greater than 6 wt.% and that further increasing the content
(7wt%-10wt%) leads to gradual agglomeration of the zeolite crystals.

To further detect the distribution of NaY crystal grains in the
polymeric matrix, SEM-EDX mapping images of the cross-sec-
tions of PEBA2533/NaY membranes containing different amounts
of NaY grains were taken. The Al, Si and C elements were found
to distribute uniformly in the membranes with a zeolite fraction of
no greater than 6 wt%, as shown in Fig. 5. Upon increasing the
amount of zeolite grains to 7 wt% and 10 wt%, Al becomes gradu-
ally non-uniform with intensive distribution in some section. This
result reveals that zeolite grains are uniformly dispersed in the
polymeric matrix when the NaY crystal fraction is no greater than
6 wt%, but with increasing zeolite content to 7 wt% and 10 wt%,
the zeolite grains gradually agglomerate, consistent with the SEM
result.
2. Mixed-gas Separation Performance
2-1. Selection of Additives

In this study, two kinds of additives were applied: NaY zeolite

and NaA zeolite. To select the better additive, gas separation tests
were carried out on the membranes containing different amounts
of additives at 35 oC and 0.2 MPa using a propylene and eth-
ylene mixture with a molar ratio of 50/50 as the feed gas. Fig. 6(a)
shows the effect of NaY zeolite content (0 to 10 wt%) in mem-
branes on the membrane separation performance. As the amount
of NaY grains increases from 0 wt% to 6 wt%, the permeability of
ethylene increases from 10 barrer to 31.2 barrer and that of propyl-
ene increases from 48 barrer to 211.3 barrer. The increase in pro-
pylene permeability is more significant than that in ethylene per-
meability, which gives rise to an increase in the selectivity of pro-
pylene to ethylene from 4.8 to 6.8. For a further increase in the
amount of NaY grains to 10 wt%, the permeability of ethylene is
enhanced from 31.2 barrer to 53.4 barrer and that of propylene
from 211.3 barrer to 249.3 barrer. The more significant increase in
ethylene permeability than propylene permeability leads to a de-
crease in the selectivity of propylene to ethylene from 6.8 to 4.7.
Therefore, the membrane with 6 wt% NaY grains exhibits the best
separation performance.

Fig. 6(b) displays the ethylene and propylene separation perfor-
mance for membranes containing different amounts of NaA zeo-
lite (0 to 20 wt%) crystal grains. Similarly, the permeability of pro-
pylene increases faster than that of ethylene on the membranes
containing NaA zeolite crystals with a fraction no greater than 15
wt%. However, the permeability of ethylene increases faster than
that of propylene as the NaA zeolite crystal fraction further increases
to 20 wt%. Based on the permeability, the membranes containing
15 wt% NaA grains were calculated to possess the biggest propyl-
ene/ethylene selectivity of 5.6 with a permeability of PC2H4=29 bar-
rer and PC3H6=164 barrer in the series of membranes containing
NaA zeolite.

From the observed separation performance on MMMs for an
ethylene and propylene mixture, introducing NaY or NaA zeolite
into PEBA2533 matrix improved the gas permeability and mixed
gas selectivity simultaneously, and that NaY zeolite is more effi-
cient as a filler. Generally, the gas transport in dense membranes
follows the solution-diffusion mechanism [49,50]. The permeabil-
ity P is described with P=D·S, where D is the diffusivity and S is
the solubility. Polar zeolite NaY and NaA have a strong affinity for
gas molecules. With the assistance of the polar zeolite grains, the
solubility of the two kinds of gases studied in the MMMs is en-
hanced, as shown in the adsorption test (Fig. 7). In addition, the
porous microstructure of zeolite crystals favors transport of the gas
molecules through the membranes. These factors give rise to simulta-
neous improvement of the gas permeability and mixed gas selec-
tivity. However, when the zeolite content is sufficiently high, the
particle agglomeration, as shown by SEM and EDX results, deteri-
orates the interface between the polymer and the zeolite particles,
which results in a reduction in the membrane selectivity. Thus, there
exists an optimal amount of zeolite grains to improve the separa-
tion performance of the MMMs. The greater solubility (q/pe) ratio
of pure propylene to ethylene on NaY zeolite than that on NaA
shown in Fig. 7 indicates that NaY zeolite is better than NaA zeo-
lite as a filler. In the following studies, PEBA2533/NaY membranes
were investigated to obtain insight into the membrane separation
performance.

