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Abstract: Random copolymers made of both ‘polymer of intrinsic microporosity (PIM-1)’ and Ellagic acid were prepared
for the first time by a facile one-step polycondensation reaction. By combining the highly porous and contorted structure of
PIM (polymers with intrinsic microporosity) and flat-type hydrophilic ellagic acid, the membranes obtained from these
random copolymers [(PIM-co-EA)-x] showed high CO, permeability (> 4516 Barrer) with high CO,/N, (> 23~26) and CO,/CH,4
(> 18~19) selectivity, that surpassed the Robeson upper bound (2008) for both pairs of the gas mixture. Incorporation of
flat-type ellagic acid into the PIM-1 not only enhances the gas permeability by disturbing the kinked structure of PIM-1 but
also increases the selectivity of CO, over N, and CHj4, due to an increase of rigidity and polarity in the resultant copolymer
membranes.
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1. Introduction tion[1-3]. Various types of polymer materials have been

developed for the CO, separation, such as low-quality

Polymer membrane-based CO, separation has attracted natural gas, flue gas, and syngas[3-9].

significant interest due to its easy processability, low The key parameters used to address the gas separa-
energy consumption, low capital and maintenance cost, tion properties of specific membrane materials are their
compact modulus, and environmental-friendliness over permeability (7) and selectivity (a), where permeability
other separation techniques, including cryogenic dis- is a product of diffusivity (D) and solubility (5) co-
tillation, amine scrubbing, and pressure swing adsorp- efficients (i.e. 7= D x 5) and ideal selectivity (a4 ;)
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is the ratio of permeability between two single gases
(oyyz = P4/ Pg). The desired membrane material for
gas separation in industrial applications must have both
high permeability and high selectivity. Unfortunately,
as high permeable polymers are generally less selective
and vice versa, pure polymeric membranes inevitably
suffer from an undesirable trade-off between gas per-
meability and selectivity that results from its ‘Robeson
upper-bound relationship’[10-13].

Various types of commercial polymers have been
used for the membrane-based gas separation applica-
tion, including Cellulose acetate (CA), Pebax poly-
dimethylsiloxane (PDMS), and polyimides (Matrimid)
[1-5]. However, most of these polymers do not satisfy
the industrial requirements of high CO,/light gas se-
lectivity (30~50 for CO./N;, separation, and 20~30 for
CO,/CH,4 separation are required) and high CO, per-
meance (> 1000 GPU and > 100 GPU for flue gas and
natural gas separation, respectively, are required)[14].
Therefore, the design of a polymer membrane with
high permeability and selectivity has become the goal
of researchers in this field.

Polymers of intrinsic microporosity (PIMs) have at-
tracted much interest as a novel polymeric membrane
material for gas separation in the last decade[15-17].
Having a fused-ring and ladder-type contorted con-
formation with sites of contortion, the unique structure
of PIMs interrupts the packing of polymer chains in
the solid-state, causing high free volume and high sur-
face area[18-21]. The corresponding film fabricated from
the PIMs (e.g., PIM-1, PIM-7, PIM-PI-1, PIM-PI-§,
PIM-Trip. etc.) displays an excellent gas separation per-
formance towards condensable gas (e.g., CO,) (originated
from intrinsic micro-porosity) that surpasses Robeson’s
upper bounds[3,15-22].

However, the selectivity of CO, over other non-polar
gases (e.g., N» and CH,) still moderate for the PIMs,
which should be improved to obtain highly pure gas
from the gas mixture. Moreover, physical aging origi-
nated from chain rearrangement and the non-equili-
brium state is a major limitation of PIM-based mem-

branes, with implications for their utility in long term

applications[5,23]. Several attempts have been made to
mitigate this undesirable phenomenon by increasing
polymer chain rigidity or by conducting inter-chain
cross-linking[23-28]. PIM-1, the first representative pol-
ymer with intrinsic microporosity (PIM) having spi-
ro-carbon and CO, selective nitrile group was first pre-
pared by Mckeown, and has been upgraded by chang-
ing its structure, introducing crosslinking or copoly-
merization to further increase the gas separation per-
formance[14-20,24-26]. However, the crosslinking of
PIM-1 produces several additional limitations, such as
a decrease in free volume, reduction of polymer proc-
essability, and sacrifice of nitriles, which are key to in-
creasing free volume, selective solubility, and the
strength of intermolecular forces because of their later-
al position[24-26]. Therefore, the introduction of new
monomeric units to the polymer backbone in the form
of copolymer structures could be an effective way to
increase the rigidity of the polymer chain.

