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AbstractPebax® MH 1657 (Pebax)-based blend membranes with different polyether-amine (PEA) loadings were
designed and fabricated for efficient CO2 separation. The CO2 separation performance of Pebax/PEA blend membranes
was greatly improved in comparison with that of pure membranes. This was mainly because the introduced PEA tai-
lored the physical and chemical microenvironments in blend membranes. Specifically, PEA was a liquid-like additive,
which was beneficial to reduce the mass transfer resistance of gases and increase CO2 permeability. Meanwhile, PEA
contained amino groups that acted as mobile carriers to tailor the chemical microenvironment in blend membranes.
The mobile carriers preferentially reacted reversibly with CO2 molecules, facilitating CO2 transport in membranes. Com-
pared with CO2/CH4 separation performance of pure Pebax membrane, CO2 permeability and CO2/CH4 separation fac-
tor of Pebax/PEA-3 increased by 144.8% and 29.4%, respectively. This study suggests that PEA is a promising membrane
material for tailoring the physical and chemical microenvironments in blend membranes for efficient CO2 separation.
Keywords: Pebax, Polyether-amine, Blend Membrane, Microenvironments, CO2 Separation

INTRODUCTION

As a green and environmentally friendly clean energy source, nat-
ural gas consists primarily of methane (CH4). However, the pres-
ence of harmful impurities (CO2) in natural gas reduces the heat
of combustion of CH4 and causes corrosion problems in gas pipe-
lines, which in turn restricts the compression and transmission of
natural gas [1-7]. Thus, CO2 removal is an essential process in the
industrial application of natural gas. Membrane-separation tech-
nology has attracted significant attention in the field of CO2 sepa-
ration, deriving from its advantages of environmental friendliness,
low-energy requirement, and high efficiency [8-11].

CO2 separation performance of membranes principally depends
on the membrane materials, which impact the efficiency of CO2

separation process [12-15]. Therefore, it is vital to utilize the mem-
brane materials that possess high CO2 permeability and CO2/CH4

selectivity. Polymeric membranes have been widely studied for their
good processability, easy fabrication, and low cost. Nevertheless, poly-
meric membranes are generally restricted by their inherent “trade-
off” relationship between permeability and selectivity [4,16,17].

To further improve CO2 permselectivity, polymeric membranes
have been modified by many methods, including blending, cross-
linking, and grafting [18-22]. The blending method has attracted
significant research attention because it is an easy and simple method
to fabricate blend membranes, which consist of polymeric materi-

als and additives [23]. Moreover, the introduced suitable additives
can improve both CO2 permeability and selectivity of blend mem-
branes effectively.

In recent years, blend membranes have been developed by intro-
ducing a variety of additives, including polyethylene glycol (PEG),
polyethyleneimine (PEI), ionic liquids (ILs), and amino acid salt
(AAS) [24-34]. Feng et al. [35] introduced different molecular weights
of PEG into Pebax 1074 to fabricate blend membranes. For low-
molecular-weight PEG, Pebax 1074/PEG blend membranes achieved
higher CO2 permeability than that of pure membrane. However,
CO2/N2 selectivity was unchanged. Car et al. [36] fabricated Pebax®
MH 1657 (Pebax)/PEG 200 blend membranes and reported the
related gas-separation properties. The results exhibited that CO2 per-
meability of Pebax/PEG 200 blend membranes was two-times that
of pure membranes, while CO2/CH4 selectivity remained constant.
Reijerkerk et al. [37] fabricated Pebax/poly (dimethyl siloxane)
(PDMS)-PEG200 blend membranes. The result indicated that CO2

permeability of Pebax/PDMS-PEG200 blend membrane was five-
times higher than that of pure membrane, while CO2/CH4 selectiv-
ity decreased.

All the above-mentioned studies indicated that the introduced
additives containing EO units can effectively increase CO2 permea-
bility of blend membranes; however, they cause a decrease or con-
stant in CO2/gas selectivity accordingly. Therefore, gas selectivity of
blend membranes that are mixed with additives containing EO
units must be improved. It is vital to explore and design additive
containing EO units that can improve both CO2 permeability and
selectivity of blend membranes.