Fig. 6. Permeability and propylene/ethylene selectivity of membranes
versus NaY zeolite content (a) and NaA zeolite content (b) in
the membranes. Feed gas composition of propylene/ethylene
(50/50, molar ratio); feed gas pressure of 0.2 MPa; operation
temperature of 35 oC; membrane thickness of 65m.
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To confirm the gas solubility of pure ethylene and propylene in
the MMMs, sorption tests were carried out. Sorption tests on the
zeolite grains as well as the pure PEBA2533 membrane were also
conducted to thoroughly understand the effect of zeolite grains on
the solubility of the gases. The solubility of pure ethylene and pro-
pylene in NaY and NaA zeolite is greater than that in the pure
PEBA2533 membrane, as shown in Fig. 7. As expected, MMMs
with NaY and NaA zeolite grains show greater solubility for eth-
ylene and propylene than the pure PEBA2533 matrix.

The solubility of propylene is greater than that of ethylene in all
kinds of membranes and zeolite grains. This is due to the higher
critical temperature of propylene, which ensures that propylene
condenses more easily than ethylene [45]. In addition, PEBA2533
is a block copolymer comprised of soft polyether segments and
hard polyamide segments [37]. The ether oxygen linkage in the
polymer has a stronger interaction with propylene (polar gas mol-
ecule) than ethylene, which helps to increase the solubility of pro-
pylene in the membrane [51-53]. The strong polarity of zeolite
NaY and NaA, which ensures that they both adsorb polar propyl-
ene molecules more strongly than nonpolar ethylene molecules, is
another factor.

The solubility of pure ethylene and propylene on NaY is always
more than that on NaA at different temperatures. Moreover, the
solubility (q/pe) ratio of pure propylene to ethylene on NaY zeolite
is 1.59 and that on NaA is 1.55. The former is a little greater than
the latter. As we anticipate, the membranes with NaY zeolite grains
show a greater solubility (q/pe) ratio for pure propylene to ethylene
(2.4) than the membranes with NaA zeolite grains (2.2).
2-2. Effect of Membrane Thickness on the Separation Performance
of PEBA2533/NaY Membranes

The thickness of the membranes has both positive and nega-
tive effects on the separation performance of the membranes. As
shown in Fig. 8, on the one hand, increasing the membrane thick-
ness can eliminate the defects in the membranes and thus increase
the selectivity of the membranes. On the other hand, the thicker

membranes show a smaller permeability. All the membranes men-
tioned above have a thickness of 65m. Upon decreasing the thick-
ness to 30m, although the permeability of the PEBA2533/NaY-
6 wt% membrane increases, the C3H6/C2H4 selectivity decreases
from 6.8 to 6.3. When increasing the thickness to 130m, the
C3H6/C2H4 selectivity (varying from 6.8 to 6.9) remains almost
unchanged, while the permeability decreases significantly from 530
barrer to 72barrer. Thus, for the PEBA2533/NaY-6wt% membranes
with a thickness of 65m, further increasing the thickness is not
an efficient strategy to eliminate the defects in the membranes. Based
on this, PEBA2533/NaY-6 wt% membranes with a thickness of
65m are used in the next study.
2-3. Effect of Operating Temperature and Pressure on the Separa-
tion Performance of MMMs

To study the effect of operating conditions on the membrane
separation performance, the permeability and selectivity of MMMs
were tested at different operation pressure and temperature. To
ensure that the gas does not liquefy in the separation process, the
saturated vapor pressure of the gas at different temperatures was
calculated using the Antoine equation [54,55]:

Fig. 7. Solubilities of pure ethylene and propylene in the MMMs,
pure PEBA2533 membrane, and NaY and NaA zeolite crys-
tals. Feed pressure of 0.2MPa; membrane thickness of 65m.

