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Abstract—Pebax*1657 and [Omim][PF,] ionic liquid (IL) were used to fabricate a blend membrane and applied for
CO, separation. The changes upon adding ionic liquid into the polymer matrix as well as the membrane characteris-
tics were studied through SEM, FTIR, DSC and TGA analysis. The obtained gas permeation results indicated that the
CO, permeability in all membranes was much higher than the other studied gases. CO, permeability of Pebax contain-
ing 8 wt% IL increased from 82.3 Barrer up to 125.6 Barrer at a pressure of 2 bar, which showed a 53% increment com-
pared to the neat Pebax membrane. Furthermore, as the [Omim][PF] loading within the polymer matrix was increased,
the CO,/CH, and CO,/N, selectivities improved. In addition, the permeability and selectivity of gases was enhanced as
the feed pressure increased. Upon increasing feed pressure to 10 bar, the CO, permeability of Pebax containing 8 wt%
IL reached 185.3 Barrer, which was approximately 48% higher than the permeability at a pressure of 2 bar. Moreover,
the selectivity of CO,/CH, and CO,/N, for the Pebax/8 wt% IL membrane at pressure of 2 bar was 15.3 and 46.5,
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respectively, which improved to 19.7 and 59.8 as the pressure increased to 10 bar.
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INTRODUCTION

Replacing traditional energy with clean energy has not only gained
widespread attention, but due to global warming and climate changes
as a result of CO, emission, the use of green and renewable energy
has drawn remarkable attention. Industries such as natural gas pro-
cessing, power plants and landfills are the most important sources
of CO, emission. To deal with mentioned problems, removing CO,
from process gas streams considered as a potential solution along
with environmental regulation to cope with the growing trend of
progress in the way of life and economy [1,2].

Developing various gas separation methods with their own ad-
vantages and weaknesses is the scope of many studies [3]. In this
regard, membrane gas separation processes are considered as emer-
gent and promising, which can be used in different applications,
such as ammonia purge gas (H,/N,), landfill gas upgrading (CO,/
hydrocarbons), natural gas dehydration (H,O/hydrocarbons), sour
gas treating (H,S/hydrocarbons) and pre and post-combustion CO,
capturing. Membrane gas separation has remarkable returns such
as application in different process scales, low operational and capi-
tal cost, low energy consumption, and low environmental impacts
compared to other typical separation processes such as cryogenic,
adsorption, and absorption [4,5].

In membrane gas separation processes, productivity is reflected
through permeability and selectivity, so that the trade-off, described
as “Robeson's upper bound” exists between these two factors [6].
Managing the trade-off between permeability and selectivity in mem-
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branes is an important challenge that has restricted the wide appli-
cation of membrane in industries [7-9]. Generally, membranes that
exhibit high permeability along with appropriate selectivity are more
attractive to be employed in industrial applications [10].

Among membrane materials, polymers, due to flexibility which
is a result of free rotation of segments around main chains, ease of
processing and lower cost, have drawn considerable attention par-
ticularly in gas separation applications. However, the inappropriate
gases selectivity merged with moderate permeability achieved by
polymeric membranes has limited these materials to be applied in
various gas separation applications. Thus, the type of polymers used
to fabricate the membrane can affect the expected performance in
all applications [11].

Poly (ether block amid) “Pebax” is a type of elastomeric multi-
block copolymer used to prepare gas separation membranes. Pebax
consists of poly ethylene oxide (PEO) as a soft segment and poly-
amide (PA) as a hard semi-crystalline segment [12,13]. Owing to
the interaction between PEO segment and polar gases, the perme-
ability would be improved upon the changes in gases’ solubility [14-
16]. Among different commercial Pebax types, Pebax MH 1657
comprising 40%wt PA segment and 60%wt of PEO one exhibits
superior permeability [11,17,18].

Achieving a highly permeable membrane with an appropriate
selectivity for gas separation using neat polymeric material is almost
impossible. To overcome this restriction and also improve the per-
formance of such membranes, ongoing research has focused on
the development of various membranes such as two-component
blend membranes and mixed matrix membranes (MMMs) [19].