Polyether-amine (PEA, also known as polypropylene glycol bis
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(2-aminopropyl ether)) is a type of additive containing EO units,
comprised primarily by a main chain consisting of polyether oxy-
gen (PEO) and the terminal chain of amino groups [38,39]. On one
hand, PEA contains the EO units that have a strong affinity with
CO2, which is beneficial for increasing CO2 permselectivity. On the
other hand, the amino groups of PEA serve as CO2 carriers that
can reversibly react with CO2, facilitating CO2 transport. Many stud-
ies mainly focused on PEA as modifier to modify fillers in com-
posite membranes for CO2 separation [38-42]. The problem is that
the introduction of the amount of PEA in composite membranes
is limited, and the functions of PEA itself in membranes are also
limited.

To solve this problem, PEA is directly introduced into the mem-
brane matrix by an easy and simple blending method to fabricate
blend membranes. It would be a good strategy to introduce PEA
into membranes, because PEA itself as a liquid-like additive is ben-
eficial to reduce the mass transfer resistance of gases. Meanwhile,
the amino groups of PEA act as mobile carriers and are favorable
to facilitate CO2 transport. It is expected that the introduction of
PEA will improve both gas permeability and selectivity of blend
membranes.

In this study, PEA itself as a liquid-like additive was directly intro-
duced into Pebax matrix to fabricate blend membranes for efficient
CO2 separation. The physicochemical properties of the as-prepared
blend membranes were systematically characterized and analyzed.
The effects of the PEA loadings coupled with different feed pres-
sures and operating temperatures on CO2/CH4 separation of Pebax/
PEA blend membranes were tested and discussed.

EXPERIMENTAL AND METHOD

1. Materials
Prime materials were used in this experiment. Pebax® MH 1657

(Pebax) was purchased from Shanghai Rongtian Chemical Co.; its
chemical structure is shown in Fig. 1(a), polyether-amine (PEA,
average molecular weight 400) and anhydrous ethanol were pur-
chased from Aladdin, the chemical structure of PEA is shown in
Fig. 1(b). Gases (CO2/CH4, H2) were purchased from Shihezi City
Acer Gas Co., Ltd., and deionized water was produced by Shihezi
University.
2. Preparation of Membranes

The as-prepared membranes were flat sheets in this experiment.
Briefly, a 70 wt% (anhydrous ethanol/deionized water=70/30) eth-
anol solution, as the organic solvent, was mixed with Pebax, and
stirred at 80 oC for 2 h until the solution was uniform; thereafter, it
was left standing at room temperature to obtain the Pebax solution

(4.0 wt%). The quantitative PEA was weighted and mixed in the
Pebax solution, followed by stirring for 3 h until the solution was
uniform, which yielded the solution of blend membranes. The
solution was poured into Petri dishes and dried naturally for 48 h.
Afterward, the initial membranes were obtained and dried in a
vacuum oven for 48h. Finally, the remaining solvents of membranes
were completely removed to obtain the final pure Pebax membrane
and blend membranes, and the blend membranes were named
Pebax/PEA-X (X is the mass fraction of PEA). The PEA loadings
are defined in Eq. (1):

(1)

where the units of mPEA and mPebax are g.
3. Characterization of Membranes

Scanning electron microscopy (SEM, JSM-6490 LV) was con-
ducted to observe the morphology of membrane structure. First,
membranes were fractured with liquid nitrogen; then, the fractured
membranes were coated with metallic gold for approximately 30 s.
Fourier transform infrared spectroscopy (FT-IR, BRUKER Vertex
70) was conducted to observe the functional groups and chemical
bonds of PEA and blend membranes, defining the chemical struc-
ture of blend membranes. Differential scanning calorimetry (DSC,
METTLER DSC 1 SF) was conducted to examine the thermal per-
formance of membranes and investigate their glass transition tem-
perature (Tg). Membranes were heated from 75 oC to 250 oC at a
heating rate of 10 oC/min. Thermo gravimetric analysis (TGA,
STA449F3) was used to determine the thermal behavior of mem-
branes, the testing temperature was in the range of 30-800 oC. X-
ray diffraction (XRD, Bruker D8 ADVANCE) analysis was con-
ducted to examine the molecular-chain spacing and the crystal-
line types of membrane samples in the scan range of 10-90o and at
a scan rate of 2o/min. Operation of some characterization items
can refer to the literature [43-46]. Tensile force tester (INSTRON
3366) was used to measure the mechanical properties of mem-
branes, and the speed of testing was programmed at 70 mm/min.
The membranes should be made into a rectangle with an effective
length of 1 cm and width of 0.5 cm. The contact angle was used to
investigated the hydrophilicity of membranes, and deionized water
was used in this experiment.
4. Gas Permeation Measurement