Ellagic acid (EA) is a naturally occurring substance
that contains polyphenol chemical moiety with rigid-
and flat-molecular structure and is found in many fruits
and vegetables, including pomegranate, strawberries,
raspberries, blackberries, cherries, grapes, guava, and
walnuts[29-33]. Although EA is widely known as an
antioxidant, antiproliferative, inflammatory, anticarcino-
genic, and inhibitor of chemically induced cancer[32],
its four 4-OH groups are strongly nucleophilic towards
the electrophilic substance, as are several of its lactone
rings, which represent the polar nature of EA[29]. An
enhancement of the polarity in the polymer segment
(as co-monomer of building block) typically enhances
the selectivity of CO, over non-polar gases (e.g. N, and
CH,) because the polymers containing polar group in-
teract with CO,, and hence dissolve CO,[34]. Besides,
the flat and rigid nature of EA is expected to affect
the kink structure of the PIM-1 chain, which can further
modify the overall separation performances of the re-
sultant copolymer membrane. Therefore, EA could be an
effective comonomer with the 5,5°,6,6’-Tetrahydroxy-
3,3,3°,3’-tetramethyl-1,10-spirobisindane (THSB), the ba-
sic spiro structure of PIM-1, to prepare a PIM-based
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copolymer for membrane CO, separation with enhanced
rigidity and selectivity.

We report herein a straightforward one-step prepara-
tion of random-type copolymers, combining THSB and
EA monomers with tetrafluorophthalonitrile (TFN)
through polycondensation reaction, designated as
[(PIM-co-EA)-x], with a 0 to 5 mol% loading of EA.
To the best of our knowledge, this is the first example
of using an EA-based copolymer membrane for gas
separation application. The copolymers were charac-
terized by '"HNMR, IR, and TGA, and the morphology
and CO, gas separation properties of the corresponding

membranes were investigated.
2. Experiment

2.1. Materials

5,5°,6,6’-Tetrahydroxy-3,3,3’,3’-tetramethyl-1,10-spir-
obisindane (THSB, 3, 97%) was obtained from Alfa
Aesar (Seoul, Korea). Ellagic acid (EA, 4) was pur-
chased from Tokyo Chemical Industry (TCI) Co. Ltd.
(Seoul, Korea) and was used as obtained. Tetrafluoro-
phthalonitrile (TFN, 2), acetic anhydride, toluene, and
triethylamine were obtained from Sigma Aldrich
(Yongin, Korea). Methanol, chloroform, dimethylforma-
mide, potassium carbonate, and potassium hydroxide
were purchased from DaeJung Chemicals & Metals
Co. Ltd. (Shiheung, Korea).

2.2. Synthesis of [(PIM-co-EA)-x] copolymers (1)
with different compositions

The copolymers (PIM-co-EA)-x (1) with different
loading (x) of EA (4) were synthesized following a
published procedure[15]. For (PIM-co-EA)-1 (1 mol%
of EA), 500 mg (2.5 mmol) of TFN (2) (previously
purified by recrystallization from hot acetone), 842 mg
(2.473 mmol) of THSB (3) (recrystallized from meth-
anol), 8 mg (0.027 mmol) of EA (pre-dissolved in 1.5
mL of dry NMP), and 2.85 g of anhydrous K,CO; were
stirred under an atmosphere of dry N, at 65°C for 3
days in 20 mL of ‘dry’ dimethylformamide (DMF). Upon

cooling, the crude product was separated by precipitation
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in methanol and washed with water followed by meth-
anol to remove any impurities or unreacted monomers.
After drying at 80°C overnight in a vacuum oven, the
solid was dissolved in 20 mL of chloroform and pre-
cipitated into 400 mL of methanol. The reprecipitation
procedure was performed three times, and the copolymer
was finally collected as bright yellow granules. Yield
(92%); 0n (400 MHz, CDCls); 7.5 (0.02 H, s, ArH),
6.8 (2H, s, ArH), 6.4 (2H, s, ArH), 2.3~2.1 (4H, dd,
-CH,-), 1.3 (12 H, br, -CHs-), ATR-IR (cm™) 3058
(Aromatic C-H stretching), 2958, 2924 & 2864 (C-H
stretching), 168, 1446 (aromatic C=C stretching), 1210,
1192, 1108,1009 (Ar-O-Ar).

