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Abstract Blend membranes were prepared by incorporating
two types of polyethylene glycol (PEG) (molecular masses of
400 and 1000 g mol−1) into three grades of poly(ether-block-
amide) (PEBAX), namely PEBAX 1074, PEBAX 1657, and
PEBAX 2533. The PEGs, which were used as blending
agents, were employed at mass fractions ranging from 10 to
40 wt.% based on the mass of PEBAX. The gas separation
performance of each neat or blend membrane, comprising its
CO2 and CH4 permeabilities and its ideal CO2/CH4 selectivity,
was studied at room temperature (25 °C) and at pressures of
2–8 bar. X-ray diffraction (XRD) and attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR-FTIR)
analyses were used to determine the crystallinities of and the
chemical bonds in the prepared membranes, respectively.
Scanning electron microscopy (SEM) was also utilized to ob-
serve the morphologies of the membranes. The results obtain-
ed from experimental investigations showed that the incorpo-
ration of low molecular mass PEG significantly increased the
permeability but only slightly affected the ideal CO2/CH4

selectivity, while the incorporation of high molecular mass
PEG decreased the permeability considerably but sharply in-
creased the ideal CO2/CH4 selectivity. This behavior intensi-
fied as the polyether content of the PEBAX was decreased.
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Introduction

In the past few decades, one of the main problems encoun-
tered by the gas industry has been the presence of CO2 in
natural gas, as it reduces the heating value of the gas and
wastes pipeline capacity. Many technologies are available
for the removal of CO2 from gas streams, such as physical
absorption, adsorption, and cryogenic processes. However,
each of these technologies has its particular advantages and
disadvantages [1–3]. Membrane-based gas separation tech-
nology has recently become of interest to the gas industry
because of its inherent advantages, such as its smaller foot-
print and lower capital and operating costs in comparison with
other, more traditional, separation technologies [4–6].
Polymers are usually utilized to fabricate membranes because
of their low cost and high processability. However, the inverse
relationship between the permeability and selectivity of poly-
meric membranes limits their widespread utilization in the gas
industry; therefore, several studies have attempted to over-
come this trade-off by modifying polymeric membranes to
improve their separation performance [7–10].

Ethylene oxide (EO) units have been identified as favor-
able chemical groups to incorporate into polymeric mem-
branes used for selective CO2 separation, as the ether oxygen
interacts with CO2, resulting in high CO2 solubility selectivity.
It was recently shown that copolymer networks containing
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short and noncrystallizable EO segments exhibit outstanding
CO2/CH4 separation performance. Yave et al. showed that the
addition of 50 wt.% PEG-dimethylether (PEG-DME) to
PEBAX 1657 increases the permeability of CO2 from 78 to
606 barrer and the CO2/H2 selectivity from 9.1 to 14.9 at
30 °C and 300 mbar due to the increased CO2 diffusion and
solubility in the blend membranes [11].

In the work reported in the present paper, three grades of
polyether-block-amide (PEBAX 1657, PEBAX 2533, and
PEBAX 1074) were employed as the base polymeric materials
for the synthesis of blend membranes. PEBAX is a thermo-
plastic polymer with two separated microphases: a polyamide
(PA) hard phase and a polyether (PE) soft phase. In these
polymers, crystalline PA domains providing mechanical
strength are located between PE domains, preventing their
crystallization and therefore greatly enhancing chain mobility
[12]. The favorable interactions of the polar ether oxygens
with CO2 result in high solubility selectivity for CO2 over
nonpolar gases such as CH4 [13–15]. The main differences
between these three grades of PEBAX are their different PA
and PE contents. Table 1 shows the compositions and physical
properties of these three different types of PEBAX.

The separation performance of polymeric membranes can
be improved using two general techniques: synthesizing new
polymers and modifying existing commercial polymers with
different additives. These additives can be organic materials
such as polymers or inorganic compounds such as metal oxide
nanoparticles [16, 17]. The separation efficiency of polymeric
blend membranes is influenced by the features of the base
polymer and the incorporated additives; therefore, careful se-
lection of the additives to get an efficient membrane with high
separation performance is necessary. The addition of various
plasticizers such as PEGs with different molecular masses to
the base polymer can have different effects on the gas trans-
port properties of the resulting blend membranes. PEG can
dissolve considerable amounts of sour gas due to its chain
flexibility [18]. The plasticizers can operate as spacers, sepa-
rating macromolecular chains (i.e., increasing the free vol-
ume) and thus decreasing intermolecular attractive forces, in-
creasing chain mobility, and consequently facilitating the dif-
fusion of adsorbed molecules by lowering the activation ener-
gy. Moreover, inserting plasticizers between the polymer

chains reduces the glass transition temperature of the polymer
due to local segmental motions. As can be seen in the litera-
ture, there have been many studies of the influences of various
plasticizers on the morphologies and gas transport properties
of polymer blends [7, 19–21]. In this study, to examine the
influences of different fillers on the gas permeabilities of blend
membranes, two types of PEG (PEG 400 and PEG 1000) were
blended with different grades of PEBAX. The physical prop-
erties of these two PEGs with different molecular masses are
presented in Table 2.

