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Reverse selective membranes comprising poly(ethylene oxide) (PEO) containing copolyimides (PEO-PI)
with variations of acid dianhydrides and diamines have been synthesized for hydrogen purification. The
reverse selectivity of the membranes decimate the energy required for hydrogen recompression process.
Factors including PEO content, PEO molecular weight, and fractional free volume (FFV) that would affect
the gas transport performance have been investigated and elucidated in terms of degree of crystallinity,
phase separation in the PEO domain as well as inter-penetration between the hard and soft segments. In
mixed gas tests of CO2 and H2 mixtures, a highly condensable CO2 out compete H2 for the sorption sites
in hard segment and diminishes H2 permeability. Thus the CO2/H2 selectivity in the mixed gas tests is
much higher than that in pure gas tests. Mixed gas permeation tests at 35 �C and 2atm show that the best
reverse selective membranes have a CO2 permeability of 179.3 Barrers and a CO2/H2 permselectivity of
22.7. The physical properties of PEO-PIs have also been characterized by FTIR, DSC, GPC, WAXS, AFM and
tensile strain tests.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Global warming resulting from the emission of greenhouse
gases is a worldwide environmental concern. Hence one of the
major challenges faced by researchers around the world is to
develop advanced technologies to reduce the emission of green-
house gases. Since much of the world’s energy consumption is
based on crude oil, it releases a large amount of greenhouse gases,
while the demand for crude oil is continuously increasing, the
search for an affordable and clean alternative energy is of para-
mount interest to the global community [1,2]. Hydrogen is
a potential solution because it is a clean energy and an important
feedstock in the petrochemical industry.

Hydrogen does not exist alone in nature, but it can be produced
from a wide variety of energy sources like natural gas, coal and
biomass. The steam reforming of natural gas is the current domi-
nant industrial process for hydrogen production [3]; about 80% of
the world’s hydrogen supply are synthesized from this process.
However, the steam reforming produces many by-products like
CO2, CH4, H2O and CO, which have to be removed from the
production stream before the efficient utilization of the produced
þ65 6779 1936.
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hydrogen [4]. Pressure swing adsorption (PSA) and cryogenic
distillation are the most conventional methods used for the puri-
fication of hydrogen [5,6]. Although these two techniques can
produce high purity hydrogen, they have drawbacks of consuming
a large amount of energy and occupying a big footprint. Membrane
is an emerging technology that displays attractive advantages over
such conventional methods such as (1) high energy efficiency, (2)
cost effectiveness with smaller footprint, (3) simplicity in opera-
tion, (4) compactness and portability, and (5) environmental
friendliness [7,8]. Various materials such as zeolites, metals and
polymers have been reported as membrane materials for hydrogen
purification applications. However, polymers have advantages over
others because of easy process and reasonably low costs.

It is well known that the gas transport through polymeric
membranes is dictated by the solution diffusion mechanism and
the permeability of the membrane is a product of diffusivity and
solubility. Resulting from the counter balance between high
hydrogen diffusivity coupled with high CO2 solubility, it is chal-
lenging to separate hydrogen from CO2. Since the solubility selec-
tivity in traditional glassy polymers varies slightly with most gas
species, the selectivity of glassy polymeric membrane for gas
separation is almost dominated by diffusivity selectivity. Since H2
possesses a smaller kinetic diameter as compared to CO2 and hence
diffuses more easily, glassy polymeric membranes tend to be clas-
sified as H2 selective membranes [9‑11]. However, there is a trade-
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off between H2 permeability and H2/CO2 selectivity for glassy
polymeric membranes [12]. Chung’s group has reported a poly-
imide crosslinking methodology using various types of diamines to
surpass the aforementioned trade-off by increasing diffusivity
selectivity [13e16]. Hydrogen selective membranes have good
chemical and thermal stability and excellent mechanical property,
but the choice of this type of membranes is largely dependent on
the operating conditions and industrial applications.

Perhaps, Kawakami et al. were the pioneers discovering that PEG
andotherpolymer blendshadgood separationperformance for CO2/
light gas mixtures [17]. Since the PCO2

=PN2
ratio increased with an

increase in PEG content, while PO2
=PN2

remained the same, they
reported there was an enhanced interaction between ethylene
glycol (EG) and CO2 in the PEG blend membrane. However, it was
found that the membrane mechanical strength was reduced and
became too weak for gas separation when the PEG content reached
more than 60 wt%. Okamoto et al. synthesized the first PEO-PI
membranes for CO2/N2 separation [18e20] and reported a CO2 gas
permeability of 140 Barrers and a CO2/N2 selectivity of 70. The high
CO2/N2 selectivitywas attributed to high solubility selectivity due to
strong interactions between CO2 and the PEO phase, as ethylene
oxidewas identifiedas thebest chemical group interacting favorably
with CO2. Since then the interaction between CO2 and EO has been
discussedandused for thedevelopmentof CO2 selectivemembranes
inmany publications [21e26]. Zhao et al. demonstrated that PEG bis
(amine) can be used as a crosslinking agent to modify a Matrimid
membrane and switch the membrane selectivity from being H2