The copolymer (PIM-co-EA)-5 was prepared by fol-
lowing the same procedure using different mole ratio
(1 : 0.05) of THSB and EA. Yield (89%); du (400 MHz,
CDClLy); 7.5 (0.1 H, s, ArH), 6.8 (2H, s, ArH), 6.4 (2H,
s, ArH), 2.3~2.1 (4H, dd, -CH,-), 1.3 (12 H, br, -CHs-),
ATR-IR (cm™) 3058 (Aromatic C-H stretching), 2958,
2924 & 2864 (C-H stretching), 168, 1446 (aromatic C=C
stretching), 1210, 1192, 1108,1009 (Ar-O-Ar).

PIM-1 was also prepared by following the same pro-
cedure without using EA monomer. Yield (93%); 0'n
(400 MHz, CDCL); 6.8 (2H, s, ArH), 6.4 (2H, s, ArH),
2.3~2.1 (4H, dd, -CH>-), 1.3 (12H, br, -CHs-), ATR-IR
(cm™) 3058 (Aromatic C-H stretching), 2958, 2924 &
2864 (C-H stretching), 168, 1446 (aromatic C=C stretch-
ing), 1210, 1192, 1108, 1009 (Ar-O-Ar).

2.3. Membrane preparation

Each polymer membrane was prepared using a sol-
ution (~3 wt% in CHCI;) casting method into a
flat-bottomed glass dish, followed by slow evaporation
of the solvent at ambient temperature as follows. The
corresponding copolymers with different compositions
(1) were dissolved in CHCl; (~3% w/v, g/mL), stirred
at room temperature overnight, and then filtered. Each
polymer solution was carefully poured into a glass
dish, covered with aluminum foil that had been punc-
tured with small holes, and allowed to undergo solvent
evaporation at r.t for 3 days. It was then placed in an

oven, and the solvent was completely dried at 70°C for
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24 hours. The dry membranes were obtained, cooled to
room temperature, peeled away from the glass plate,
dried again at 70°C in an oven for 24 hours, and fi-
nally stored at ambient temperature. The thickness of
all the membranes was controlled to fall within the
range of 35 to 45 um.

2.3. Characterization and measurements

The 'H NMR spectra were obtained on an Agilent
400-MR (400 MHz) instrument, using de-DMSO or
CDCl; as a reference or an internal deuterium lock.
The attenuated total reflection Fourier transform infra-
red (ATR-FTIR) spectra were recorded using a Bruker
Vertex 80v Hyperion 2000 ATR-FTIR spectrometer.
The densities of the membranes (gecm™) were determined
experimentally using a top-loading electronic Mettler
Toledo balance (XP205, Mettler-Toledo, Switzerland)
coupled with a density kit based on Archimedes’
principle. The samples were weighed in air and a
known-density liquid, that is, high purity heptane. The
measurement was performed at room temperature by
the buoyancy method, and the density was calculated

as follows:

W
ppolymcr - W.— W. X pliq
0 1

where W, and 17, are the membrane weights in air
and heptane, respectively, and p, is the density of the
liquid. The thermal stability of the membranes was an-
alyzed by thermogravimetric analysis (TGA) measure-
ments conducted on a Shimadzu TGA-2950 instrument
at a heating rate of 10°C min" under a nitrogen flow.
The X-ray diffraction patterns of the membranes were
measured using a Rigaku DMAX-2200H diffractometer
operated at a scanning rate of 4° min” in a 2 range
from 5° to 30° with Cu Ke1 X-ray radiation (A =
0.1540598). The d-spacings were calculated using
Bragg’s law (d = A/2sinf).