Ionic liquids (ILs) are one of the candidates to blend with poly-
mers to improve the transport properties of resultant membranes.
Mass transport in ionic liquids is generally much faster than poly-
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mers [14,20]. ILs notable features such as high CO, adsorption
capacity, low volatility and modifiable characteristics have drawn
attention in the field of gas separation [21,22]. Thus, an appropri-
ate alternative to overcome the limitations of the ordinary poly-
meric membranes is blending the polymer matrix with ionic liquids
[8,23]. In addition, adding ILs into the polymeric matrix not only
enhances the gas permeability; but rather improves the membranes
selectivity. ILs based imidazolium, due to an asymmetrical combi-
nation of anion and cation in their structures, show high solubility
of polar gases like CO, compared to light gases such as CH, and
N,. In fact, the main reason for the rise in CO, solubility which
occurs by adding ILs is the interaction between anion part of ILs
and gas molecules [15].

Bhattacharya et al. [24] reported the trend of H,S, CO,, CH,
and air permeability though membranes comprising Pebax and
[EMIM][EtSO,]. The permeability of H,S is much higher than that
of CO, in all membranes. Moreover, in all membranes, the selec-
tivity of H,S/CO, and H,S/air is much greater than the selectivity
of CO,/CH, and CO/air.

Mahdavi et al. [8] studied the CO, and CH, gases permeations
through Pebax“1074 blended with [BMIM][PF]. They reported
that as IL content increased within the polymer matrix, gas per-
meability was substantially raised from 58.6 to 104.3 Barrer and 2.9
to 5.6 Barrer for CO, and CH,, respectively, while the CO,/CH,
selectivity decreased slightly from 20.2 to 18.5.

Fam et al. [25] examined the gas permeation of the Pebax 1657
membrane containing [Emim]|[BF,] IL with a thin film composite
hollow-fiber structure. Upon increasing of IL to 80% within the
polymer network, CO, permeability showed a permeability improve-
ment of 70% compared to the pure membrane.

Estahbanati et al. [26] fabricated a two-component membrane
containing Pebax1657 polymer and [Bmim][BE,] for separation of
CO, from light gases. Through adding IL to the membrane, the gas
permeability and corresponding selectivity were improved. Increas-
ing [Bmim][BF4] to 50% resulted in a 73% increment of CO, per-
meability compared to the neat Pebax membrane, and also the
CO,/CH, and CO,/N, selectivities were increased by 17% and 34%,
respectively.

Hence, based on the results reported, blending the ILs within the
polymers is one of the possible alternatives to improve the polar
gas permeability and preferential separation of these such gases over
the other ones.

Based on some studies about the CO, interaction and ILs, the
solubility data and also spectroscopic studies reveal that the strong
Lewis acid-base interaction between ILs and dissolved CO, can
affect the CO, solubility. Reported results proved that the CO,-PF
interaction is stronger than CO,-Tf,N, CO,-[N(CN),] [27,28]. The
number of carbons of imidazolium cation also affects the permea-
bility of gases. The more carbon number in cationic phase, the higher
gas permeability [29]. Thus, in this study; different content of [Omim]
[PF,] IL was added into the Pebax 1657 polymeric matrix to improve
the gases permeation characteristic of resultant membranes. Fabri-
cated membranes were characterized by means of FTIR and SEM
analyses. Thermal properties of membranes were investigated using
DSC and TGA analysis. The gas permeation characteristics of mem-
branes were examined at 30 °C and pressure range of 2-10 bar.
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Fig. 1. Chemical structure of Pebax 1657 and [Omim][PF].

EXPERIMENTAL STUDY

1. Materials

Pebax"1657 containing 40 wt% PA and 60 wt% PEQ in the form
of elliptic pellets was purchased from Arkema, France. High purity
3-Methyl-1-octylimidazolium Hexafluorophosphate ([Omim][PF])
ionic liquid was purchased from Chemistry and Chemical Engi-
neering Research Institute (CCERI), Iran. Chemical structure of
Pebax and [Omim][PF] used in this study is shown in Fig. 1. Fur-
thermore, ethanol with a purity of 99.8% (Merck) and deionized
water were used and used as a polymer solvent.