selective to CO2 selective after the chemicalmodification [27]. Other
researchers like Lin et al. invented a highly branched, cross-linked
PEO membrane for CO2/H2 separation [28]. Again, the high CO2/H2
selectivity was due to favorable interactions between the EO unit
and CO2 gas. As a result, the penetrant with a higher condensability
(CO2)will endupas themainproduct in the permeate side andmake
the membrane to be CO2 selective. However, the characteristics of
weak mechanical properties and easy crystallization are the main
drawbacks of PEO-based membranes. Recently, Shao and Chung
fabricated a cross-linked PEO/silica reverse selective membrane for
hydrogen purification [29]. This cross-linked organic-inorganic
hybridmembrane had improvedmechanical strengths and reduced
crystallization in comparison with a pure PEO membrane. No crys-
tallization was reported at 75% silica loading in their membranes,
Fig. 1. Chemical structures of m
which is especially desirable in gas separation as crystals reduce the
overall gas permeability. Since the Robeson upper bound of CO2
selective membranes display a positive slope when plotting selec-
tivity versus permeability, it implies that such membranes can
achieve high CO2 permeability whilst yielding impressive CO2/H2
selectivity [28].

Although pure PEO polymers have demonstrated very good CO2
removal capability, they are not robust enough for real industrial
applications due to their weak mechanical properties, easy crys-
tallization, and low thermal stability. However, their potential
energy saving and high CO2 removal efficiency have inspired us to
investigate PEO-PI membranes for the H2 purification process. The
combination of PEO and PI via proper molecular engineering may
take advantages of both glassy and rubbery polymers for CO2 and
H2 separation and the resultant membranes may have balanced
thermal and chemical stability because of directly chemical
bonding between the PEO units and the hard polyimide segments.

2. Experimental section

2.1. Materials

3,30,4,40 benzophenonetetracarboxylic dianhydride (BTDA) from
Lancaster, 4,40-(hexafluoroisopropylidene) diphthalic anhydride
(6FDA), pyromellitic dianhydride (PMDA), 1,3-phenylenediamine
(mPD), 2,3,5,6-tetramethyl-p-phenylenediamine (Durene), 4,40-
oxydianiline (ODA) and polyoxyethylene bis(amine) with molec-
ular weights of 1900, 10 000 and 20 000 g/mol were obtained from
SigmaeAldrich Co. Fig. 1 shows their chemical structures. The
polyoxyethylene bis(amine) was used without further purification,
while the rest of monomers were purified by vacuum sublimation
except 2,3,5,6-tetramethyl-p-phenylenediamine (Durene) which
was purified by re-crystallization in methanol. N-methyl-2-pyrro-
lidinone (NMP) from Merck was used as solvent after purified by
vacuum distillation. The purities of H2 and CO2 were 99.99%.

2.2. Preparation of PEO containing copolyimide dense films

All the copolymers studied in this paper were synthesized in our
laboratory, the procedure of the dense film preparation is as
follows: The polyethylene bis(amine) and the comonomer diamine
onomers used in this study.
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were dissolved in NMP under nitrogen environment at room
temperature. A stoichiometric amount of dianhydride was slowly
added into a magnetically stirred flask. After all the solids were
dissolved, the solution was stirred overnight. The resultant 10 wt%
copoly(amic acid) solution was filtered using a 1.0 mm PTFE
membrane before casting onto a Teflon petri-dish. The solutionwas
dried under vacuum at 80 �C for 12 h that allowed slow solvent
evaporation. The temperature was increased by 12 �C at 20 min
interval until it reached 200 �C. The membranes were thermally
imidized at 200 �C for 24 h under vacuum and then it was cooled
down naturally. The thicknesses of the films were in the range of
50e150 mm. Throughout this article, the number in the parenthesis
is referred to the weight percentage of polyether diamine to the
total weight of the copolymer.

2.3. Characterizations

The chemical structures of the PEO containing copolyimides
were analyzed using a Bio-Rad FTIR FTS 135 over the range of
700e4000 cm�1 in the attenuated total reflectance (ATR)mode. The
number of scans for each sample was 16. The glass transition
temperature (Tg) and melting temperature (Tm) were determined
usingdifferential scanning calorimetry (DSC) via aDSC822e (Mettler
Toledo) with a heating or cooling rate of 10 �C/min. To alignwith the
testing temperature of gas permeation tests, crystallinity of the
membranes at 35 �C wasmeasured. The samples were hold at 35 �C
for 5 min followed by a steady increase in temperature. The crys-
tallinity was calculated from the onset enthalpy at the melting
temperature. The presence of the PEO crystals at 35 �C was
confirmedbyusing aWide-angleX-raydiffraction, Bruker, D8 series,
GADDS (general area detector diffraction system). A Cu X-ray source
was used and the scanning angle was from 2 to 65�. The densities of
dense membrane films were determined using a Mettler Toledo
balance and a density kit according to the Archimedean principle
with the aid of the following equation.

r ¼ Wair
Wair �Wliq

r0 (1)

where ris the density of the film, r0 is the density of the auxiliary
liquid which isooctane was used because PEO was reported to be
insoluble in isooctane [30].Wair andWliq are the weights of the film
in the air and auxiliary liquid, respectively.