Based on the conventional constant pressure/variable volume
technique, gas separation performance of membranes was investi-
gated using the binary mixture gas system (CO2/CH4=20/80 vol%)
under a dry condition with the feed gas (CO2/CH4) and sweep gas
(H2) fluxes of 50 and 30 mL/min, respectively [47,48]. A schematic
diagram and the real picture of self-built permeation measure-
ment equipment are shown in Fig. 2 and Fig. S1 (Supplementary
Material), respectively. The as-prepared membranes (12.56 cm2, cen-
tral part) were placed into a circular stainless-steel cell to study the
gas permeation of membranes. The gas permeation experiments
were tested using a temperature range of 25-55 oC and a pressure
range of 2-8 bar. The composition of the gases was analyzed using
a Shimadzu GC2014C gas chromatograph. All of membranes were
measured at least three times to guarantee the reproducibility and
reliability of the results.

XPEA  
mPEA

mPEA  mPebax
------------------------------- 100%

Fig. 1. Chemical structures of (a) Pebax and (b) PEA.
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Gas permeation (CO2 or CH4) is calculated using Eq. (2):

(2)

where Pi represents gas (CO2 or CH4) permeability (Barrer, 1 Barrer=

1010 cm3 (STP) cm cm2 s1 cmHg1); Qi represents the volume
velocity in the standard state (cm3 (STP) s1); l represents the thick-
ness of membranes; Pi represents the differential pressure on both
sides of membranes; and A represents the effective membrane area
(cm2) [49-51].

Pi  
Qil
PiA
------------

Fig. 2. Schematic diagram of the self-built permeation measurement equipment.
1. Gas cylinder 4. Water knockout with heating belts 7. Oven 10. Computer
2. Mass flow meter 5. Membrane 8. Soap film flowmeter
3. Humidifier with heating belts 6. Permeation cell 9. Gas chromatography

Fig. 3. SEM image of the cross-section of pure Pebax membrane and Pebax/PEA blend membranes: (a) pure Pebax membrane and (b)-(e)
Pebax/PEA blend membranes.
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Gas selectivity of membranes is expressed by the ratio of the per-
meability coefficients of component i to component j, and it is cal-
culated using Eq. (3):

(3)

where if the feedstock gas is a pure gas, ij is the ideal selectivity of
component i/j, whereas if the feedstock gas is a mixture of gases,
ij is the separation factor of component i/j [49,52].

RESULTS AND DISCUSSION

1. Characterization of Membranes
1-1. SEM Analysis

The SEM morphologies of pure Pebax membrane and Pebax/
PEA blend membranes are presented in Fig. 3. It was observed
from Fig. 3(a) that the cross-section of pure Pebax membrane had
a homogeneous structure without any defects. The cross-sections
of Pebax/PEA blend membranes presented a homogeneous struc-
ture. This result indicates that the introduction of PEA had little
effect on the cross-sectional morphology of the membrane matrix.
1-2. FT-IR Analysis

The FT-IR spectra of pure Pebax membrane and Pebax/PEA
blend membranes are presented in Fig. 4. In the spectrum of pure
Pebax membrane, the stretching vibrations of the N-H bond and
the H-N-C=O bond are indicated by the infrared characteristic
peaks at 3,300 cm1 and 1,640 cm1, respectively. Conversely, the
stretching vibrations of the C=O bond and the C-O-C bond are
assigned to the infrared characteristic peaks at 1,732 cm1 and 1,100
cm1, respectively. The symmetric stretching vibration of the C-H
bond is assigned to the infrared characteristic peak at 2,860 cm1.
These results are consistent with the molecular structure formula
of Pebax 1657 [6,53]. In the spectrum of PEA, the -NH2 groups and
the stretching vibration of the C-O-C bond are indicated by char-
acteristic infrared peaks at 3,364 cm1 and 1,100 cm1, respectively.