The pure gas permeation performance of copolymer
membranes was measured using a high-vacuum time

lag measurement unit based on the constant-volume/

variable-pressure method. All the gas separation experi-
ments were conducted at a feed pressure of 1 atm and
a feed temperature of 30°C. Before the gas permeation
measurements, both the feed and the permeate sides
were thoroughly evacuated until the readout showed
zero values to remove any residual gases. The down-
stream volume was calibrated using a Kapton mem-
brane and was found to be 55.57 cm’. The upstream
and downstream pressures were measured using a
Baraton transducer (MKS, model no. 626B02TBE) with
a full scale of 100000 and ~0 Torr, respectively. The
pressure rise versus time transient of the permeate side,
equipped with a pressure transducer, was recorded and
passed to a desktop computer through a shield data
cable. The permeability coefficient of each gas was de-
termined from the linear slope of the downstream pres-
sure rise versus time plot (dp/dt) according to the fol-

lowing equation:

273 " dp

P= 6 A < a 1

where, P is the permeability coefficient expressed in
Barrer (1 Barrer = 10" cm® (STP) cm e’ s cmHg™);
V (cm’) is the downstream volume; 1 (cm) is the thick-
ness of the membrane; A (cm?) is the effective area of
the membrane; 7' (K) is the temperature of measure-
ment; p, (Torr) is the pressure of the feed gas in the
upstream chamber and dp/dt is the rate of the pressure
rise under the steady-state. The gas permeation tests of
each gas were repeated more than three times, and the
standard deviation from the mean values of per-
meabilities was within ca. 3%. Sample to sample re-
producibility was found to be high and within 3%. The
effective membrane areas where gas permeates were
2.54 cm’. The ideal permselectivity, a4/ p of the mem-
brane for a pair of gases (A and B) was calculated
from the ratios of the individual gas permeability co-

efficients, and can be described as shown in Eqn (2):

PA
s~ p, 2)
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Scheme 1. Synthesis of [(PIM-co-EA)-x] copolymers co-
polymers (1) with different loading (x) of EA.

O.

The diffusivity and solubility coefficients were ob-
tained from the time-lag value according to the follow-

ing Eqn (3):

l2
D= 0 3)

where, D (cm’s™) is the diffusivity coefficient, [ is the
membrane thickness (cm) and 6 is the time lag (s), ob-
tained from the intercept of the linear steady-state part
of downstream pressure rise versus time plot. Solubility,
S, was calculated from eqn (4) with permeability and
diffusivity obtained from Eqn (1) and (3).
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3. Results and Discussion

3.1. Synthesis and characterization of the [(PIM-
co—-EA)-x] copolymers (1)

Following the reported method, the random-type co-
polymers composed of both PIM-1 and EA-TFN were
prepared by a polycondensation reaction between two
tetrahydroxy (3 and 4) and a tetrafluoride (2) monomer
(Scheme 1)[15]. The copolymers were designated as
[(PIM-co-EA)-x], where x represents the mol% of ella-
gic acid loading compared to total tetrahydroxy mono-
mer (i.e., THSB + ellagic acid). These were termed
(PIM-co-EA)-1 and (PIM-co-EA)-5, for 1 mol% and 5
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mol% EA incorporated copolymer, respectively. The
PIM-1 polymer (i.e., does not contain any ellagic acid
monomer) was also prepared for comparison. However,
copolymers containing more than 5 mol% ellagic acid
loading showed granules that did not provide self-stand-
ing membranes, probably due to the crystallinity origi-
nated from EA.

The structure and composition of PIM-1 and the co-
polymers, (PIM-co-EA)-1 and (PIM-co-EA)-5, were de-
termined from 'HNMR analysis by comparing the in-
tegral ratio between two comonomers; for example, the
peak integration corresponding to the phenyl proton of
ellagic acid (H;) was compared with the peak integration
of the spirobisindane-based phenyl protons (H;,) and
was found to be 1 : 0.01 compared to 1 : 0.05 (Fig. 1).
However, the peak position of other aromatic and ali-
phatic peaks remained unchanged in both copolymers.

The structures of [(PIM-co-EA)-x] copolymers (1)
were further analyzed by ATR-IR spectroscopy (Fig. 2).
It was found that aromatic the C-H and C=O stretch-
ing peak at 3058 cm’ and 1717 were enhanced slightly
for copolymers compared to PIM-1. All other peaks of
PIM-1 for aliphatic C-H, C=N, C=C and Ar-O-Ar re-
mained unchanged for all polymers (Fig. 2). This result
can be explained by the significantly smaller presence
of EA and similar functional groups in the copolymers’
structure compared to the PIM-1 structure.

The structure of the copolymers was further charac-
terized by TGA analysis, which will be detailed in the

following section.