2. Membrane Preparation

To prepare a membrane with no defects, one should consider
all parameters. Polymer concentration in solution is an important
factor which causes a uniform dispersion of IL in the membranes.
High concentration of polymer in solution increases solution vis-
cosity and prevents formation of homogeneous and clear solution
and leads to thicker and less permeable membranes [26]. In this
work, all membranes were fabricated by solution casting. To fabri-
cate neat Pebax membrane, 5wt% polymer solution was prepared
by dissolving Pebax in the mixture of water and ethanol (30 : 70 w/
w). The solution vessel was sealed to prevent solvent evaporation
and was placed on a magnetic stirrer for 24 hr at uniform tempera-
ture of 75-80 °C. To prevent bubble formation and any defect in
membrane structure, the polymer solution was kept at stationary
for 1 hr at ambient condition. The cast film was allowed for solvent
evaporation at ambient temperature for overnight and then it was
heated in oven at 50 °C for 6 hr. Finally, fabricated membrane was
separated easily from the plate.

The fabrication of Pebax membrane containing [Omim][PF]
was similar to neat one. After the formation of homogeneous poly-
mer solution, different specific amounts of [Omim][PF;] were added
into the solution and placed on a magnetic stirrer for 3 hr to pre-
vent IL deposition and blended uniformity with Pebax solution. The
membrane drying process was the same as the neat Pebax one.
Table 1 lists the composition of each casting solution.

3. Membrane Characterization and Performance Evaluation
3-1. Characterization

To characterize intermolecular interactions of pure and Pebax/
IL membranes, Fourier transform infrared spectroscopy (FTIR)
(TENSOR 27, Brucker Germany) was used in the wave number
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Table 1. Composition of the casting solutions for each desired membranes

Polymer (5%wt) Solvent (95%wt)
Membrane Code
Pebax (%wt) IL (%wt) Water (%wt) EtOH (%wt)

Pure Pebax P 100 0 30 70
Pebax/2% IL P-IL.2 98 2 30 70
Pebax/4% IL P-I14 96 4 30 70
Pebax/6% IL P-IL6 94 6 30 70
Pebax/8% IL P-IL8 92 8 30 70

ranges from 400 to 4,000 cm™" under inert conditions.

To investigate the thermal stability of fabricated membranes, ther-
mogravimetric analysis (TGA) method (L81A1550-L81A1750, Lin-
seis Germany) was employed. In this regards, weight-loss is recorded
as a function of temperature in controlled atmosphere over a spe-
cific time interval. Approximately 20 mg of each membrane was
placed in a sample holder and then heated under the rate of 10 °C/
min at from 50 to 800 °C.

To analyze the thermal properties of prepared membranes, a 2.3.3.
Differential scanning calorimeter (DSC) (PT10, Linseis Germany) was
used. Samples of 8-9 mg were heated from —100 to 300 °C with heat-
ing rate of 10 °C/min under the nitrogen atmosphere for all samples.

To study the cross-section morphology of neat and blended
Pebax/IL membranes, a 2.3.4. scanning electron microscope (SEM)
(VEGA-TESCAN) was used.

3-2. Gas Permeation Study

The permeability of CO,, CH, and N, through fabricated mem-
branes was measured by constant volume/varying pressure setup.
Each gas enters the membrane cell at different upstream pressure,
while the permeate gas leaves the cell to be accumulated in the
downstream vessel. The rate of pressure change upon gas accumu-
lation was recorded by three calibrated gas pressure sensors with
accuracy of 1,000 mbar, 100 mbar and 1 mbar adjusted in series.
Gas permeation tests of fabricated membrane were performed at
30 °C and feed pressure of 2 to 10 bar. Gas permeabilities were cal-
culated in terms of Barrer (1 Barrer=1x10"""cm’ (STP) cm cm™
s cmHg ") [22] as follows:

_273.15x10"°VL dp
AT 760AT(P,x76/14.7) dt

@

where P, is permeability of specific gas, T is operational tempera-
ture (K), V is constant volume accumulation vessel (cm’), A is effec-
tive membrane area (cm?®), L is membrane thickness (cm), P, is
feed pressure (psia) and dP/dt is pressure increment in terms of
time (mmHg/sec). Ideal selectivity of gases is calculated by Eq. (2):

Py
GaB=p @
B

where P, and P;; are the permeability of gases A and B, respectively [30].
RESULTS AND DISCUSSION
1. Membrane Characterization

1-1. Fourier Transform Infrared Spectroscopy
FTIR analysis of P, P-IL4 and P-IL8 membranes at wave num-
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Fig. 2. FT-IR analysis of the neat Pebax, P-IL4 and P-IL8 membranes.