Fig. 4(a) shows that the bands of blend membranes shifted to
high wavenumber in comparison with that of Pebax membrane. It
was mainly attributed to the fact that the introduced PEA had
amino groups, which can form hydrogen bonding with PA6 chains

ij  
Pi

Pj
----

Fig. 4. FT-IR spectra of pure Pebax membrane, Pebax/PEA blend
membranes, and PEA: (a) Partial enlarged drawing of mem-
branes.

Fig. 5. TGA curves of pure membrane, Pebax/PEA blend mem-
branes and PEA.

Fig. 6. DSC curves of pure Pebax membrane, Pebax/PEA blend
membranes.

of Pebax matrix [2]. Meanwhile, no new absorption bands appeared
for blend membranes in comparison with that for pure membrane;
it implied that there was no chemical interaction between Pebax
matrix and PEA.
1-3. Thermal Analysis

The thermal properties and Tg of pure membrane, Pebax/PEA
blend membranes were investigated by TGA and DSC, and the
corresponding results are exhibited by Fig. 5 and Fig. 6, respec-
tively. The TGA curves of membranes and PEA are shown in Fig.
5. The weight loss of all membranes showed a slight change within
the temperature of 100 oC; it was mainly attributed to the evapora-
tion of water molecules [48,54]. The decomposition of PEA oc-
curred at approximately 150 oC. The rapid weight loss occurred
around 350 oC for all membranes due to the thermal degradation
of Pebax matrix. The results indicate that both blend membranes
and pure membrane had a good thermal stability.

Fig. 6 shows DSC curves of pure Pebax membrane, Pebax/PEA
blend membranes. Evidently, the Tg of pure Pebax membrane showed
at 51.5 oC, which was consistent with the reports [18,53]. The Tg
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values of Pebax/PEA blend membranes continuously declined with
increasing PEA loadings. This suggests that Pebax matrix chains
became more flexible due to the high chain mobility of PEA with
low-molecular-weight [31,35]. Moreover, the decrease in the melt-
ing points of PEO and PA also suggests that the introduced PEA
increased the flexibility of Pebax matrix chains.
1-4. XRD Analysis

The crystal structure and molecular-chain spacing of the mem-
branes were investigated by XRD, and the corresponding patterns
are shown in Fig. 7. It was observed that the strong and broad
characteristic diffraction peaks ranging from 15-30 were consistent
with the integration of the crystalline and amorphous phases from
PA and PEO [6,55]. According to Bragg’s law, the average d-spac-
ings of pure Pebax membrane and Pebax/PEA blend membranes
were calculated [56,57]. Fig. 7 shows that the d-spacings of mem-
branes increased from 0.3704 to 0.3726 with increasing PEA load-
ings; the d-spacing values of blend membrane was slightly changed
in comparison with that of pure membrane. It means that the
introduced PEA had little effect on the physical structure of Pebax
polymer.
1-5. Mechanical Property Analysis

The mechanical properties of pure Pebax membrane and Pebax/
PEA blend membranes were measured by the tensile force tester,
and the corresponding results are shown in Fig. 8 and Table 1. It
can be observed from Fig. 8 and Table 1 that the Young’s modu-
lus of blend membranes increased with the increase of PEA load-
ings. It was mainly attributed to the introduced PEA containing

Fig. 7. XRD patterns of pure Pebax membrane and Pebax/PEA
blend membranes.

Fig. 8. Stress-strain curves of pure Pebax membrane and Pebax/
PEA blend membranes.

Table 1. Mechanical properties of pure Pebax membrane and Pebax/PEA blend membranes
Membrane Elongation at break (%) Tensile strength (MPa) Young’s modulus (MPa)
Pebax 836.99±22.6 20.49±0.7 24.95±1.3
Pebax/PEA-1 734.49±18.9 07.30±1.3 49.43±1.2
Pebax/PEA-2 609.42±22.4 05.39±2.5 59.15±2.1
Pebax/PEA-3 377.39±24.8 04.57±1.4 67.92±2.5
Pebax/PEA-4 274.40±33.7 04.20±2.1 71.53±1.6

amino groups, which strengthened the hydrogen bond interactions
with polymer matrix. The elongation at break and tensile strength
of blend membranes decreased with increasing PEA loadings, and
it resulted because there was no chemical interaction between poly-
mer matrix and additive [40].
1-6. Contact Angle Analysis