Many researchers have synthesized PEBAX/PEG blend
membranes for gas separation applications. Recently, Zhao
et al. [22] prepared PEBAX 1657-PEG 200/zeolite Y compos-
ite membranes for CO2 capture from flue gas. They blended
different amounts of PEG 200 with PEBAX (25, 50, and
75 wt.% based on the mass of PEBAX) via solution blending.
Gas permeation experiments showed that increasing the PEG
content from 0 to 75 wt.% caused the CO2 permeance to
enhance from 102 to 745 GPU. The permeation results also
revealed that the CO2/N2 selectivity values of the prepared
membranes did not change much after PEG was incorporated
into the PEBAX matrix. Mahmoudi et al. [23] prepared
PEBAX 1657/PEG/NaX nanocomposite membranes for
CO2/CH4 separation. In their study, PEG200 was used as a
blending agent at different loadings (10%, 20%, and 30%).
The results of their investigation demonstrated that the sepa-
ration efficiency of the membrane with 30 wt.% PEG and
10wt.% nanozeolite was the highest among all of the prepared
membranes. The CO2 permeability and ideal CO2/CH4 selec-
tivity for the membrane were 95 barrer and 45, respectively.
Ghadimi et al. [24] prepared PEBAX 1657/PEGDA blend
membranes for the separation of CO2 from H2. They used
different amounts (20, 40, and 60 wt.%) of poly(ethylene gly-
col diacrylate) with a molecular mass of 600 (PEGDA-600) to
prepare the blend membranes. The results obtained from per-
meation experiments in their investigation indicated that in-
creasing the PEG loading enhanced the permeability of CO2

whereas that of H2 did not alter significantly. The results also
indicated that at 25 °C, the PEBAX/PEGDA blend membrane
with 20wt.% of PEGDA exhibited the best CO2/H2 separation
performance of all the membranes. The corresponding CO2

permeability and ideal CO2/H2 selectivity values were 140

Table 1 Physical properties of
the different grades of PEBAX Property PEBAX 1074 PEBAX 1657 PEBAX 2533

Polyether content (wt.%) 55 60 80

Density (g cm−3) 1.07 1.14 1

Water absorption at 23 °C and 24 h in water (wt.%) 48 120 1.2

Melting point (°C) 158 204 134

Glass transition temperature (°C) −55 −56 −65
Stress at break (MPa) 30 32 32
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barrer and 16, respectively. In research carried out by Car et al.
[12], PEBAX 1657 blend membranes were prepared by
adding 0–50% of PEG 200 to investigate the effect of the
low molecular weight PEG on the gas separation performance
of the membranes for H2, N2, CH4, and CO2. It was observed
that, due to the decrease in the total crystallinity of the mem-
branes and the increased interactions between the CO2 mole-
cules and EO groups when the membrane contained 50 wt.%
rather than 0 wt.% PEG 200, the CO2 permeability increased
twofold (from 73 to 151 barrer at 30 °C) while the CO2/CH4

selectivity remained almost constant. In another work,
Reijerkerk et al. [13] studied the permeability of CO2 through
dense blend membranes fabricated from PEBAX 1657 and a
PEG 200-based additive. To obtain a PEGwith both high CO2

selectivity and high CO2 permeability, they combined PEG
with PDMS. The gas permeation results at 4 bar and 35 °C
showed that the addition of 50 wt.% PEG-PDMS to the base
polymer, PEBAX 1657, increased CO2 permeability from 100
to 530 barrer due to diffusive permeation, while the CO2/CH4

selectivity slightly decreased from 16.1 to 10.8. The incorpo-
ration of PEG 200 into PEBAX 1657 in membranes also re-
sulted in an increase in CO2 permeability from 98 to 172 and a
decrease in the ideal CO2/CH4 selectivity from 16.1 to 15.7 as
the content of PEG 200 was increased from 0 to 50 wt.%.