The molecular weights and molecular weight distributions of
the block copolymers were determined using gel permeation
chromatography (GPC). The Waters GPC system consisted of
a Water 1515 isocratic HPLC pump, a Waters 717 plus auto sampler
and a Waters 2414 refractive index detector. The system was cali-
brated with polystyrene standards and using HPLC grade DMF as
the mobile phase. The concentration of the sample prepared was
1 mg/ml, the flow rate of the mobile phase was set at 1 ml/min and
the injection volume of each sample was 100 mL.

The mechanical properties (i.e. extension at break, tensile
strength and Young’s modulus) of the flat sheet membranes were
measured using an Instron 5542 tensile testing instrument at room
temperature. The samples were prepared with 5 mm in width and
the initial gauge length of 20 mm. Each sample was clamped at the
both ends and the testing speedwas 10mm/min. Themean value of
at least three samples was reported for each membrane.

2.4. Measurements of gas transport properties

All the membranes were undergone pure gas permeation tests
and mixed gas permeation tests. The pure gas permeability was
determined by a constant volume and variable pressure method.
Detailed experimental design and procedures have been reported
elsewhere [31]. The testing temperature and pressure were 35 �C
and 2atm, respectively. The rate of downstream pressure (dp/dt)
increase at a steady state was used to calculate the gas permeability
using equation (2).

P ¼ 273� 1010

760
VL

ATðp2 � 76=14:7Þðdp=dtÞ (2)

where P is the permeability of a membrane in Barrer (1 Bar-
rer ¼ 1 � 10�10 cm3(STP)cm/(cm2 s cm Hg), V is the volume of the
downstream chamber (cm3), L refers to the thickness of the
membrane (cm), A is the effective area of the membrane (cm2), T is
the operating temperature (K), and the pressure of the feed gas in
the upstream is given by p2 (psia). The ideal permselectivity of
a membrane for each gas pair was evaluated using equation (3).

a*A=B ¼ PA=PB ¼ ðSA=SBÞ � ðDA=DBÞ (3)

where S and D are the solubility coefficient and diffusion coefficient
of the gas, respectively; SA/SB andDA/DB are the solubility selectivity
and diffusivity selectivity of the gas pair, respectively. The gas
equilibrium isotherm for CO2 was measured at 35 �C using a Cahn
D200 microbalance sorption cell. Prior to test, the microbalance
was calibrated using the testing gas at various pressures, theweight
gained was plotted as a function of pressure. The system was
evacuated for at least 24 h before loading the sample (50e100 mg)
into the sample pan. The testing gas was fed into the system at
a desired pressure and the gas was absorbed by the polymer matrix
until it reached equilibrium. The weight gain was recorded and the
same steps were repeated to test the next pressure, the systemwas
not evacuated until the end of the test for a specific gas. The sample
pan was tared to zero under vacuum at each time when starting
a new sample or a new gas species. The sorption coefficient was
calculated by considering the buoyancy force of the polymer in the
specific gas. The solubility of the membrane for a specific gas can be
calculated using equation (4) [32,33].

S ¼ C/P (4)
where C is the total absorbed gas concentration in the

membrane (cm3(STP) cm�3), which is measured by microbalance
sorption cell. P is the testing pressure (atm). The diffusion coeffi-
cient can be obtained after the determination of permeability and
solubility coefficients of the membrane as follows:

D ¼ P/S (5)

The mixed gas permeation was measured as well, the detailed
experimental setup and procedures have been reported elsewhere
[34]. A binary gas mixture of 50/50 CO2 and H2 was used and all
samples were tested at 35 �C under different feed pressures. The
permeate gas was injected into a GC for analyzing when the pres-
sure of the downstream was built up more than 50 Torr. The
permeability was calculated with the consideration of non-ideal
gas behavior, described by Wang et al. [35]. The permeability of
each gas was obtained using equations (6) and (7):

PCO2
¼ 273� 1010

760
yCO2

VL
ATð76=14:7Þ�xCO2

p2
�ðdp1=dtÞ (6)

PH2
¼ 273� 1010

760

�
1� yCO2

�
VL

ATð76=14:7Þ�1� xCO2

�
p2

ðdp1=dtÞ (7)

where PCO2
and PH2

are the permeability of CO2 and H2, respectively,
p2 is the upstream feed gas pressure (psia), p1 is the downstream



Fig. 2. FTIR spectra of PEO containing copolyimides.
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permeate gas pressure (psia), xCO2
is the gas CO2 molar fraction in

the feed gas and yCO2
is the gas CO2 molar fraction in the permeate,

V is the volume of the downstream chamber (cm3), L is the film
thickness (cm). The selectivity ofmixed gas is defined by the ratio of
mole fraction ratios of the two components (CO2 and H2) in the
downstream (y) to the upstream (x) as follows:

aCO2=H2
¼ yCO2

=yH2

xCO2
=xH2

(8)

In the case of negligible downstream pressure, the selectivity
ðaA=BÞ is equal to the ideal selectivity ða*A=BÞ that measured the
intrinsic selectivity of membrane material. Therefore, the selec-
tivity of gas CO2 and gas H2 is thus computed by equation (9), which
is equivalent to the ratio of their permeabilities measured at the
partial pressure:

aCO2=H2
¼ PCO2

=PH2
(9)
3. Results and discussion

3.1. Characterization results

The molecular weight and molecular weight distribution of the
copolymers are determined using GPC. In this study, due to the
insolubility of PMDA and BTDA based copolyimides after thermal
treatment, the precipitate of their poly (amic acid) was tested. The
solution of poly (amic acid) was precipitated in isopropyl alcohol
(IPA) and dried in the oven at 70 �C under vacuum for 8 h to remove
all monomers and solvent residues in the solid. The dried poly
(amic acid) was then dissolved in DMF with a concentration of
1 mg/ml for GPC testing. The results of number-averagemolar mass
Mn, weight-averagemolarmassMw and polydispersityMw/Mn from
GPC test are shown in Table 1. As can be seen, the synthesized
copolymers have their molecular weights greater than 20,000 Da.