ber of 4,000-400 cm™ is shown in Fig. 2. In neat Pebax, several peaks
have been reported for specific chemical groups with characteristic
bands. Bands at 850cm™ and 1,122cm™ are assigned to the sym-
metric stretching vibration of the C-O-C bond. The PA segment
in Pebax polymer has three characteristic peaks, incduding the amine
group, the C=0 in bond H-N-C=0, and the stretching vibration
of carbonyl (C=0), observed at wave number of 1,546 cm ", 1,645-
1,670 cm™, 1,739 cm™', respectively [31,32]. An adsorption band
at frequency of 1,400 cm™' relates to the stretching vibration of the
C-N in the PA segment. The C-H bond attached to the polymer
chain, which shows the symmetrical and non-symmetrical stretch-
ing bonding characteristics, is observed at 2,853 cm™ and 2,925cm’™,
respectively. The adsorption bands in the frequency range of 3,050-
3,440 cm™ are associated with stretching vibration of the N-H bond
in the PA segment, and the band at 3,500 cm™ shows the O-H group
stretching bond in the Pebax polymer [25,26,33].

In possible miscible blending materials, there is the probability
of interaction between single chains owing to the interaction of a
spectrum material, which is an intermediate state between blended
and pure one. In general, in FTIR analysis, any change in peak inten-
sity and peak position is due to physical and chemical interactions
in the membrane. Through adding IL into the Pebax polymer, the
intensity of peak 1,122 cm™" was reduced. This change may indi-
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cate that the hydrogen bonding within the molecule is formed be-
tween the amine group in [Omim][PF] and the oxygen in the PEO
segment. By blending the IL into the polymer, the band at 850
cm™' became stronger due to elimination of the intermolecular
bond of hydrogen with fluorine atoms [8].

The peak of frequencies 1,546 cm ™, 1,645-1,670 cm™ "' and 1,739
cm™' was intensified via increasing of IL content, since three groups
of amine, the C=0 bond and the carbonyl group, in the PA can
form hydrogen bonds with IL [26]. The peak at 3,500 cm™" wave-
length became broadened upon increasing the IL content and moved
toward lower wave number. This change represents an increase in
the hydrogen bond between Pebax and IL. Such interactions sug-
gest that Pebax/[Omim][PF,] combinations are miscible.

1-2. Thermogravimetric Analysis

The synthesized dense membranes were prepared via solvent
evaporation, and the final properties of the membrane are affected
by the amount of solvent remain in the membrane. The remaining
solvent may act as a plasticizer or non-plasticizer agent, and conse-
quently may change the gas separation properties of membranes
[34,35]. Hence, to determine if any solvent in the membrane re-
mained or not, the thermal stability of the pure Pebax membrane
and the blend membranes containing 2 to 8 wt% IL were deter-
mined using thermal gravimetric analysis. Furthermore, the effects
of [Omim][PF,] on thermal stability of Pebax were investigated.
The TGA curves for membrane samples are presented in Fig. 3.
As can be seen, all membranes show a single stage decomposi-
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Fig. 3. TGA curves for the neat Pebax and Pebax/IL membranes.

Table 2. Results of DSC analysis of Pebax/IL membranes

tion, expressing that the presence of IL within the polymer had no
significant influence on the thermal degradation pattern of blended
membranes. TGA measurements for all membranes include three
main steps of remained solvent evaporation, polymeric chain deg-
radation and finally, a carbonization step. The first weight loss step
starts at 60 °C and continues to 100 °C for all membranes related
to the evaporation of the remaining solvent in the samples. The
second stage of weight loss is unique for each sample. Changes
start at 300 °C, 245 °C, 240 °C, 235 °C, and 225 °C for B, P-IL2, P-
IL4, P-IL6, and P-IL8 membranes, respectively. This weight loss
step was due to the Pebax and IL degradation at higher tempera-
ture. The degradation temperature of polymer chains in Pebax/IL
membranes decreased with the increase of IL content compared to
the neat Pebax membrane, which occurs due to the interaction be-
tween the polymer and the IL and the polymer chain changes [36].
1-3. Differential Scanning Calorimeter

Thermal properties of fabricated membranes were evaluated in
terms of measuring the melting point temperature (T,,), glass tran-
sition temperature (T,) and calculation of the degree of crystallin-
ity. In this regards, the double heating scan DSC was proposed to
determine the value of T, exactly [37].