A recent study by Wang et al. [14] investigated three-
component hybrid membranes (PEBAX-PEG-MWCNT) for
CO2/N2 and CO2/CH4 separations. The results indicated that
the MWCNT dispersion was improved upon the hydrophilic
modification of nanotubes with PEG, but their incorporation
decreased the ideal CO2/CH4 selectivity as the chain mobility
was enhanced. The CO2 permeability of the membrane in-
creased as the amorphous phase was enhanced by increasing
the PEG content from 0 to 40 wt.%. PEG-functionalized
POSS was used by Rahman et al. [15] to evaluate the effect
of incorporating this additive into the base polymers PEBAX
1657 and 2533. At 30 °C, the incorporation of 30 wt.% PEG-
POSS increased CO2 permeability twofold for both the
PEBAX 1657 and the PEBAX 2533 membranes (from 75 to
150 and 100 barrer, respectively). The selectivity of the
resulting membrane was barely affected by the addition of
PEG-POSS to PEBAX 1657, but it was affected when PEG-
POSS was added to PEBAX 2533. It was concluded that
PEG-POSS acts as a nanofiller and plays an important role
in improving the viability of PEG-containing PEBAX

membranes. Khosravi et al. [16] combined the highly perme-
able poly(propylene glycol) (PPG) with the highly selective
PEG to prepare blend membranes from the block copolymer
PEBAX 1657. They studied the effect of the level of PEG
loading (10–50 wt.%), the feed pressure (3–10 bar), and the
operating temperature (−10 to 30 °C) on the CO2/CH4 sepa-
ration performance of the membrane. The results showed that
when PPG was randomly distributed in PEG, the CO2 perme-
ability increased from 84 to 677 barrer, while the CO2/CH4

selectivity did not change significantly.
In the present study, the blend membranes were fabricated

by incorporating two types of poly(ethylene glycol) (PEG 400
and PEG 1000) into three grades of poly(ether-block-amide):
PEBAX 1657, PEBAX 2533, and PEBAX 1074. Scanning
electron microscopy (SEM), Fourier transform infrared (FT-
IR) spectroscopy, and X-ray diffraction (XRD) analysis were
utilized to characterize the fabricated membranes. CO2 and
CH4 permeation experiments through all the membranes were
also carried out to evaluate the separation performance of the
prepared membranes.

Experiments

Materials

PEBAX 1074, PEBAX 1657, and PEBAX 2533 elliptic pel-
lets were supplied by Arkema Inc. (King of Prussia, PA,
USA). PEG 400 and PEG 1000 were obtained from Merck
(Darmstadt, Germany). DMF, which was used as solvent, was
also purchased from Merck. The CO2 and CH4 gases used in
permeation experiments had purities of 99.995% and were
acquired from Farafan Gas Tehran Company (Tehran, Iran).
All materials and gases were used as received, except for the
PEBAX pellets.

Membrane preparation

The PEBAX pellets were placed in a vacuum oven at 80 °C
for 6 h for degassing and moisture removal. In the current
investigation, the neat PEBAX 1074, PEBAX 1657, and
PEBAX 2533 membranes were fabricated via a solution cast-
ing method. The 4.5 wt.% polymeric solutions were prepared
by dissolving PEBAX pellets in DMF under stirring for 3 h at
a specified temperature. The dissolution temperatures were
115, 105, and 80 °C for PEBAX 1074, PEBAX 1657, and
PEBAX 2533, respectively. A steel filter was applied to the
prepared polymer solutions to obtain clear and homogeneous
solutions. Thereafter, the solutions were cast on glass Petri
dishes and dried at 50 °C for 24 h. The resulting membrane
films were finally peeled off the Petri dishes.

To fabricate the blendmembranes, PEGwas added to DMF
at levels of 10, 20, 30, and 40 wt.% (based on the mass of the

Table 2 Physical properties of different grades of PEG

PEG 400 PEG 1000

Chemical formula H(CH2CH2O)nOH

Molecular mass (g mol−1) 380–420 950–1050

Density (g cm−3) 1.13 1.2

Melting point (°C) 4–8 33–40
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polymer) and stirred magnetically for 30 min. Thereafter
PEBAX pellets were gradually added to the solution in spe-
cific amounts, and the solution was stirred again for 3 h at the
specified temperatures mentioned before. The prepared solu-
tion was cast on glass Petri dishes after filtration and dried in
the samemanner as the neat membranes. After complete evap-
oration of the solvent, the prepared membranes were cooled at
ambient temperature and stored in a desiccator before further
characterization. The resulting dense flat-sheet membranes
had thicknesses of between 50 and 70 μm.

Membrane characterization

X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was used to investigate the
crystalline morphologies of the polymeric membranes, espe-
cially the dense ones, in order to determine their permeabilities
and selectivities [25]. XRD measurements were performed
using a JDX-8030 diffractometer (JEOL, Tokyo, Japan). X-
rays of wavelength 1.5406 Å were generated by a Cu Kα
source. The diffraction angle (2θ) was varied from 5° to 70°
at a scan rate of 0.01° s−1 to identify the crystal structure.

Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR)

Attenuated total reflection Fourier transform infrared spectros-
copy (ATR-FTIR) can determine the structural characteristics
of and specific functional groups in polymeric membranes as a
means to predict their performance [26]. Therefore, Fourier
transform infrared spectroscopy (FTIR) was carried out via a
Shimadzu (Kyoto, Japan) 8400S spectrometer with an atten-
uated total reflectance (ATR) accessory. All spectra were col-
lected from 4000 to 400 cm−1 at room temperature on wafers
including 100 mg of dry KBr and about 1 mg of the sample,
with a spectral resolution of 2 cm−1.

Scanning electron microscopy (SEM)

Since the gas permeation properties of a membrane are mainly
influenced by its morphology, scanning electron microscopy
(SEM) was applied to investigate the effects of morphology
on membrane performance [27]. All samples were cryogeni-
cally fractured in liquid nitrogen and coated with gold under
vacuum before scanning. Cross-sectional images of mem-
branes were obtained using a VEGA\\ (TESCAN, Brno-
Kohoutovice, Czech Republic) microscope.

Gas permeation module and setup

In order to measure gas permeation through the prepared
membranes, an experimental setup was used that allowed

gas permeation measurements to be taken at constant volume
or constant pressure. For this purpose, the membranes were
placed in a membrane module consisting of two detachable
parts (manufactured from stainless steel, grade 316) in a cross-
flow mode. Two rubber O-rings were also used to provide a
pressure-tight seal between the membrane and the module.
The effective diameter of the membrane was about 5.2 cm.
Some pressure regulators were utilized to adjust the pressure
used in the experiments. A schematic view of the membrane
module and the experimental setup is presented in Fig. 1.

Gas permeation experiments

A constant-pressure method was used in the experiments to
determine pure CO2 and CH4 gas permeation through the
prepared membranes. A bubble flow meter was utilized to
determine the volumetric flow rate of the permeate gas.
Also, different pressures of 2, 4, 6, and 8 bar were employed
at temperature of 25 °C. When the steady state condition was
reached (after 2 h), both gas permeabilities were calculated as
follows [28]:

Pi ¼ Qi � l
Δp� A

: ð1Þ

In this equation, Pi is the permeability coefficient of gas i
(in barrer, where 1 barrer =10−10 cm3 (STP) cm−1 s−1

cmHg−1), Qi is the volumetric flow rate of gas i (cm3 (STP)
s−1), l is the membrane thickness (cm), Δp is the transmem-
brane pressure difference (cmHg), and A is the effective mem-
brane area (cm2). Furthermore, the ideal selectivity of a mem-
brane for gases i and j (αij) was determined using pure gas
permeation data as follows [29]:

αij ¼ Pi

P j
: ð2Þ

Results and discussion

Membrane characterization

XRD

XRD patterns for the fabricated membranes are shown in
Fig. 2. PEBAX is a semicrystalline polymer. The PA crys-
talline segments in the prepared membranes present strong
diffraction peaks, while the PE segments show week dif-
fraction peaks. Additionally, the amorphous and crystalline
areas mainly determine the intensities and locations of dif-
fraction peaks in the patterns [30]. The membrane crystal-
linity is proportional to the crystalline diffractogram area,
particularly the crystalline peak intensity. Furthermore, the
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d spacing is a measure of the distance between polymer
chains, which is inversely proportional to the crystalline
peak positions (2θ values), based on Bragg’s equation
nλ = 2dsinθ [7, 31, 32].

As seen in the figure, the prepared neat PEBAX 1074,
PEBAX 1657, and PEBAX 2533 membranes present strong
diffraction peaks that can be attributed to their PA segments at
22.5°, 21.8°, and 20.2°, respectively. The PE regions of the
neat PEBAX 1074 and PEBAX 1657 membranes provide
weak diffraction peaks at 10.9° and 9.8°, respectively, while
the neat PEBAX 2533 membrane does not present any dif-
fraction peak arising from its PE regions [7, 31, 33]. As can be
observed, upon increasing the PE content, the crystalline
peak intensities of the neat membranes decrease because
their crystallinities reduce. In fact, the neat PEBAX 2533

membrane has the lowest crystallinity due to its high PE
content, while the neat PEBAX 1074 membrane has the
highest crystallinity because of its high PA content.
Based on the crystalline peak positions, it can be conclud-
ed that the d spacing varies with the membrane as follows:
PEBAX 2533 > PEBAX 1657 > PEBAX 1074.

The addition of PEG 400 as a low molecular mass additive
leads to lower crystalline peak intensities and lower 2θ values.
Thus, the membrane crystallinity is reduced and the d spacing
is increased. These are due to the increased chain mobility of
PEG 400, reduced interchain hydrogen bonding, and therefore
a reduction in the cohesive energy between the crystalline
segments. Comparison of the XRD patterns for the three types
of blend membranes indicated that the order of crystallinity
and d spacing are similar to those of the neat membranes.