The block copolymers synthesized in this study were monitored
using ATR-FTIR and their spectra are shown in Fig. 2. All the block
copolymer films exhibit a characteristic peak at 1717 cm�1 which is
attributed to the asymmetric stretch of C]O in imide groups. The
common peaks appearing at the wave number of 2880 cm�1 are
from the PEO groups. The intensity of this peak increases with
increasing PEO weight percentage in the PMDA-ODA-PEO1 block
copolymers. The FTIR spectra show that all the synthesized poly-
mers are PEO containing copolyimides.

Fig. 3 shows DSC curves of the PEO containing copolyimides. The
glass transition temperature of PEO is clearly shown in the range of
�70 �C to �30 �C for PEO1 based copolymers. However, Tg of PEO is
not very obvious for copolymers synthesized from higher molec-
ular weights of PEO2 and PEO3. This may be owing to the relatively
lowmolar ratio of aliphatic diamine when a high molecular weight
of PEO is used. The peak in the range of 20 �Ce50 �C is attributed to
Table 1
Molecular weights and molecular weight distributions of copolymers.

Polymer Name Mn Mw Mw/Mn

PMDA-ODA-PEO1(20%) 27 696 43 323 1.56
PMDA-ODA-PEO1(40%) 32 125 46 656 1.45
PMDA-ODA-PEO1(60%) 19 857 25 930 1.31
PMDA-ODA-PEO2(60%) 68 543 85 696 1.25
PMDA-ODA-PEO3(60%) 48 289 78 374 1.62
BTDA-ODA-PEO1(60%) 85 769 11 5877 1.35
6FDA-ODA-PEO1(60%) 46 526 65 235 1.40
the melting of PEO crystals. However, no endothermic peak can be
found for the copolymers if the PEO content is below 60%. This
implies a complete suppression of PEO crystallization by the exis-
tence of polyimide hard segments. The hard segment is the
continuous phase when PEO content is low; the crystallization
prone soft PEO phase is dispersed around the continuous phase.
The existence of polyimide lowers the chain packing efficiency of
the soft PEO phase; hence, eliminate the crystallization in PEO-PI
with low PEO content. When the PEO content exceeds 60%, the soft
segments form a continuous phase which promotes crystallization
in the membrane. This observation is consistent with the work by
Maya et al., whereby copolyimideswith PEO content from30 to 56%
were amorphous but exhibited crystallinity at PEO content greater
than 60% [36].

In this study, Tg of the hard segment is not detectable from the
DSC analysis, this could be attributed to the randomization of the
polymer chain formation. The hard blocks could not form a long
chain due to the randomization even though the aromatic diamine
has a much higher molar ratio than the aliphatic one. Table 2 shows
that the degree of crystallinity varies with PEO molecular weight,
indicating a general trend that the degree of crystallinity experi-
ences a positive correlation with PEO molecular weight. As a result,
the PMDA-ODA-PEO3(60) copolymer has the highest crystallinity
of 37.2%. This may arise from strong chain folding characteristics in
this high molecular weight PEO.

Table 2 summarizes the crystallinity level of membranes made
from different moieties and percentages of PEO. The percentage of
crystallinity is calculated based on the heat of fusion duringmelting
of the PEO phase using equation 10:

Crystallinityð%Þ ¼ DHf =
�
cp � DH0

f

�
� 100% (10)
Fig. 3. DSC curves of PEO containing copolyimides.



Table 2
Density, crystallinity and mechanical properties results of copolymers.

Polymer Name Density (g/cm3) Crystallinitya (%) Young’s Modulus (GPa) Elongation at break (%) Tensile strength (GPa)

PMDA-ODA-PEO1(20) 1.374 ND/NDb 1.40 145 1.63
PMDA-ODA-PEO1(40) 1.313 ND/ND 0.60 420 0.67
PMDA-ODA-PEO1(60) 1.244 23.3/ND 0.07 535 0.10
PMDA-ODA-PEO2(60) 1.245 34.7/4.8 0.22 536 0.27
PMDA-ODA-PEO3(60) 1.231 37.2/10.5 0.24 482 0.30
BTDA-ODA-PEO1(60) 1.250 26.5/ND 0.03 248 0.06
6FDA-ODA-PEO1(60) 1.263 ND/ND 0.02 ND ND

a The crystallinity is displayed at room temperature and at 35�C, respectively.
b ND means not detected.
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whereDHf is the apparent heat of fusion per gram of themembrane
material, DH0

f is the heat of fusion per gram of the perfect PEO
crystal with a value of 188.9 J/g [37] and cp is theweight percentage
of PEO in the block copolymer.