T, and T,, are a function of the polymer chain mobility and inter-
molecular interactions, respectively. T,, also depends on the poly-
mer degree of crystallinity and the distribution of the crystal size.
The crystallinity degree of soft and hard polymer segments was
calculated using Eq. (3) as follow [38]:

AH,,

X crystallinity = A_O %100 ®3)
where AH,, is the heat of melting (J/g), determined by dividing the
surface area below the melting peaks to the weight of each phase
in the sample (60%) PEO and (40%) PA. AH,)is the heat of melt-
ing of the polymer at 100% crystallinity. The values of AH,, for PEO
and PA of Pebax 1657 are 166.4 J/g and 233 J/g, respectively [12].
The crystallinity data of all membranes were calculated using Eq.
(4) as below:

Xtotul crystallinity = 0'6XPEO, crystallinity + 0'4XPA, Crystallinity (4)

DSC results for various membranes are presented in Table 2. There
are two peaks at 18.5 °C and 208.9 °C, which indicate the melting
temperature of PEO and PA phases in the copolymer microphase
structure, respectively. The presence of two melting points in the
DSC diagrams is in accordance with separate microphase struc-
tures in block copolymers. The melting point of the soft phase is
less than the melting point of the hard phase. By increasing the
amount of [Omim][PF], the melting temperature decreases for

Sample code Tg ) T, pro o) T, pa o) AHg po (J/ g) AHgp, (J/ g) Xppo (%) Xpa (%) Xiorar (%)
P —50.6 18.5 208.9 29.7 779 17.9 33.8 242
P-1L2 —51.8 19.5 206.9 27.7 74.2 16.6 323 229
P-114 —53.2 133 204.1 259 733 15.6 31.8 22.1
P-IL6 —54.1 159 202.8 24.9 69.5 15.0 30.2 21.1
P-IL8 —54.8 12.6 202.8 22.1 65.3 13.2 284 193
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both phases. To provide an explanation, it can be said that IL is an
amorphous, low molecular weight polymer, which increases the
polymer free volume when loaded to Pebax polymer chain net-
work. So, the crystallinity phase of the membrane decreases and
the amorphous phase increases [12,22]. According to Table 2, it can
be seen that the crystalline phase of the membranes decreases with
increasing IL content in the membrane structure, and the results are
in good agreement with similar investigations [12,26]. The [Omim]
[PF,] prevents formation of hydrogen bonding in the hard part by
placing in the polymer chains, thereby reducing the crystallinity
and increasing the permeability of the combined network mem-
brane compared to pure Pebax membranes. Prior to the appear-
ance of the melting peak, some minor peaks are visible in the
diagram. These peaks are due to the small amount of crystallinity
in the polymer sample, since the material may have a crystalline
potential itself and this crystallinity is not yet formed.

T, temperature values for various types of Pebax were between
the —50 and —77 °C, which depends on the molecular weight and
the weight distribution of PEO blocks. In this study, at an approxi-
mate temperature of 50 °C, there is a smooth peak which is related
to the metal transition temperature of the soft copolymer (PEO)
section. The glass transition temperature of the hard phase, unlike
the soft one, is not detectable by the DSC. Hence, the results are in
good agreement with similar studies [14,26,39]. There was only
one T, for each membrane observed in the range of —71 °C and
—82°C. This confirms the assertion that the mixing of IL and Pebax
1657 is homogeneous and does not form two phases [12]. Accord-
ing to Table 2, as the IL within the polymer network increased, the
T, of the membranes decreases.

With regard to the above, the glass transition temperature and
partial free volume are somehow related. In this study, the T, dec-
rement states that adding IL to the polymeric membrane network,
increases the amorphous phase, and due to placement in polymer
chains can create a gap between the chains, thereby reduction in
intermolecular bond strengths.