Fig. 1 Schematic view of the
module and setup used to perform
the gas permeation experiments
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Moreover, the incorporation of PEG 400 affects PEBAX 1074
more severely than the two other grades. In other words, the
intensities and positions of the crystalline peaks for
PEBAX 1074 change more because it contains more PA
blocks that are connected by interchain hydrogen bonding,
and so the addition of PEG 400 disturbs more of this bond-
ing than when the other grades of PEBAX are used. Also,
increasing the content of PEG 400 in the polymer matrix
leads to greater changes in the crystallinity of the polymeric
blend membrane [7, 24].

The addition of PEG 1000 as a high molecular mass
additive leads to higher crystalline peak intensities and
higher values of 2θ. Thus, the crystallinity goes up and
the d spacing decreases. These are due to the lower chain
mobility of PEG 1000, increased interchain hydrogen
bonding, and thus an increase in the cohesive energy be-
tween the crystalline segments. Comparison of the XRD
patterns of the three types of blend membranes indicated
that the order of crystallinity and d spacing are similar to
those seen for the neat membranes. Moreover, the addition
of PEG 1000 affects PEBAX 2533 more than it does the
two other polymers. In other words, the intensities and
positions of the crystalline peaks in PEBAX 2533 change
more, which is because it contains more PE blocks. These
PE blocks are not connected by interchain hydrogen bonds
and the addition of PEG 1000 facilitates the formation of
such bonds. Also, increasing the content of PEG 1000 in
the polymer matrix leads to greater changes in the crystal-
linity of the polymeric blend membrane [7].

ATR-FTIR

The effects of adding PEG to different grades of PEBAXwere
also investigated using ATR-FTIR spectra, as presented in
Fig. 3. As shown, the peak observed at around 1112 cm−1

for the neat PEBAX 1074, PEBAX 1657, and PEBAX 2533
membranes was assigned to stretching vibrations of C–O–C
(ether group) in the soft segments. The peak at 1626 cm−1 was
attributed to stretching vibrations of C=O (carbonyl) in H–N–
C=O and that at 1734 cm−1 was assigned to O–C=O (another
carbonyl), both in the hard segments. The peak at 1548 cm−1

was assigned to bending vibrations of N–H in the PA seg-
ments, and the peaks at 3272 and 3292 cm−1 were assigned
to N–H stretching vibrations. The peaks at 2846–2962 and
1460 cm−1 were assigned to bending and stretching vibrations
of aliphatic C–H, respectively. It should be mentioned that the
peak at 3450–3650 cm−1 is related to O–H groups resulting
from C=O···H–N interchain hydrogen bonding [7, 24, 26, 29,
34–37].

The functional groups of PEG 400 and PEG 1000 were
also investigated based on their ATR-FTIR spectra, as shown
in Figs. 3a and b, respectively. Peaks located at 700–1000 and
1000–1300 cm−1 were assigned to C–H out-of-plane and in-
plane bending vibrations, respectively. Moreover, peaks at
1250 cm−1 and 1104 cm−1 were assigned to C–C and C–O,
respectively. Observed peaks at 2853 and 2926 cm−1 were
attributed to symmetric and asymmetric stretching vibrations.
A peak at 1352 cm−1 was assigned to bending vibrations of C–
H. Peaks at 2875 and 2966 cm−1 correspond to symmetric and
asymmetric stretching vibrations, respectively, and the peak at
1460 cm−1 is due to bonding vibrations of the CH2 group. The
broad peak at 3050–3700 cm−1 was assigned to the O–H
group [38].

The effects of incorporating PEG 400 and PEG 1000 into
the PEBAXs were further investigated via ATR-FTIR, as il-
lustrated in Fig. 3. Comparison of the ATR-FTIR spectra of
the blend membranes with those of the neat membranes
showed that most of the peaks characteristic of the functional
groups in the neat PEBAX are also observed in the blend
membrane spectra [7].
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SEM

SEM images of the membranes prepared with different grades
of PEBAX and different types and amounts of PEG are pre-
sented in Fig. 4. According to Fig. 4a–c, the cross-sectional
morphologies of the neat membranes (for PEBAX 1074,
1657, and 2533) are uniform and show dense structure with
a lack of any notable defects [24, 26]. Addition of PEG 400 to
the PEBAX matrices decreased the crystallinity of the blend

membranes due to the elimination of intermolecular hydrogen
bonds and increasing PE content. The mentioned crystals can
be considered physical crosslinks that can regularize the poly-
meric matrix of the membrane. This can create an irregular
and convoluted structure in the blend membranes, as illustrat-
ed by Fig. 4d–i [20, 24, 26]. On the other hand, the incor-
poration of PEG 1000 into the PEBAX matrices increases
their crystallinity but decreases their structural uniformity
due to immiscibility and phase separation. In other words,