As our gas permeation test was done at 35 �C, the remaining
crystallinity at this temperature has also been determined. At this
temperature, the crystallinity is reduced drastically. There is no
existence of crystals in the membranes synthesized from a low PEO
molecular weight due to the melting temperature of this PEO is
lower than 35 �C. However, copolymers with PEO2 and PEO3 still
contain a small amount of crystallinity. Wide-angle X-ray diffrac-
tion tests were specifically carried out at 35 �C to confirm the
presence of PEO crystallinity at this temperature. The spectra are
showing in Fig. 4.

The PMDA-ODA-PEO1(60) membrane has no PEO crystallinity at
35 �C as the low molecular weight PEO melts at around 25 �C. The
spectrum of this membrane displays similar characteristic peaks to
a pure PMDA-ODA film because the PMDA-ODA polyimide itself is
a semi-crystallinematerial. Themembrane synthesized from a high
molecular weight of PEO3 shows two very sharp peaks at 2q equals
to 19.2� and 23.2�, which correspond to typical PEO crystalline
peaks. [36] This is consistent with the observation in the DSC test,
where PEO crystallinity in PMDA-ODA-PEO3(60) still exists at 35 �C.
However, no PEO crystal peaks are found in PMDA-ODA-PEO2(60).
This could be attributed to the amount of PEO crystals in this
membrane is too little to be detected at this temperature.

The mechanical property test results shown in Table 2 reveal
that the Young’s modulus is significantly affected by the PEO
content in the membranes. Their values decrease as the PEO
content increases; however, the Young’s modulus decreases dras-
tically when the PEO content is more than 40%. Thus, it may be
concluded that the soft segment may form a continuous phase at
the PEO content greater than 40%. On the other hand, these values
apparently remain almost invariant with different dianhydride and
diamine moieties. This implies that the membrane mechanical
Fig. 4. WAXS spectra of PEO containing copolyimides.
strength is mainly determined by the PEO weight percentage in the
membrane. Since pure PEO membranes have a Young’s modulus of
about 0.12 GPa, the PEO containing copolyimides possess better
mechanical strengths if the PEO content is less than 40 wt%.
3.2. Gas permeation and separation properties

3.2.1. Effect of PEO content
Sorption and pure gas permeation tests were conducted to

study the gas transport properties of PEO containing copolyimides
and Table 3 summarizes the results. The membranes listed in this
table can be categorized into three groups for in-depth discussion
of various molecular designs of PEO-PI membranes on gas transport
properties.

In the copolymer of PMDA-ODA-PEO1with different PEOweight
percentages, the permeability increases with increasing PEO
content. The increase in permeability can be attributed to the
increase in diffusivity coefficient as PEO in the soft segment has
higher polymer chain flexibility and mobility than the polyimide
segment. This trend is even more pronounced when the PEO
content is more than 40%, as the diffusivity coefficient increases
drastically, thus increasing the CO2 permeability.

Fig. 5 illustrates the effects of lowmolecular weight PEO content
on the permeability, diffusivity and solubility coefficient of PMDA-
ODA-PEO1 copolymers.

As can be seen, the solubility coefficient decreases with
increasing PEO content. This could be attributed to the decline of
the solubility contributed from the hard segment. The solubility of
the hard segment (4.5 � 10�2 cm3(STP)cm�3cmHg�1) [38] is much
higher than pure PEO (1.3 � 10�2 cm3(STP)cm�3cmHg�1) [18] as
shown in Fig. 5. The portion of hard segment exists in copolymer
decreases with increasing PEO content, hence the solubility coef-
ficient decreases. At PEO content of 20%, the solubility in the hard
segment is dominant. As PEO content increases, the sorption sites
in the hard segment decrease and the sorption curves display
a characteristic of rubbery material as shown in Fig. 6.
Table 3
Pure gas permeability, solubility and diffusivity coefficient.

Polymer Name Permeability
(Barrer)

SCO2
a DCO2

a Selectivity

H2 CO2 CO2/H2

PMDA-ODA-PEO1(20) 2.7 3.1 2.83 1.10 1.1
PMDA-ODA-PEO1(40) 5.4 27.4 1.69 16.21 5.1
PMDA-ODA-PEO1(60) 16.2 131.0 1.58 82.91 8.1
PMDA-ODA-PEO2(60) 14.2 136.3 1.72 79.24 9.6
PMDA-ODA-PEO3(60) 13.7 117.1 1.76 66.53 8.5
BTDA-ODA-PEO1(60) 10.2 80.5 1.36 59.19 7.9
6FDA-ODA-PEO1(60) 9.9 49.4 2.09 23.62 5.0
PMDA-ODA-PEO1(65) 18.4 157.0 1.57 100.00 8.5

a S and D in 10�2 cm3(STP)/(cm3 cm Hg) and 10�8 cm2/s respectively.