Fig. 8. Effect of membrane thickness on the separation of a propyl-
ene/ethylene mixture (50/50, molar ratio) by a PEBA2533/
NaY-6 wt% membrane. The feed pressure is 0.2 MPa.
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where P is the saturated vapor pressure (mmHg), T is the tem-
perature (oC), and A, B, and C are the Antoine constants. The
Antoine constants for propylene are A=5.9445, B=785.85 and C=
247, and those for ethylene are reported to be A=5.87246, B=585
and C=255 [56]. On the basis of a calculation, the operating tem-
perature was determined to range from 35 oC to 20 oC, 25 oC to
20 oC, and 0 oC to 20 oC at 0.2 MPa to 0.3 MPa, 0.4 MPa, and 0.5
MPa, respectively. As shown in Fig. 9(a), the permeability of eth-
ylene and propylene in the MMMs increases with increasing operat-
ing temperature. This is because an increase in temperature facilitates
the thermal motion of the polymer chains, making it easier for the
gas molecules to diffuse into the membrane. On the other hand,
the gas molecules are more energetic at higher temperatures. Because
propylene molecules are larger than ethylene molecules, increas-
ing the temperature facilitates ethylene to diffuse into the mem-
branes more remarkably than propylene. Indeed, the C3H6/C2H4

selectivity for MMMs is observed to decrease with increasing oper-
ating temperature, as shown in Fig. 9(b).

For the PEBA2533/NaY-6 wt% membrane, the permeability of

P   A  
B

T   C'
-------------ln

Fig. 9. Effect of operating temperature and pressure on the perme-
ability (a) and propylene/ethylene selectivity (b) of a propyl-
ene/ethylene mixture (50/50, mola ratio) by MMMs (with
NaY-6 wt% or NaA-15 wt%). Membrane thickness is 65m.

Fig. 10. Effect of the gas mixture composition on the separation per-
formance of the PEBA2533/NaY-6 wt% membrane. Feed
pressure is 0.2MPa; temperature is 35 oC; membrane thick-
ness is 65m; the propylene concentration in the feed gas
mixture ranges from 10 mol% to 80 mol%.

ethylene and propylene in the MMMs increases when increasing
the operating pressure, as shown in Fig. 9(a). According to Henry’s
law [57] (Pi=H·xi, where Pi is the partial pressure of component i,
H is Henry’s constant and xi is the molar fraction of the compo-
nent i in the solvent), increasing operating pressure improves the
solubility of propylene and ethylene in the membrane, and the
greater solubility of the gases leads to a higher mobility of the poly-
mer chains, which ensures that the gas diffuses more easily in the
membrane.

However, the C3H6/C2H4 selectivity is reduced when increasing
the operating pressure, as shown in Fig. 9(b). Increasing operating
pressure indicates a bigger driving force, which has a more remark-
able function on the smaller ethylene molecules [45,58]. For com-
parison, under optimum operating pressure (0.2 MPa), the per-
formance of the PEBA2533/NaA-15 wt% membrane for separa-
tion of C3H6/C2H4 was also studied at an operating temperature
ranging from 35 oC to 20 oC. The permeability of propylene on
the PEBA2533/NaA-15 wt% membrane increases from 164 barrer
to 490 barrer and that of ethylene increases from 29 barrer to 141
barrer, respectively. However, the C3H6/C2H4 selectivity decreases
from 5.6 to 3.5. Under the same conditions, the permeability of
propylene on the PEBA2533/NaY-6 wt% membrane increases from
213 barrer to 765 barrer and that of ethylene increases from 31
barrer to 202 barrer, respectively. Similarly, the C3H6/C2H4 selectivity
decreases from 6.8 to 3.8. It is obvious that the PEBA2533/NaY-
6 wt% membrane possesses both higher permeability and greater
C3H6/C2H4 selectivity than the PEBA2533/NaA-15 wt% membrane
at temperatures ranging from 35 oC to 20 oC.
2-4. Effect of the Gas Mixture Composition on the Separation Per-
formance of the PEBA2533/NaY-6 wt% Membrane