Fig. 4a–o Cross-sectional SEM images of the prepared membranes. a
Neat PEBAX 1074, b neat PEBAX 1657, c neat PEBAX 2533, d
PEBAX 1074/PEG 400 (20 wt.%), e PEBAX 1657/PEG 400
(20 wt.%), f PEBAX 2533/PEG 400 (20 wt.%), g PEBAX 1074/
PEG 400 (40 wt.%), h PEBAX 1657/PEG 400 (40 wt.%), i

PEBAX 2533/PEG 400 (40 wt.%), j PEBAX 1074/PEG 1000
(20 wt.%), k PEBAX 1657/PEG 1000 (20 wt.%), l PEBAX 2533/
PEG 1000 (20 wt.%), m PEBAX 1074/PEG 1000 (40 wt.%), n
PEBAX 1657/PEG 1000 (40 wt.%), and o PEBAX 2533/PEG 1000
(40 wt.%)
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incorporating a high molecular mass PEG causes nonuni-
form miscibility of the two polymers, leading to an irreg-
ular and convoluted blend membrane structure, as illus-
trated by Fig. 4j–o [7].

Permeation experiments

Effect of PEG incorporation

Tables 3 and 4 show the membrane permeabilities to pure
gaseous CO2 and CH4 and the ideal CO2/CH4 selectivity as

functions of the PEG 400 or PEG 1000 loading. From the
results presented, it is clear that increasing the PEG 400 con-
tent in the blend membrane enhances the permeation of pure
gaseous CO2 and CH4 considerably while only slightly affect-
ing the ideal CO2/CH4 selectivity. However, increasing the
PEG 1000 content in the blend membranes significantly de-
creases the permeation of pure gaseous CO2 and CH4 and
substantially increases the ideal CO2/CH4 selectivity. This be-
havior of the CO2 and CH4 gas permeabilities can be attribut-
ed to the influence of the molecular mass of the PEG on the
microphase structure of the polymer blend.

Table 3 Effects of PEG 400
loading on the permeabilities to
gaseous CO2 and CH4 and the
ideal CO2/CH4 selectivities of the
prepared membranes at 2 bar and
25 °C

Prepared membrane Permeability (barrer) Ideal CO2/CH4

selectivity
CO2 CH4

Neat PEBAX 1074 64.8 3.2 20.2

PEBAX 1074/PEG 400 10 wt.% 105.6 5.2 20.3

PEBAX 1074/PEG 400 20 wt.% 132.3 6.5 20.4

PEBAX 1074/PEG 400 30 wt.% 151.3 7.3 20.6

PEBAX 1074/PEG 400 40 wt.% 168.4 8.1 20.8

Neat PEBAX1657 72. 2 3.9 18.5

PEBAX 1657/PEG 400 10 wt.% 114. 6 6.2 18.6

PEBAX 1657/PEG 400 20 wt.% 141.9 7.5 18.9

PEBAX 1657/PEG 400 30 wt.% 156.9 8.2 19.1

PEBAX 1657/PEG 400 40 wt.% 174.5 9.1 19.2

Neat PEBAX 2533 191.0 26. 6 7.2

PEBAX 2533/PEG 400 10 wt.% 247.7 34.1 7.2

PEBAX 2533/PEG 400 20 wt.% 282. 6 38.5 7.3

PEBAX 2533/PEG 400 30 wt.% 302. 2 40.6 7.4

PEBAX 2533/PEG 400 40 wt.% 319.4 42. 2 7.6

Table 4 Effects of PEG 1000
loading on the permeabilities to
gaseous CO2 and CH4 and the
ideal CO2/CH4 selectivities of the
prepared membranes at 2 bar and
25 °C