Fig. 5. Effect of PEO content on permeability, solubility and diffusivity coefficient for PMDA-ODA-PEO1.
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Comparing the solubility coefficient of the pure PEO and a series
of PMDA-ODA-PEO1 copolymers shown in Fig. 5, the solubility
coefficients of the copolymers are well above the pure PEO line and
it is very close to the solubility of pure PEO when PEO content is
high. This phenomenon implies that the soft PEO phase is the main
contributor to the solubility coefficient when the copolymer has
high content of PEO. However, the hard segment still contributes to
the total sorption even at high PEO content as the solubility of the
copolymer is higher than that of pure PEO. The sorption sites in the
hard segment affect the gas transport performance in themixed gas
tests which will be discussed later.

3.2.2. Effect of PEO molecular weight
Fig. 7 shows the permeability, diffusivity and solubility coeffi-

cient as a function of PEO molecular weight and Table 3 summa-
rizes their corresponding CO2/H2 permselectivity.

At the same weight percentage of PEO in membranes, the CO2
permeability and permselectivity increase but then decrease with
an increase in PEO molecular weight. This phenomenon is
a combinative result of many complicated factors. One of them is
due to PEO induced crystallinity, while the other is owing to
interactions between the soft and hard segments. In membranes
PMDA-ODA-PEO1(60), PMDA-ODA-PEO2(60) and PMDA-ODA-
PEO3(60), the degree of crystallinity increases with increasing PEO
molecular weight. The crystals would act as a non-sorbing,
impermeable obstacle and reduce the permeability severely. This is
Fig. 6. CO2 sorption isotherms in PEO block copolyimides.
also reflected in the monotonous decrease in diffusivity coefficient
with increasing PEO molecular weight as crystals would rigidify
polymer chains and reduce the diffusivity coefficient of the resul-
tant membrane.

The CO2 solubility coefficient increases with increasing molec-
ular weight of PEO used in copolymer. This could be attributed to
the more complete phase separation as PEO molecular weight
increases. Representative Atomic Force Microscopy (AFM) phase
images, which displayed phase separation between the hard and
soft segment, are shown in Fig. 8.

As can be seen from Fig. 8, the nano-sized hard phase is
embedded into the PEO soft segment. The phase separation is
rather not obvious in PMDA-ODA-PEO1(60). As PEO molecular
weight increases, the hard phase forms fiber like nano-structured
domain (Fig. 8(b)), where the two phases has much more clearer
borders between them. The phase separation is even more
pronounced in PMDA-ODA-PEO3(60), the separation between the
two phases can be seen clearly and both phases form a bigger
domain. The complete phase separation increases the interaction
between the EO units and CO2 hence the solubility coefficient is
increased. Similar interactions between the soft and hard segments
and their effects on micro-phase separation and permeability have
been studied by Yoshino et al. [19]. They reported that the
contamination (i.e., inter-penetration) of hard segments in the soft
domain and soft segments in the hard domain were negligibly
small if copolymers contain high molecular weight PEO. The less
Fig. 7. Effect of PEO molecular weight on CO2 permeability, diffusivity and solubility
coefficient.



Fig. 8. AFM phase images of membrane surfaces: (a). PMDA-ODA-PEO1(60), (b). PMDA-ODA-PEO2(60) and (c). PMDA-ODA-PEO3(60).

Table 4
FFV of pure polyimides.

Polyimide PMDA-ODA BTDA-ODA 6FDA-ODA

FFV 0.129 0.124 0.165
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phase inter-penetration indicates more perfect phase separation
between soft and hard domains in the copolymer. As a result,
copolymers containing high molecular weight PEO may facilitate
the preferentially transport of penetrants through the soft
segments. Since the soft segments have much higher permeability
than the hard segments, the overall membrane permeability is
enhanced. Another report was also published by Okamoto et al.
who observed a higher CO2 permeability for PEO containing
copolyimides synthesized from a higher molecular weight PEO up
to 9000 g/mol [18], this implies that the CO2 permeability increases
with increasing PEO molecular weight because of less inter-pene-
tration or interaction between the soft and hard domains. Because
the PEO induced crystallization and micro-phase separation
strongly depend on PEO molecular weight and they have opposite
effects on permeability, there exists an optimum PEO molecular
weight in these PEO containing copolyimides in order to obtain the
highest permeability and permselectivity. In this study, PMDA-
ODA-PEO2(60) with a molecular weight of 10 000 g/mol possesses
the highest CO2 permeability and CO2/H2 selectivity which is
136.3 Barrers and 9.6, respectively.

3.2.3. PEO percentage vs. PEO molecular weight
When comparing the gas separation performance of the two

series of PMDA-ODA-PEO copolymers as shown in Table 3; namely,
one series with different PEO content and other series with
different PEO molecular weights, one can conclude that the PEO
content in the copolymer has stronger influence on CO2 perme-
ability and CO2/H2 selectivity than the PEO molecular weight. This
phenomenon can be exemplified by the PMDA-ODA-PEO1 block
copolymer where its CO2 permeability increases from 27.4 Barrers
to 131.0 Barrers when PEO content increases from 40% to 60%, while
CO2 permeability only increases from 131.0 Barrers to 136.3 Barrers
when PEO molecular weight increases from 2000 g/mol to
10 000 g/mol for the copolymer containing 60% PEO. However,
there is an upper limit of PEO content, as the membrane cannot be
formed when the PEO content is too high. In addition, CO2
permeability becomes very low for pure PEO membranes [39] due
to high crystallinity. Furthermore, comparing separation perfor-
mance of membranes synthesized from the same PEO percentage
but from different PEOmolecular weights, PEO-PImade from a high
PEO molecular weight has a better CO2/H2 selectivity than that
made from a low PEO molecular weight. Hence, the optimal
combination of PEO content and molecular weight is the key to
fabricate high performance PEO-PI membranes for gas separation.