A contact angle experiment was conducted to evaluate the hydro-
philicity of pure Pebax membrane and Pebax/PEA blend mem-
branes. The hydrophilicity decreased with an increase in the contact

Fig. 9. Relation diagram of the contact angle of pure Pebax mem-
brane and Pebax/PEA blend membranes.
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angle, and the experimental results are indicated in Fig. 9. The real
contact angle pictures from the camera are shown in Fig. S2 (Sup-
plementary Material). It can be observed that the contact angle of
pure Pebax membrane was 82.4±2.5o. The contact angle of the
Pebax/PEA blend membranes continuously decreased as the PEA
loadings increased in comparison with pure Pebax membrane case.
This implies that the introduced PEA improved the hydrophilicity
of Pebax/PEA blend membranes. The results are mainly attributed
to the hydrophilic PEA with a low molecular weight that was intro-
duced into Pebax matrix.
2. Gas Separation Performance
2-1. Mixed Gas

Fig. 10 exhibits gas permeability and selectivity of pure Pebax
membrane and Pebax/PEA blend membranes; the whole experi-
ment was carried out under dry condition, and the operating pres-
sure and temperature were 2 bar and 25 oC, respectively. It can be
observed that CO2 permeability and CO2/CH4 separation factor of
pure Pebax membrane were 80±1.2 and 18±1.8, respectively. The
optimal CO2/CH4 separation performance of blend membranes was
by Pebax/PEA-3. Correspondingly, CO2 permeability and CO2/CH4

separation factor of Pebax/PEA-3 blend membrane were 195.8±
2.1 Barrer and 23.3±0.3, respectively. This suggests that CO2 per-
meability and CO2/CH4 separation factor of Pebax/PEA-3 blend
membrane increased by 144.8% and 29.4% in comparison with
that of pure Pebax membrane, respectively.

Furthermore, CO2 permeability and CO2/CH4 separation factor
of Pebax/PEA blend membranes first increased and then decreased
with increasing PEA loading. Pebax is a typical solubility-selective
membrane material originating from the strong affinity of PEO
units to the quadrupolar CO2 molecules [2,58]. Based on the solu-
tion-diffusion mechanism, the main reasons for the increased CO2

separation performance were as follows: PEA is a liquid-like addi-
tive which reduces the mass transfer resistance of gases. The intro-
duced PEA reduces the Tg of the membranes; it is beneficial to
increase the flexibility of the polymer chains. Thus, the introduction
of liquid-like PEA additive can increase CO2 diffusivity to promote
CO2 permeation. Moreover, the PEO units of PEA have a strong
affinity for CO2 and interacted with the quadrupolar CO2 to improve
CO2 solubility, enhancing CO2 permeability and selectivity.

Fig. 10. CO2/CH4 separation performances of pure Pebax membrane
and Pebax/PEA blend membranes under dry condition.

Fig. 11. Effect of feed pressure on CO2/CH4 separation performance
of pure Pebax membrane and Pebax/PEA blend membranes
under dry condition.

In addition, PEA containing PEO chains provides a microenvi-
ronment similar to that of the mobile carriers for amino groups,
which allows CO2 to be subjected to oscillating transport by amino
groups while dissolving. Therefore, PEA contains amino groups
that act as mobile carriers to tailor the chemical microenvironment
in membranes. The mobile amino carriers preferentially react revers-
ibly with CO2 molecules, facilitating CO2 transport in blend mem-
branes [59-61]. Therefore, CO2/CH4 separation performance of blend
membranes is greatly improved by introducing liquid-like PEA
additive.

The main reason for the decrease in CO2 separation perfor-
mance of Pebax/PEA-4 blend membranes was the excessive PEA
loadings, which will accumulate in membrane, resulting in a de-
crease in the number of revealable active sites. Nevertheless, CO2/
CH4 separation performance of Pebax/PEA-4 blend membrane was
still significantly improved in comparison with that of pure Pebax
membrane.
2-2. Effect of Feed Pressure

The effect of feed pressure on CO2 separation performance of
Pebax/PEA-3 blend membrane with the optimal PEA loadings and
pure Pebax membrane was investigated. The experimental results
are indicated in Fig. 11. The feed pressure increased from 2 bar to
8 bar; both CO2 permeability and CO2/CH4 separation factor of
membranes showed a declining trend. The reason for the decrease
in CO2/CH4 separation performance was as follows: As the feed
pressure increased, the polymer chains became compact and the
carrier saturation effect appeared [2,6,62].