3.2. Preparation of the [(PIM-co-EA)-x] copolymer
membranes

The [(PIM-co-EA)-x] copolymer membranes with two
different compositions, denoted as (PIM-co-EA)-1 and
(PIM-co-EA)-5, and the pure PIM-1 were prepared us-
ing the solution-casting method with CHCl; (as a
membrane casting solvent) solution of each polymer to
give flexible membranes with a thickness ranging from
35 to 45 pm (Fig. 3). All three membranes were read-
ily soluble in organic solvents such as CHCl;, CHCI,,
and THF, but were sparingly soluble in DMF and
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Fig. 1. '"HNMR spectra for (a) PIM-1 homopolymer; (b) Ellagic acid monomer, (c) (PIM-co-EA)-1 copolymer, and (d)

(PIM-co-EA)-5 copolymer.
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Fig. 2. ATR-FTIR spectra of the [(PIM-co-EA)-x] copoly-
mers with loading of EA.

DMSO. It was noticed that the color of the copolymer
solutions was different (pale yellow) compare to the
original fluorescence active in the PIM-1 polymer sol-
ution (Fig. 3d). This is an indirect indication of the
presence of EA in the copolymer structure. However,
the color of the dried membrane did not show any no-

ticeable differences between various compositions.

Fig. 3. Pictures of the copolymer membranes: (a) PIM-1, (b)
(PIM-co-EA)-1, (c) (PIM-co-EA)-5, and (d) 2 wt.% sol-
ution of the above copolymers showing different colors at
the solution state.

3.3. Physical and thermal properties

It was found that the density of the copolymer mem-
branes was first decreased at 1 mol% EA loading for
the (PIM-co-EA)-1 membrane, followed by a slight in-
crease at 5 mol% loading for the (PIM-co-EA)-5
membrane. The reduction of density might be aroused
by the prohibition of the regular orientation of the
PIM-1 polymer by the flat ellagic acid comonomer. In
contrast, a slight increase in density at a high loading

of EA may be originated from both close packing of

Membr. J. Vol. 30, No. 6, 2020
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Table 1. Physical Properties of the[(PIM-co-EA)-x] Copolymer Membranes
Thermal decomposition (°C) 5 )
Membrane code 2 (g cm?) d-spacing (A)
Tmaxl Tmax1
PIM-1 - 511 1.11 14.94, 7.62, 5.0

(PIM-co-EA)-1 420 507 1.07 11.62, 7.37, 4.92
(PIM-co-EA)-5 463 502 1.09 15.80, 7.43, 4.90
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Fig. 4. (a) TGA curve of the copolymer membranes, and
(b) First order derivative curve of the corresponding
membranes.

rigid EA segment at its high loading and high density
of EA (1.67 g+ cm®).

The thermal properties of the [(PIM-co-EA)-x] co-
polymer membranes were investigated by TGA and
were compared with the PIM-1 polymer membrane
(Table 1 and Fig. 4). As shown in Fig. 4, the PIM-1
showed high thermal stability up to > 500°C (with a
Tmax ~511°C) without any weight loss. In contrast, the
EA monomer displayed a two-step weight loss: the
first degradation occurred around 110°C, which is at-
tributed to the evaporation of bound water bonded
through the hydrogen bond, followed by the second
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weight loss onset at around 400°C (T ~483°C) due
to the backbone degradation of EA[33]. Fig. 4a and
the derivative curve in Fig. 4b clearly show that both
copolymers had a two-step principle degradation with a
maximum weight loss temperature, Tiax, at 420°C and
507°C for (PIM-co-EA)-1 and at 463°C and 502°C for
(PIM-co-EA)-5, respectively, with an initial weight loss
for bound water evaporation. This is experimental evi-
dence of the presence of EA in the copolymer struc-
ture, and it indicates that the amount of weight loss in-
creases with the increase of EA content in the copoly-
mer. However, overall thermal stability was suitable for
the applications requiring high-temperature CO, separa-
tion of our [(PIM-co-EA)-x] copolymer membranes
(Fig. 4 and Table 1).

3.4. Morphological analysis by XRD

The morphologies of the pure PIM-1 and (PIM-co-
EA)-x copolymer membranes were investigated using
wide-angle X-ray diffraction (WAXD) to determine the
crystallinity and intermolecular chain distance of the
polymers.