3.2.4. Effect of fractional free volume
The gas separation performance of PEO-PI membranes is

severely affected by the dianhydride moiety. Comparing among
PMDA-ODA-PEO1(60), BTDA-ODA-PEO1(60) and 6FDA-ODA-PEO1
(60), it is a surprise to notice that PMDA-ODA-PEO1(60) has the
highest CO2 permeability and CO2/H2 selectivity. The high CO2
permeability is most likely attributed to the high diffusion coeffi-
cient with the aid of unique combination of chain linearity and
minimal inter-penetration between the soft and rigid segments.
Table 4 shows a fractional free volume (FFV) of pure polyimide. The
FFV was calculated using the following equation [40]:

FFV ¼ (V � V0)/V (11)
where the specific volume, V, is calculated from the measured

density; the occupied volume, V0, is calculated from the correlation,
V0 ¼ 1.3VW, where the VW is the van der Waals volume [41]. As for
the copolymers, VW is predicted by the equation:
VW ¼ m1$VW1 þ m2$VW2, where m1 and m2 are the molar fractions
and VW1 and VW2 are the van derWaals volumes of homo-polymers
1 and 2, respectively.

Since the gas diffusion rate in the soft segment is much
higher than that in the hard segment. The smaller FFV value in
the hard segment hinders the intrusion of PEO into the hard
segment and increases the effective volume of the PEO phase
which gas can penetrate through easier. In other words, the
inter-penetration between the two phases will be minimized.
Fig. 9 shows the AFM phase images of these three PEO-PI
membrane surfaces, which gives a visual confirmation of the
inter-penetration phenomenon.

Fig. 9(C) shows the two phases clearly, whereas, in 6FDA-ODA-
PEO1(60), the phase separation is not obvious. This could be
attributed that the higher degree of inter-penetration between the
soft and hard phases. The glass transition temperatures of PEO in
different dianhydride based copolymers also support our hypoth-
esis. As can be seen in Fig. 3, all Tg detected in copolymers are
higher than the Tg of pure PEO [39], this indicates different degree
of contamination in the membranes. Tg of the three different dia-
nhydride based copolymers follow the sequence of 6FDA-ODA-
PEO1(60) > BTDA-ODA-PEO1(60) > PMDA-ODA-PEO1(60). This
implies that the inter-penetration in 6FDA-ODA-PEO1(60) is the
most severe one and the PEO domain in the membrane is very
small, hence there is no endothermic peak corresponding to PEO
melting, is observed in the DSC curve.



Fig. 9. AFM phase image of membrane surface: (a). 6FDA-ODA-PEO1(60), (b). BTDA-ODA-PEO1(60) and (c). PMDA-ODA-PEO1(60).
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3.2.5. Mixed gas permeation tests
3.2.5.1. Improved CO2/H2 selectivity compared with pure gas test.
Mixed gas tests were performed with a binary gas mixture of 50/
50% CO2/H2 feeding, in which the testing temperature was 35 �C
and the partial pressure of CO2 was varied from 2 atm, 6 atm and
10 atm, respectively. Fig. 10 shows the comparison of gas transport
performance between pure gas and mixed gas tests.

As can be seen from Fig. 10(A), the CO2/H2 selectivity in
the mixed gas tests is much higher than that in pure gas tests. The
drastic increment in CO2/H2 selectivity is mainly ascribed to the
substantial decrease of H2 permeability in the mixed gas tests as
illustrated in Fig.10(B). As the copolymer consists of hard polyimide
segment and soft PEO segment, the decreased H2 permeability can
be ascribed to two factors: (1), competition of the sorption site in
the hard segment; (2), weaker interaction between H2 and poly-
ether unit in the soft PEO phase. As mentioned in the Section 3.2.1,
the hard segment in the copolymer is still permeable and
contributing to the solubility coefficient even in the membranes
with high PEO content. In the presence of binary gas feed stream,
gas with higher condensability (CO2) is easier to be condensed and
absorbed in the membrane. As a result, the less condensable spice
(H2) would be excluded from this sorption site, which leads to the
diminution of its permeability. This observation is consistent with
the work done by Chern et al. [42,43]. They observed that the CO2
Fig. 10. Comparison of gas transport performan
permeability decreases in the presence of water molecules in the
feed stream since water molecule has higher condensability and
CO2 molecules are progressively excluded from the sorption site in
glassy polymeric membranes as the relative water humidity
increases in the feed. Another possibility for the reduced H2
permeability inmixed gas tests is due to the fact that H2 has a lower
interaction with ether oxygen unit in the soft PEO phase compared
with CO2. In the presence of CO2 and H2 gas mixture in the feed, the
favorable interaction between CO2 and ether oxygen unit hinders
the permeability of H2. The higher degree of interaction between
CO2 and the polymer matrix leads to the higher magnitude of H2
permeability reduction. Therefore, membranes with higher content
of PEO tend to have a bigger margin of H2 reduction from pure gas
tests to mixed gas tests. Fig. 10(B) shows the biggest H2 perme-
ability drop in PMDA-ODA-PEO1(65) which has the highest PEO
content. As a result, the CO2/H2 selectivity shows an attractive
result in the mixed gas tests.