CO2 permeability and CO2/CH4 separation factor of pure Pebax
membrane were reduced by 25% and 37.8%, respectively. However,
CO2 permeability and CO2/CH4 separation factor of Pebax/PEA-3
blend membrane was reduced by 18.3% and 22.7%, respectively.
The decrease in CO2 separation performance of Pebax/PEA-3 blend
membrane was lower than that for pure Pebax membrane. This is
mainly attributed to the introduced PEA, which can promote CO2

separation performance of blend membranes at a high feed pres-
sure. In addition, CO2 solubility in PEA increased with increasing
feed pressure, which implied that the introduced PEA enhanced
separation performance of Pebax/PEA-3 blend membrane and over-
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came the negative effects of a high feed pressure.
2-3. Effect of Operating Temperature

The effect of operating temperature on CO2 separation perfor-
mance of Pebax/PEA-3 blend membrane with optimal PEA load-
ings and pure Pebax membrane was investigated. The experimental
results are shown in Fig. 12. It can be clearly observed that CO2

permeability and CO2/CH4 separation factor of membranes in-
creased and decreased, respectively, with increasing operating tem-
perature. The operating temperature was increased from 25 oC to
55 oC, the mobility of the polymer chains was increased, resulting
in an increase in gas diffusivity and a decrease in gas separation
factor. Furthermore, Pebax/PEA-3 blend membrane had a higher
CO2/CH4 separation performance than that of pure Pebax mem-
brane. This was mainly attributed to the introduced PEA, which
improved CO2/CH4 separation performance.

3. Comparison with Blend Membranes of Other Works
In this work, Fig. 13 exhibits CO2/CH4 separation performance

of pure Pebax membrane and Pebax/PEA-3 blend membrane in
comparison with that of other blend membranes by the Robeson
upper bound [24,29,36,63]. Fig. 13 shows that CO2/CH4 separation
performance of Pebax/PEA-3 blend membrane was significantly
improved by introducing liquid-like PEA additive and was better
than that of some blend membranes. This highlighted that liquid-
like PEA was a promising additive for CO2 separation. In addition,
CO2 separation performance of the blended material was superior
to that of the single material. This implies that PEA played a vital
role in improving CO2 separation performance of blend mem-
branes.

CONCLUSION

Pebax/PEA blend membranes were systematically fabricated for
CO2/CH4 separation. The results indicated that CO2 separation per-
formance of Pebax/PEA blend membranes was significantly im-
proved with the introduction of PEA. The CO2 permeability and
CO2/CH4 separation factor of the optimal Pebax/PEA-3 blend mem-
brane were 195.8±2.1 barrer and 23.3±0.3, increasing by 144.8%
and 29.4% in comparison with pure Pebax membrane, respectively.
The increased CO2/CH4 separation performance was mainly at-
tributed to the introduced PEA, which tailored the physical and
chemical microenvironments in blend membranes. On one hand,
the introduced PEA was a liquid-like additive, which can tailor the
physical microenvironment in Pebax/PEA blend membrane to
reduce the transfer resistance of gases. On the other hand, PEA
contained amino mobile carriers, which preferentially reacted revers-
ibly with CO2 molecules, facilitating CO2 transport in blend mem-
branes. This implied that the PEA acted as a mobile carrier to tailor
the chemical microenvironment in blend membranes, which en-
hanced gas permselectivity. Therefore, the introduction of PEA is
a novel strategy for tailoring the physical and chemical microenvi-
ronments in blend membranes for efficient CO2/CH4 separation.
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S1. The Self-built Permeation Measurement Equipment S2. Pictures of Contact Angle From the Camera

Fig. S1. The real picture of the self-built permeation measurement
equipment for gas permeation.

Fig. S2. The pictures of real contact angle of the membranes from
the camera: (a) Pebax, (b)-(e) Pebax/PEA blend membranes.