1-4. Scanning Electron Microscopy

Membrane morphology affects gas permeation properties sig-
nificantly [17]. Thus, to evaluate the cross-sectional morphology of
membranes, SEM analysis was performed. Fig. 4 depicts the high res-
olution cross-sectional morphology of the neat Pebax and Pebax/IL
membranes containing 2 to 8 wt% of [Omim]|[PF]. As can be seen
from Fig. 4, all membranes have a thickness between 35 and 45 pm.
Fig. 4(a) shows the morphology of a neat Pebax membrane, which
has a dense structure with smooth and regular pattern. Referring
to Fig. 4(b)-(e), it is clear that, upon adding [Omim]|[PF] into the
polymer network, the structure regularity of the membranes de-
creases and becomes more disordered with a grooved pattern, indi-
cating the proper interaction exists between IL and polymer chains.

Increasing the amount of IL increases the amount of irregulari-
ties and converts the structure of the membrane to amorphous. This
morphology confirms the results of DSC analysis which proved the
crystallinity reduction of membranes as the [Omim][PF,] content
increased in the Pebax matrix. The obtained results of this study
are similar to those of other studies related to the addition of low
molecular weight materials (ie, IL) into polymeric membranes
[15,26,37].

(8) g

Fig. 4. SEM images of the cross-section morphology of the prepared
membranes: (a) neat Pebax, (b) Pebax-IL (2 wt%), (c) Pebax-
IL (4wt%), (d) Pebax-IL (6 wt%) and (e) Pebax-IL (8 wt%)
membrane.

2. Gas Separation Performance

A constant volume system was used to measure the permeabil-
ity and calculate the selectivity of membranes. The permeability of
CO,, CH,, N, and the corresponding ideal selectivity of CO,/CH,
and CO,/N,, for neat Pebax and Pebax/IL membranes at a tem-
perature of 30 °C and feed pressure of 2 to 10 bars were investi-
gated. Table 3 lists the physical properties of each studied gas.
2-1. The Effect of [Omim][PF]

The gas permeability and selectivity values of the neat Pebax

Korean J. Chem. Eng.(Vol. 36, No. 12)
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Table 3. Physical properties of gases [38]

Gas Molecular weight (g/mol) Kinetic diameter (A)
CO, 44,01 3.30
CH, 16.04 3.80
N, 28.01 3.64

and Pebax/[Omim][PF,] membranes at a temperature of 30 °C and
a pressure of 2 bar are illustrated in Fig. 5.

As depicted in Fig. 5, CO, permeability in all membranes was
much higher than CH, and N,. This significant difference is assigned
to the high condensability of carbon dioxide compared to other gases
and the quadrupole interactions between CO, molecules and the
PEO segment of Pebax.

This gas separation behavior may be explained by the charac-
teristics of gases such as condensability and the size of the mole-
cules which affect the adsorption of gases by polymer chains. Con-
densability, which is described by the critical temperature, influ-
ences the adsorption of gas in the membrane. More condensable
gases show superior adsorption by means of membrane [26]. Addi-
tionally, the gas kinetic diameter is another important parameter
that controls the gas transport in the membranes. According to Table
3, among all studied gases, CO, has a smaller kinetic size, indeed
smaller penetrants can pass through the membrane more than larger
ones. Besides, carbon dioxide with higher condensability can interact
with polymer chains, which improves its permeability. PEO phase
has a high tendency to adsorb polar gases such as carbon dioxide.
Thus, the PEO segment of Pebax polymer interacts with such polar
molecules. CO, molecules with four un-bonded joint electron have
a quad-dipolar property which interacts with PEO segment of
polymer and leads to the improvement of gas sorption within the
polymer chains and consequently the CO, permeability increases
[26]. In fact, the CO, solubility can be intensified within the mem-
brane in the presence of CO,-philic groups (ie., carbonyl, ether and
hydroxyl). CO, molecules with positive charged carbon in center
can interact with electrons, withdrawing oxygen in PEO and PA of
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Pebax. This Lewis acid-base interaction can help the CO, to trans-
port through the membrane.

For Pebax containing [Omim|[PF], the gas permeability increased
as the IL content increased within the polymer matrix. According
to Fig. 5, the permeability of CO,, CH, and N, through the P-IL8
membrane increased by 53, 21 and 23%, respectively, compared to
the neat Pebax membrane.