From Fig. 10, it can be observed that as the propylene concen-
tration in the gas mixture ranges from 10 mol% to 80 mol%, the
C3H6/C2H4 selectivity increases from 2.3 to 13.1, respectively. When
the propylene concentration is as low as 10 mol%, the membrane
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is not effective to separate propylene and ethylene. The permeabil-
ity of propylene increases from 194 barrer to 262 barrer and that
of ethylene decreases from 85 barrer to 19.8 barrer when the pro-
pylene concentration changes from 10 mol% to 80 mol%, respec-
tively. From the perspective of the driving force for permeation, a
rise in propylene concentration leads to an increase in the propyl-
ene partial pressure, resulting in an increase in the driving force
for propylene, while for ethylene, the driving force decreases.
2-5. Comparison of the Results Obtained with those from other
Similar Research

The separation of an ethylene and propylene mixture by mem-
branes has not been reported so far to our knowledge. However,
the permeation of pure propylene and ethylene on polymer mem-
branes has been investigated [21,45,59]. Based on the pure gas
permeability of ethylene and propylene in these membranes, the
ideal selectivity can be calculated from the permeability ratio for
propylene and ethylene. For comparison, the ideal selectivity and
permeability for propylene and ethylene in polymer membranes
reported in the literature are listed in Table 1. It is observed that
the mixed gas selectivity is obviously lower compared to the ideal
selectivity on PEBA2533 at 20 oC and 0.2 MPa. This is attributed
to the plasticization of propylene in PEBA2533 membranes, which
leads to a higher mobility for polymer chains and produces more
free volume in the membrane. Thus, the diffusion of the smaller gas
molecules of ethylene in the membrane is easier. It is also observed
in other gas separation studies that the mixed gas selectivity is
lower than the ideal selectivity on polymer membranes based on a
solution-diffusion mechanism. Although it is difficult to compare
the performance of the membranes exactly due to the different
operation conditions employed in the literature, it can be seen that
PEBA2533/NaY has an advantage compared with other membranes.

CONCLUSIONS

MMMs with different kinds of zeolite (NaY or NaA) were suc-
cessfully fabricated by the casting method, and the synthesized
membranes were used to separate a propylene/ethylene mixture.
Incorporation of NaY or NaA zeolite into a PEBA 2533 matrix
improved the propylene and ethylene separation performance sig-

nificantly. As an inorganic additive, NaY zeolite was found to be
more efficient than NaA zeolite because the former had a higher
solubility for propylene and ethylene. Upon increasing the zeolite
content in the membrane, the permeability of both propylene and
ethylene increased, while the C3H6/C2H4 selectivity initially increased,
and then decreased because of aggregation of the zeolite grains.
The thinner the membranes, the larger the permeability. The C3H6/
C2H4 selectivity was significantly increased as the thickness of the
membranes was increased from 30m to 65m, but the mixed
gas selectivity remained almost unchanged when the thickness
was further increased to 130m. A lower operating temperature
(35 oC) and pressure (0.2 MPa) favors the selectivity of propyl-
ene to ethylene, while such conditions are adverse to the permea-
bility of both gases. Using the highest quality membrane synthesized
as the separation membrane (containing 6 wt% NaY with a thick-
ness of 65m), when the propylene concentration was increased
from 10 mol% to 80 mol% at 35 oC and 0.2 MPa, the propylene/
ethylene selectivity was increased from 2.3 to 13.1, with the per-
meability of propylene increased from 194 barrer to 262 barrer and
that of ethylene decreased from 85 barrer to 19.8 barrer, respec-
tively. Finally, the incorporation of zeolite grains into a polymer
matrix is an effective method to improve the separation perfor-
mance of membranes, and this work will push forward the mem-
brane separation process for olefin production.
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