3.2.5.2. Effect of CO2 partial pressure in the mixed gas tests. The
pressure-dependent mixed gas tests were performed at CO2
partial pressures of 2 atm, 6 atm and 10 atm to investigate the
gas separation performance of the membranes. Fig. 11 demon-
strates the effect of CO2 partial pressure on gas transport
performance.
ce between pure gas and mixed gas tests.



Fig. 11. Effect of CO2 partial pressure on PH2
and PCO2

=PH2
.
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As can be seen, the H2 permeability increases gradually and CO2
permeability maintains or increases slightly as partial pressure of
CO2 increases. This phenomenon can be attributed to the fact that
CO2 induces chain swelling and creates the bulk flow effect as
a result of increasing CO2 partial pressure. This low magnitude of
chain swelling causes greater permeability increment for smaller
molecules than bigger molecules. Therefore, the gas pair selectivity
decreases as the CO2 partial pressure increases. This observation
shows a good agreement with the work done by Car et al. [23], in
which the CO2 permeability in Pebax/PEG blend membranes
increases slightly or stays almost the same in mixed gas tests and
the CO2/H2 selectivity decreases as the magnitude of H2 perme-
ability increment is higher than CO2.

Fig. 12 compares the mixed gas results with the upper bound of
conventional membrane materials for CO2/H2 separation. The
reverse selective membranes have a CO2/H2 separation perfor-
mance well above the upper bound line. PMDA-ODA-PEO1 with
65% PEO content shows the best performance of CO2 permeability
and CO2/H2 selectivity of 179.3 Barrers and 22.7, respectively, at
35 �C and CO2 partial pressure of 2 atm. This performance is
especially impressive and valuable because the test temperature is
35 �C, not below 0 �C. Results taken from other researches for
comparison purpose [22,25,26,28].

3.3. Permeability prediction by the Maxwell equation

Since PEO containing copolyimides consist of hard polyimide
phases and soft PEO phases, the permeability of PMDA-ODA-PEO1
Fig. 12. Mixed gas permeation test results compared with the upper bound line.
with different PEO percentages may be predicted by the Maxwell
equation as shown below [44]:

Peff ¼ PC

�
PD þ 2PC � 2fDðPC � PDÞ
PD þ 2PC þ fDðPC � PDÞ

�

where Peff is the effective permeability, PC and PD are the
permeability of the continuous phase and dispersed phase,
respectively, and fD is the volume fraction of the dispersed phase
in the block copolymer. Below are the assumptions we made in
the construction of the Maxwell prediction curve, the hard poly-
imide phase is the continuous phase when the PEO content is
lower than 40%, while the soft PEO phase is the continuous phase
if the PEO content is more than 60%. In other words, there is
a matrix phase transition when the PEO content is between 40%
and 60%, an average value will be used as the predicted value
during this transition. The permeability of pure PEO in the
amorphous state (143 Barrers) is used as the permeability of the
soft segments [39] since PMDA-PEO1 is unable to be synthesized
in the laboratory. A permeability of 1.14 Barrers is used for PMDA-
ODA as the permeability of the hard segments [45]. Fig. 13 shows
the Maxwell predicted values and experimental data and a good
agreement can be observed. Since the original Maxwell equation
was derived to predict the resistance in a conducting medium,
the predicted value is accurate only when the materials in
the medium are independent to each other [44]. Therefore, the
deviation observed in Fig. 13 may arise from the dependence of
soft segments and hard segments in the copolymer.
Fig. 13. Comparison between the Maxwell predicted values and experimental data.
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4. Conclusion

The following conclusions can be made from this study:

1) The mechanical strength of membrane is significantly affected
by the content of PEO in copolymer. It decreases with an
increase in PEO content, especially when the PEO content is
more than 40%, where the soft segment is forming a continuous
phase.

2) In pure gas tests, the increase in CO2 permeability of PMDA-
ODA-PEO1 with increasing PEO content is attributed to the
increase in gas diffusivity. The CO2 permeability and CO2/H2
permselectivity experience an initial increase followed by
a decrease when the PEO molecular weight in PMDA-ODA-PEO
increases. Therefore, there is an optimal PEO molecular weight
to be used in membrane fabrication; this optimal molecular
weight provides a balance between the degree of crystallinity
and micro-phase separation in order to obtain the best sepa-
ration performance.

3) The FFV of the pure polyimide with different dianhydride
moieties leads to different degrees of inter-penetration
between the hard segments and soft segments; a higher degree
of inter-penetration leads to a lower CO2 permeability and CO2/
H2 selectivity.

4) Inmixed gas permeation tests, CO2 permeability of 179.3 Barrer
and CO2/H2 selectivity of 22.7 is reported for PMDA-ODA-PEO1
(65) at 35 �C and CO2 partial pressure of 2 atm. The selectivity is
much higher than pure gas tests due to CO2 out compete H2 for
the sorption site in the hard segment and better interactions
between CO2 and the polymer matrix, which results in the
reduction of H2 permeability.
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