Fig. 5 shows the WAXD data of the PIM-1, (PIM-
co-EA)-1,

Similar wide distribution peaks were observed with a

and (PIM-co-EA)-5 polymer membranes.

slightly different peak position for all copolymer mem-
branes, except a highly intense and broadly distributed
new peak around 7° (20) for the (PIM-co-EA)-1 co-
polymer membrane. This broad distribution curve in-
dicates the amorphous nature of all copolymer mem-
branes. The polymer-polymer intersegmental distance
(or d-spacing) was further estimated using Bragg’s law,
d= A /2sin 6 (A: the wavelength of 1.54 A; 0:
the scattering angle) (Table 1).
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Table 2. Gas Permeability” and Selectivity of the (PIM-co-EA)-x Copolymer Membranes at 30°C and 1 Atm Pressure. Gas
Separation Data from Various Reports are also Presented for Comparison

Permeability Ideal selectivity
Membrane code
Pcox Prno Pcpa @ coomz @ cor/cua
PIM-1 3912 168.9 216.6 232 18.1
(PIM-co-EA)-1 5483 240.8 288.5 22.8 19.0
(PIM-co-EA)-5 4516 179.3 234.8 252 19.2
PIM-1° 3934 269 366 14.6 11.0
PIM-1°¢ 3496 238 360 14.7 9.7
PIM-1¢ 2300 92 125 25 184
PIM-1° 3364 182 218 18.5 15.4
PIM-1° 3799 228 310 16.6 12.2
PIM-1¢ 4390 180 310 244 139
PIM-1" 6500 340 430 19.0 15.1

* Permeability in Barrer, where 1 Barrer = 10"[cm’® (STP)em][em™ s em™ Hg']; ® Ref. [24], © Ref. [16], ¢ Ref. [15], © Ref. [35],  Ref. [36],

& Ref. [37] and " Ref. [38].

PIM-1
2
R (PIM-co-EA)-1
=
[<P]
~
=
=
5 10 15 20 25 30

20

Fg. 5. Wide-angle XRD diagrams of the [(PIM-co-EA)-x] co-
polymers with different loading of ellagic acid.

It was showed that the peaks arise due to the fact
that the loosely packed and closely packed chain dis-
tance at 7.6 A and 5.0 A for PIM-1 was shifted to the
slightly lower d-spacing at around 7.4 A and 4.9 A for
the copolymers (PIM-co-EA)-x. This may be originated
due to the incorporation of flat-type EA monomer into
the kinked PIM-1 polymer. Surprisingly, a highly in-
tense and broadly distributed new peak was observed
at around 11.6 A for the (PIM-co-Ea)-1 copolymer
membrane, showing the imperfect packing of poly-
mer-polymer chains. This indicates that the flat-type

EA structure can disturb the regular kinked orientation
of the PIM-1 chain and enable the creation of a more
loosely packed structure. However, that new peak did
not appear at a high loading of EA [i.e., (PIM-co-
EA)-5]. Instead, the peaks due to the distance between
kinked C-to-C distance was originated in a manner
similar to the PIM-1 polymer. The exact explanation of
this behavior is beyond the scope of the present work;
we leave it to our future studies. Finally, the presence
of EA in the copolymer structure was further con-
firmed by a crystalline peak, which appeared at a dif-
fraction angle of (20) 28°.

3.5. Gas separation performance of the copolymer
membranes

The pure gas (N, CHy, and CO;) permeabilities of
the PIM-1 and [(PIM-co-EA)-x] copolymer membranes
were determined at 30°C and 1 atm pressure using the
constant-volume/variable-pressure method and their ide-
al selectivities (i.e. @coane and @ coycna) Were calcu-
lated by dividing the permeability of CO, with the per-
meability of N, and CH4 (Table 2 and Fig. 6). The
diffusivities were obtained from the time-lag instru-
ment, and solubilities were calculated using Eqn. 4.

It was shown that all the polymer membranes, in-
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Table 3. Gas Diffusivity® and Solubility® of the (PIM-co-EA)-x Copolymer Membranes at 30°C and 1 Atm Pressure

Diffusivity® Solubility®
Membrane Code
DCOZ DNZ DCH4 SC02 SNZ sCH4
PIM-1 23.5 28.7 8.4 166.5 5.9 25.8
(PIM-1-EA)-1 32.6 48.4 12,6 168.2 5.0 229
(PIM-1-EA)-5 26.8 36.6 10.5 168.5 4.9 224

* Diffusivity coefficient (10 cm?s), ® solubility coefficient (102 cm® (STP)/em’® cmHg).
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Figure 6. (a) Gas permeability of the [(PIM-co-EA)-x] co-
polymers with different loading of ellagic acid, and (b) pure
gas solubilities of the copolymer membranes as a function
of the critical temperature of the corresponding gases.