Increased gas permeability may also be attributed to the chain
mobility. The Pebax 1657 polymer consists of two phases of PA
and PEO with individual characteristics. As the [Omim][PF4] with
low molecular weight was blended into the Pebax, the percentage
of crystallinity phase in the membrane decreased. Generally, as the
membrane crystallinity decreases, the diffusion of penetrant within
the membrane facilitates and improves the permeation of gases
through the diffusion mechanism [40]. ILs have an integrated amor-
phous structure. [Omim][PF,] with liquid state at ambient tem-
perature can easily be placed between polymeric chains, and by in-
creasing the amorphous phase, it will result in the intensification
of polymer chain mobility. Thus, the crystallinity of membrane de-
creases and thereby the free volume of membrane increases. Con-
sequently, the permeability of carbon dioxide, methane and nitro-
gen gases increases [8].

Additionally, anion has a high effect on the CO, permeation in
the membranes containing IL [22].

The proper CO, solubility in ILs is assigned to the asymmetri-
cal combination of the cation and anion. Hence, as the incompati-
bility of the ionic parts of the ILs increases, the higher CO, solubility
could be predicted in the ILs. The physical adsorption mechanism
is a result of the interaction between CO, molecules and ILs in
which the gas molecules occupy the free space in the ILs structure
by means of a high quadrupole and van der Waals forces. Further,
the Lewis acid-base interaction among the CO, and anion of the
IL has a significant charge in CO, solubility in ILs. Indeed, CO,
interacts with the anionic part of [Omim][PF,] (i.e., [PF]) and the
CO, permeation within the polymer increases significantly. Fur-
thermore, due to PEO segment interaction with polar gas mole-
cules, and the limited solubility and diffusion, the permeability im-
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Fig. 5. Effect of [Omim][PF,] addition on permeation properties of membranes.
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provement for other light gases (i.e., methane and nitrogen) is not The results of the CO,/CH, and CO,/N; selectivities at pressure
significant. In fact, as seen from DSC results, the crystallinity of of 2 bar and temperature of 30 °C for all membranes are shown in
Pebax/IL decreased as the IL content increased; thus the larger gases’ Fig. 5. According to the obtained results, it is obvious that CO,/N,
(such as methane and nitrogen) diffusivity can be improved to some selectivity was higher than CO,/CH,, because the nitrogen has a

extent. much lower permeability than methane in all tested membranes.
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Fig. 6. Effect of pressure on permeation properties of membranes.
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Moreover, by increasing the [Omim][PF,] content within the poly-
mer matrix, the gas pair selectivity is enhanced like gas permeabil-
ity. For example, the selectivity of CO,/CH, and CO,/N, for neat
Pebax membranes was 12.1 and 37.4, respectively, while for P-IL8
membrane, increased to 15.3 (26.5%) and 46.5 (24.5%).
2-2. The Effect of Feed Pressure

Feed gas pressure together with penetrant concentration can affect
the properties of membrane gas separation performance. The pres-
sure-dependent permeation of a gases greatly depends on the interac-
tion between the penetrator and the polymer. Many studies have
indicated that the permeability of light gases such as hydrogen and
nitrogen is nearly independent of pressure, while the permeability
of polar and condensable gases through rubbery polymers increases
as a result of raising the feed pressure, and conversely, in glassy poly-
mers, gas permeation slowly decreases upon pressure increment.
In contrast, the polymer chains compactness along with decreas-
ing the fractional free volume of membrane induced by pressure
increment reduces the gas permeation through the membrane. The
low penetrant concentration behind the membrane can improve
the gas permeation through the membrane, while in the front of the
membrane can produce the reverse effect. As the feed pressure in-

10000

creases, the concentration of gases in the membrane rises, and for
the case of CO, as a polar condensable gas, higher CO, concentra-
tion results in the plasticization phenomenon, which has an adverse
effect on the separation performance of other gases [25,26].

The permeability of CO,, CH, and N, through neat Pebax and
Pebax/IL membranes containing various [Omim][PF,] content were
studied at feed pressures from 2 to 10 bar and at a temperature of
30°C. Fig. 6 depicts the feed pressure effect on the CO,, CH, and
N, gas permeability. The neat Pebax membrane exhibited a rela-
tively high permeability of carbon dioxide due to high condensability
and quadrupole interactions between gas molecules and PEO seg-
ments of polymer [22]. As shown in Fig. 6, as pressure increased,
the carbon dioxide permeability increased in all membranes due
to the high adsorption of ether polar bond in PEO segment and
high interaction with IL [25].