Prepared membrane Permeability (barrer) Ideal CO2/CH4 selectivity

CO2 CH4

Neat PEBAX 1074 64.8 3.2 20.2

PEBAX 1074/PEG 1000 10 wt.% 47.9 2.1 22. 7

PEBAX 1074/PEG 1000 20 wt.% 228 0.9 24.7

PEBAX 1074/PEG 1000 30 wt.% 9.8 0.4 25. 9

PEBAX 1074/PEG 1000 40 wt.% 6.3 0.2 27.1

Neat PEBAX 1657 72. 2 3.9 18.5

PEBAX 1657/PEG 1000 10 wt.% 51.0 2.4 21.1

PEBAX 1657/PEG 1000 20 wt.% 29.7 1.3 23.3

PEBAX 1657/PEG 1000 30 wt.% 15.2 0.61 24.5

PEBAX 1657/PEG 1000 40 wt.% 8.0 0.3 25.6

Neat PEBAX 2533 191.1 26. 6 7.2

PEBAX 2533/PEG 1000 10 wt.% 107.6 12.8 8.4

PEBAX 2533/PEG 1000 20 wt.% 64.4 6.8 9.5

PEBAX 2533/PEG 1000 30 wt.% 43.4 4.2 10.2

PEBAX 2533/PEG 1000 40 wt.% 13. 7 1.2 10.9
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PEG 400, with its high chain mobility, is amorphous,
and causes decrystallization of both types of segments
when added to the PEBAX matrix, thus increasing the
amorphous region for gas transport. In other words,
adding PEG 400 increases the amount of amorphous EO
segments and thus the free volume of the membrane. On
the other hand, PEG 1000, with its low chain mobility, is
crystalline, and causes crystallization of both types of
segments when added to the PEBAX matrix, thus decreas-
ing the amorphous region for gas transport. In other

words, adding PEG 1000 decreases the amount of amor-
phous EO segments and the free volume of the membrane
[7, 20, 23, 26].

Also, PEG 400 shows good miscibility with the PEBAXs,
whereas PEG 1000 shows poor miscibility with the PEBAXs
and phase separation. The lower miscibility of PEG 1000 than
that of PEG 400 can be attributed to differences in their chem-
ical structures: PEG 400 has eight EO units for two hydroxyl
end groups, while PEG 1000 has twenty EO units. The better
miscibility of the lower molecular mass PEG is understandable
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if the favorable mixing enthalpy caused by the hydrogen bonds
between PEG hydroxyl end groups and ether groups in the
PEBAXs is considered [7, 19, 39].

The incorporation of PEG 400 increases gas permeabil-
ity, which can be attributed to the higher solubility caused
by the presence of more ethylene oxide (EO) units, as
well as the higher diffusivity due to the increased free
volume (either the total fractional free volume or the in-
dividual free volume space): at higher PEG contents, there
are more segmental motions since the lower molecular

mass PEG acts as a plasticizer between PEBAX chain
segments to screen out polymer–polymer interactions
and generate additional intermolecular space for small
Brownian motion. However, the incorporation of PEG 1000
decreases the gas permeability. This can be ascribed to a
tradeoff between the higher solubility caused by more EO
units and the reduced diffusivity due to the smaller free vol-
ume at higher PEG contents. There would therefore be re-
duced motion in the PEBAX segments since a higher molec-
ular mass PEG acts as a stiffener between PEBAX chain
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segments to screen out polymer/polymer interactions and re-
duce additional intermolecular space for small Brownian mo-
tion [7, 19, 20, 26, 40].

As explained, the addition of the polar ether groups of
PEG 400 enhances the affinity of CO2 for the polymer matrix,
increasing the membrane’s solubility selectivity. However, it
also increases the chain spacing, which decreases the mem-
brane’s molecular sieve properties as well as its diffusivity
selectivity. Therefore, the total selectivity, which is the
product of the diffusivity and solubility selectivities, in-
creases slightly. However, the addition of the polar ether

groups of PEG 1000 enhances the affinity of CO2 for the
polymer matrix, increasing the membrane’s solubility se-
lectivity. Furthermore, it decreases the chain spacing,
which increases the membrane’s molecular sieving ability
as well as its diffusivity selectivity. Thus, the total selec-
tivity increases considerably in this case [7, 20, 26].

Effect of the feed pressure

Pressure affects the gas permeability through a membrane in
several respects. First, increasing the pressure leads to a more
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compact membrane matrix, which may in turn reduce the free
volume and gas diffusion. Second, it is a driving force for gas
transport through the membrane. Third, as the pressure is in-
creased, it increases the gas concentration, enhancing the sol-
ubility of the gas in the membrane. Since the gas permeability
coefficient is obtained by multiplying the diffusion and solu-
bility coefficients, gas permeation increases when the solubil-
ity coefficient increases [26, 41].

The effects of increasing the feed pressure from 2 to 8 bar
on the performance of the prepared membranes are illustrat-
ed in Figs. 5, 6, and 7. For all the blend membranes, as the
pressure increases, the CO2 and CH4 permeabilities and the
ideal CO2/CH4 selectivity continuously increase. Based on
the definition of the permeability coefficient, the increases
in the permeabilities of both gases are mainly due to the
increased driving force. They may also be due to the en-
hanced gas concentration (solubility) [7, 32].

Furthermore, under the same conditions, the ideal CO2/
CH4 selectivity increased with increasing feed pressure for
all membranes prepared using the 1074, 1657, and 2533
grades of PEBAX. Compared to CH4, CO2 is a more con-
densable gas with considerable affinity for the PE segments of
polymer chains, and it has a smaller kinetic diameter of 3.3 Å
than CH4 (3.8 Å), meaning that it shows higher permeabilities
through the prepared membranes [7]. Additionally, CO2 per-
meability can be increased by plasticization to a greater extent
than CH4 can, which is related to the nature of CO2 gas [42].