150

cluding PIM-1 and both copolymer membranes i.e.,
(PIM-co-EA)-1 and (PIM-co-EA)-5 exhibited higher
CO; permeability (> 3912 Barrer) relative to other gas-
es (i.e. N, and CHy): CO, >> CH4 > N,. This order in
permeabilities could be attributed to the combined ef-
fect of diffusivity and solubility of the gases. It was
noticed that the order of the gas diffusivity (N, > CO;
> CHy), which is related to the kinetic diameter of the
penetrant gases and is inversely proportional to the gas

HWuygel A 30 @ A 6 &, 2020

molecule size [CO, (3.30 A) < N, (3.64 A) < CH,
(3.80 A)], did not correlate properly with the separa-
tion property of individual gases in the present experi-
ment. Instead, the trend of gas permeability is the same
as that of the solubility order of the gases: Sco» > Scma
> Sna, which is directly related to the critical temper-
ature, T;, of the gases [CO, (304.2 K) > CHy (190.6
K) > N, (126.2 K)] (Table 3 and Fig. 6b). In other
words, the solubility of the gases determined the order
of gas permeability for all membranes because the gas-
es with a higher critical temperature displayed higher
solubility coefficients and condensability, and this be-
havior predominates in the polymer with intrinsic mi-
croporosity and hence high interaction with polar gases
such as PIM-1.

It is noteworthy that the performance of the pristine
PIM-1 membrane is comparable (Table 2) to that of most
of the PIM-1 reported in the literature[15,16,24,35-38].
The variation either in permeability or selectivity be-
tween the present work and the reported result is ac-
ceptable because the gas separation performance of the
highly permeable glassy polymer is solely dependent
on various parameters, such as the solvent used for
membrane casting, the post-treatment of the membrane,
the pressure, and the temperature at which the per-
formance analyzed.

When we compared the gas separation properties of
the copolymer membranes - i.e., (PIM-co-EA)-1 and
(PIM-co-EA)-5 - with the pristine PIM-1 polymer, we
observed that the permeability of all the gases for the
(PIM-co-EA)-1 copolymer membrane with 1 mol% EA
loading was increased compared to the pure PIM-1

membrane (Table 2). For example, the permeability of
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CO;, N,, and CH; were increased by 40.2, 42.5, and
33.2% respectively. In contrast, the 5 mol% EA loaded
copolymer membrane, (PIM-co-EA)-5, showed a reduced
permeability to all gases compared to (PIM-co-EA)-1
by 21.1, 25.5, and 18.6% for CO,, N,, and CH,4 gases,
respectively (Table 2). However, the permeabilities of
CO;, N,, and CH4 gases for the (PIM-co-EA)-5 co-
polymer membrane were still 15.4, 6.2, and 8.4%, re-
spectively, higher than that of the pristine PIM-1
membrane.

To explain the behavior of gas permeability, we first
compared the solubility coefficients of the wvarious
membranes and observed that the CO, solubility of the
copolymer membranes did not change significantly,
though it followed a slight increasing order: PIM-1 <
(PIM-co-EA)-1 < (PIM-co-EA)-5. In contrast, the sol-
ubility order of non-polar gas was reversed: PIM-1 >
(PIM-co-EA)-1 > (PIM-co-EA)-5. None of these fol-
lowed the order of gas permeability when we com-
pared different copolymer compositions. The order of
CO»-solubility can be explained by the hydrophilic na-
ture of ellagic acid that helps to enhance the solubility
of polar CO, gas as opposed to the non-polar N, and
CH, gases, and thus it also helps to enhance the se-
lectivity of CO, over the other gases.