Generally, increasing the feed pressure can affect the gas perme-
abilities within the membranes through three main ways [16]:

1. The membrane fractional free volume decreases due to the
polymer chains compactness,

2. Increasing the feed pressure improves the driving force for
gases to diffuse through the membrane, and therefore, increasing
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Fig. 7. (a) CO,/CH, selectivity and (b) CO,/N, selectivity versus CO, permeability of the neat Pebax and blended membranes in comparison
with Robeson upper bound at a pressure of 10 bar and temperature of 30 °C.
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the permeability, and

3. Increase in gas concentration (especially polar condensable
gas) results in the plasticization effect.

Plasticization effect caused by the greater CO, adsorption on the
soft polymeric segment of the membrane leads to local movements
in polymeric chains, formerly changes the chained package increases
the diffusion coefficient and therefore increases the permeability
[36]. These phenomena also increase the permeability of other gases
and reduce the selectivity of Pebax membranes.

Moreover, the CO, molecules interact with the anionic part of
IL (ie., PF) which intensifies the CO, sorption within the mem-
brane. The anion PF; increases gas sorption at high operating pres-
sures [8], and thereby the carbon dioxide permeation increases in
membranes at elevated feed pressures. The results of carbon diox-
ide permeation at various pressures are in good agreement with
the results reported by Jomekian [36], Rabiei [12], and Mahdavi
[8] for the Pebax 1657/IL membranes.

In this study; the neat Pebax membrane has the lowest carbon
dioxide permeation rate among all fabricated membranes. For exam-
ple, at a pressure of 10 bar, carbon dioxide permeability through the
neat membrane was 132.5 Barrer, while increasing to 185.3 Barrer
through the P-IL8 membrane, which shows an increase of almost
40%.

In Fig. 6, carbon dioxide selectivity over methane and nitrogen
at operating pressure of 2 to 10 bar was reported. As the pressure
increases, the selectivity of both cases increases. Regarding the selec-
tivity of 12.1 for CO,/CH, in the neat Pebax membrane at a pres-
sure of 2 bar has the lowest value among all the membranes at all
operating pressures, while the P-IL8 membrane with CO,/CH,
selectivity of 19.7 exhibited the highest selectivity. In the case of
CO,/N, pair, the P-IL8 membrane shows a selectivity of 59.8 at
10 bar, which is approximately 1.6-times greater than the neat Pebax.
2-3. Separation Performance of Membranes

The performance of the neat Pebax membrane and the mem-
branes containing IL in CO,/CH, and CO,/N, separations at 30 °C
and 10 bar compared to Robeson bond (2008) is plotted in Fig. 7.
The P-IL8 membrane among other fabricated membranes has the
best performance in CO,/CH, separation. The performance of the
fabricated membranes in the CO,/N, separation is desirable, and
the P-IL8 membrane has the best performance among the mem-
branes which lies on the Robson upper bond of the diagram.

The performance of membranes in this work compares to other
similar studies reported in Table 4. For the separation of CO,/CH,,
membranes have a relatively moral performance compared to other
works. Furthermore, in the separation of CO,/N, gases, the mem-

branes with good separation performance are located on the upper
Robeson bond, and compared to other studies, they indicate a good
performance.

CONCLUSION

Membranes based on Pebax 1657 containing various [Omim]
[PF] IL content were fabricated using solvent evaporation. Accord-
ing to SEM analysis, the neat Pebax membrane has a regular and
dense structure. By adding IL into the polymer matrix, it progresses
to a disordered pattern in the structure, which indicates the appro-
priate interaction between the polymer and IL. By increasing IL
content, the degree of membrane crystallinity was decreased. Mea-
surement of gas permeability showed that, upon adding [Omim]
[PF,] into the polymer matrix, the permeability of CO,, CH, and
N, improved. The addition of [Omim][PF] resulted in a signifi-
cant increase in CO, permeability compared to other gases. By in-
creasing in the IL content within the polymer matrix from 0 to
8 wt%, the permeability of CO,, CH, and N, increased from 82.5,
6.8 and 2.2, up to 125.6, 8.2 and 2.7 Barrer, respectively. Further-
more, the selectivity of CO,/CH, and CO,/N, was enhanced from
12.1 and 374 to 153 and 46.5 respectively. The ability of membranes
in CO,/CH, and CO,/N; separations was compared to Robson upper
bound and the results revealed that the separation performance
improved upon adding IL.
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