The trend for increased permeation of the blend mem-
branes incorporating PEG 400 with increased feed pressure
was more noticeable for membranes with low PEG 400 con-
tents. This indicates that, when the PEG 400 content is high,
the relatively high number of amorphous segments leads to
a greater loss of crystallinity. Consequently, more free vol-
ume is created, so greater gas diffusion is obtained.
Therefore, the effect of membrane compactness becomes
stronger as the PEG 400 content increases, meaning that
the increase in gas permeation with feed pressure is less
noticeable for membranes with high PEG 400 contents than
for those with low PEG 400 contents. However, the increase

in permeation with feed pressure is more significant for
blend membranes with high PEG 1000 contents than for
those with low PEG 1000 contents. This illustrates that there
is less loss of crystallinity in membranes with high PEG 1000
contents than in those with low PEG 1000 contents because
there are fewer amorphous segments in the former. As a result,
more free volume and greater gas diffusion are obtained.
Accordingly, the effect of the driving force becomes more
apparent for membranes with high PEG 1000 contents, mean-
ing that gas permeation increases more markedly through
those membranes [41].

Comparison with the Robeson diagram

A standard comparison of the gas separation properties of the
different membranes was performed by examining selectivity
vs. permeability plots (Robeson diagrams) for the membranes.
The aim of most research in this field is to get as close as
possible to the bound limit of such a diagram (called
Robeson’s upper bound [8, 43]). To compare the results of
the current work with Robeson’s upper bound, performance
data were obtained for the prepared membranes at a standard
temperature and pressure of 25 °C and 2 bar, respectively; see
Fig. 8.

When compared with Robeson’s upper bound, the mem-
branes prepared with PEBAX 1074 as the base polymer
presented the best separation performance, followed by
the membranes prepared with PEBAX 1657, while the
membranes prepared with PEBAX 2533 presented the
worst separation performance. Also, the data for mem-
branes with PEG 400 are closer to Robeson’s upper bound
than the data for the neat membranes are. Increasing the
PEG 400 content in the membrane pushes the data closer to
Robeson’s upper bound. On the other hand, the data for the
membranes with PEG 1000 are further from Robeson’s
upper bound than the data for the neat membranes, and
increasing the PEG 1000 content increases the distance
between the data and Robeson’s upper bound.
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Conclusion

In the present study, the CO2/CH4 separation performance
was investigated for various membranes generated by
blending low and high molecular mass PEGs with PEBAX
polymers with different PE contents. These blend mem-
branes were prepared by incorporating one of two types of
PEG (with molecular masses of 400 and 1000 g mol−1) with
one of three grades of PEBAX with different PE contents
(namely PEBAX 1074, PEBAX 1657, and PEBAX 2533).
The PEGs, which were used as blending agents, were incor-
porated at mass fractions ranging from 10 to 40 wt.% based
on the mass of the PEBAX. The gas separation performance
characteristics of the neat and blend membranes, compris-
ing their CO2 and CH4 permeabilities and their ideal CO2/
CH4 selectivities, were studied at room temperature (25 °C)
and in the pressure range 2–8 bar. The structural features of
the prepared membranes were characterized using XRD
analysis, with the results showing that increasing the filler
content in the polymer matrix reduces the diffraction peaks
of the crystalline region for different grades of PEBAX.
This reduction in the crystallinity of the polymer can also
occur due to the disruption of the interchain hydrogen bonds
which connect the PA segments. ATR-FTIR analysis was
also utilized to examine and compare the chemical bonds
in the prepared membranes. The spectra of the membranes
showed that as the PEG content in the prepared membranes
is increased, some of the wavenumbers and intensities of
some of the peaks characteristic of the neat PEBAX mem-
branes change due to the rupture of interchain hydrogen
bonds between the PA segments. Cross-sectional SEM im-
ages of all the blend membranes containing PEG 400
showed an irregular and convoluted membrane structure,
whereas such images of membranes with PEG 1000 showed
immiscibility and phase separation. The results of this work
show that when a low molecular mass PEG is incorporated
into a membrane, its permeability increases significantly
but its ideal CO2/CH4 selectivity increases only slightly,
whereas the incorporation of a high molecular mass PEG
decreases membrane permeability considerably but also in-
creases the ideal CO2/CH4 selectivity sharply. This behavior
is particularly apparent for PEBAXs with low PE contents.
Also, a comparison of the permeability/selectivity values of
the prepared blend membranes with the upper bound in
Robeson’s diagram was carried out. The results obtained
from this work highlight the potential applicability of the
blend membranes to CO2/CH4 separation in natural gas
sweetening processes, due to their improved separation
properties.
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