It was noticed that the key factor that affects the in-
crement of permeability by EA loading is diffusivity,
which increased similarly but to a greater extent, like
that of the permeability of all gases. For example, the
diffusivities of 1 mol% EA loaded copolymer [(PIM-
co-EA)-1] membrane to CO,, N,, and CH, gases were
increased by 46.8, 68.6, and 50.0% respectively, com-
pared to the PIM-1 membrane, followed by a slight re-
duction by 15.7, 12.2, and 16.7% respectively, to the 5
mol% EA loaded copolymer (PIM-co-EA)-5 membrane
compare to the (PIM-co-EA)-1 (Table 3). However, the
diffusivities of CO,, N,, and CH4 gases for the (PIM-
co-EA)-5 copolymer membrane were still 23.8, 48.1,
and 25.0%, respectively, higher than that of pristine
PIM-1 membrane (Table 3). This trend of increasing
diffusivity (hence permeability) at 1 mol% loading, to
all gases, may be attributed to the increment of the

free-volume in the [(PIM-co-EA)-1] copolymer structure
due to disturbance of the regular kinked orientation of
PIM-1 chain at low loading (1 mol%), as evidenced by
the XRD measurement. The reduction of diffusivity at
high (5 mol%) loading, an indication of the free vol-
ume reduction by other means, can be explained by
the close packing of the polymer chain in a region
with a flat EA-rich polymer chain, as evidenced by the
XRD analysis.

The selectivity of the present PIM-1 membrane for
CO,/N; and CO,/CH4 gas pairs were 23.2 and 18.1, re-
spectively, which is very similar to the study carried
out by P.M. Budd ef al[15] but higher than that of the
majority of the studies reported in the literature
[16,24,35-38]. It was also observed that the CO,/N, se-
lectivity of the 1 mol% EA loaded membrane [(PIM-
co-EA)-1] was somewhat similar to that of the PIM-1
membrane (Table 2), but it was increased at the 5 mol%
EA loaded copolymer [(PIM-co-EA)-5] membrane.
Moreover, the CO,/CH4 selectivity showed a greater
gradual increase with the increase of EA loading com-
pared to that of the PIM-1 membrane. This increment
in selectivity for both pairs of gases was expected be-
cause the EA-moiety showed an increase, compared to
the PIM-1 structure, in the rigidity and CO»-philicity of
the copolymer due to the combination of its flat-type

molecular structure and polarity.

3.6. Permeability vs. selectivity

The trade-off between permeability () and ideal se-
lectivity («) is a common phenomenon for most polymer
membrane-based gas separation strategies (i.e., higher
permeability is obtained at the cost of reduced selectivity
and vice versa). The CO, permeability versus the CO,/N,
(Fig. 7a) and CO,/CH4 (Fig. 7b) selectivity values of
the newly developed [(PIM-co-EA)-x] membranes were
then placed at the upper bound of the Robeson plots,
and compared with the reported values obtained from
the typical PIM-1[1,4,15,16,24,35-38], together with
PIM-PI-type homo- and copolymers[1,3,4,28].

The results showed that our copolymer [(PIM-co-
EA)-x] outperformed most of the PIM-1 and PIM-PI-

Membr. J. Vol. 30, No. 6, 2020
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Fig. 7. ‘Robeson upper bound’ plots comparing (a) the
COy/N; and (b) the CO,/CH, separation performance capa-
bilities of the copolymer membranes with other reported
PIM-1 and PIM-1 based copolymer membranes; data taken
from [1,3,4,10,11,15,16,24,28,35-38].

based homo and copolymers (Fig. 7). Furthermore, the
trade-off results of the [(PIM-co-EA)-x] copolymers
crossed the upper bound line of 2008 for CO./N, and
CO,/CH,4 gas pairs (Fig. 7). The performance indicates
that our copolymer could be an excellent candidate for

CO, separation applications.
4. Conclusions

Random-type [(PIM-co-EA)-x] copolymers with two
different compositions (1 mol% and 5 mol% EA load-
ing) were synthesized for the first time using a facile

one-step polycondensation reaction. By combining the

HWuygel A 30 @ A 6 &, 2020

highly porous and contorted structure of PIM with the
flat-type EA structure with rigidity and polarity, the
membranes obtained from these [(PIM-co-EA)-x] co-
polymers showed excellent CO, permeability (> 4583
and 5483 Barrer), with high CO,/N; (over 23) and COy/
CH, (over 19) selectivity that surpassed the Robeson
upper bound (2008) for both pairs of gases. The ex-
cellent separation performance of the newly developed
copolymer membranes makes them competitive poly-
mer materials for CO, separation applications.
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