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Supported ion gel membranes (SIGMs) with good mechanical stability for CO, separation were prepared
using triblock copolymers in an ionic liquid (IL). lon gels were obtained by the addition of a small amount
of  poly(styrene-block-ethylene  oxide-block-styrene) (SEOS) copolymer in the 1-alkyl-3-
methylimidazolium tricyanomethanide family ([RMIm][TCM], with alkyl group R = ethyl (E), butyl (B) and
hexyl (H)), and their properties were investigated. Mechanically stable SIGMs were prepared by self-
assembly of [RMIm][TCM]/SEOS solution on the surface of the porous support, and their CO, separation
performances were measured. The ideal CO,/CH,4 separation factors were 9.7, 12.3 and 11.2 for the
SIGMs containing [EMIM][TCM], [BMIM][TCM] and [HMIm][TCM], respectively. Morphological structure

. 419t A 017 and complex formation, as determined by wide-angle X-ray diffraction analysis and theoretical
eceive th August . . -
Accepted 30th October 2017 calculations, respectively, were conducted to study the permselectivity. The SIGM of [BMIm][TCM] shows

a higher selectivity than that of [EMIm][TCM], since the interaction with CO, of [EMIm][TCM] is stronger

DOI: 10.1039/c7ra09171k than that of [BMIm][TCM] or [HMIM][TCM] and the large intermolecular distance of [EMIm][TCM] leads to
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Introduction

Ionic liquids (ILs) have attracted much attention for CO, sepa-
ration media," because of their tunable properties which allow
the design of specific ILs with an optimum interaction with
CO,.>® Although many approaches for the exploration of the
desirable properties of ILs for CO, separation have been re-
ported, to fabricate a separation membrane for a practical
process is necessary to affix the specific ILs to a support mate-
rial.” In general, a facilitated CO, transport membrane con-
taining a room temperature ionic liquid (RTIL) as a carrier can
be prepared in the form of supported ionic liquid membranes
(SILMs) which are fabricated by filling the pores of a poly-
meric®*™ or inorganic porous support with an IL with
a specific CO, affinity. Several reports are available in the liter-
ature in which SILMs were studied for the gas separation.®*® For
example, Scovazzo et al.'” showed SILMs that had long-term
mixed gas separations for CO,/CH, and provided guidance for
overcoming the upper limit on a Robeson plot. Labropoulos
et al.* studied the effect of the pore size of a ceramic support
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the non-selective structure for CO, transport.

used in SILMs and demonstrated the phase dependence on the
permselectivity of the gas.

In SILMs, the RTIL is typically trapped inside the pores® and
acts as a selective layer. Although the low vapor pressure of the
RTIL provides higher stability than that of the common sup-
ported liquid membrane (SLM) that usually has a volatile liquid
phase, the improvement of the tolerance under a pressure
difference for the practical gas separation is still necessary
because the liquid-phase of ILs inside of the pores leaches out
during operation (Fig. 1a).!

To circumvent this limitation, the fabrication of solid or
pseudo-solid membranes, such as polymerized RTIL-based
membranes,'>*"*® dispersed membranes using physical or
chemical interaction with the matrix and ILs*>**'** or polymer
gel* has been considered. While the stability of the membrane
is improved by changing the phase of the ILs from liquid to
solid, the gas transport is also changed. When a carrier is
present in the liquid phase of the membrane, IL will interact
specifically with CO, and form an IL-CO, complex carrier.
Then, the IL-CO, complex carrier diffuses through the liquid
phase of the membrane and then releases the CO, downstream.
Therefore, the interaction (characterized by solubility of CO, in
ILs) as well as the diffusivity of the carrier in the liquids deter-
mines the permselectivity. On the contrary, when the carrier is
fixed to a solid phase of the membrane, the mobility of the
carrier is restricted and the CO, molecules must hop among the
different sites during transport. Therefore, the interaction
between the carrier and CO, must be reversible for a solid phase
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Fig. 1 Models and photographs of (a) SILM using [HMIm][TCM] ionic
liquid and (b) SIGM using [HMIm][TCM] ion gel.

facilitated transport membrane, otherwise, CO, will not trans-
port when all carriers have formed complexes with CO,.

Generally, CO, transport is higher in the liquid phase than in
the solid phase, and the gas diffusion in the solid phase
depends on the segmental mobility of the matrix polymer. That
is, the solidification of the medium would provide the stability
of the membrane while it lost the high diffusivity of the liquid.
Therefore, it is necessary to prepare a membrane matrix that is
mechanically stronger than SILM but that still retains the
property of the liquid. The fabrication of a supported ion gel
membrane (SIGM) is one approach for achieving this goal as
shown in Fig. 1b; SIGM preserves the diffusion properties of the
gases in the liquid phase of the RTILs while possessing a higher
mechanical strength.

A much smaller amount of poly(styrene-block-ethylene oxide-
block-styrene) (SEOS) copolymer was needed (as low as 5 wt%) to
form a gel,"?***** compared to the general polymer gels that
require 10-30 wt% of additional polymers.**

The choice of RTIL is also important. Therefore, we chose an
IL based on the alkylmethylimidazolium [RMIm] cations with
tricyanomethanide ([TCM]) anion to obtain both a high gas
permeability and gas permselectivity among the various RTILs
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tested so far for SILMs.?*2® Tomé et al. prepared a SILM using
porous hydrophilic poly(tetrafluoroethylene) membranes and
evaluated the relationship between the physical properties and
transport properties.?® Tzialla et al. prepared zeolite imidazolate
frameworks interacting with 3-methyl-1-octyl-imidazolium tri-
cyanomethanide and found that these materials exhibit high
CO,/N, selectivity under the transmembrane pressure of 200
kPa.” In this study, we prepared SIGMs using a porous nylon
support (Fig. 1b) and investigated their permselectivity.

Experimental section
Materials

The ionic liquids, 1-ethyl-3-methylimidazolium tricyanometha-
nide ([EMIm][TCM]), 1-butyl-3-methylimidazolium tricyanome-
thanide ([BMIm]|[TCM]), and 1-hexyl-3-methylimidazolium
tricyanomethanide ([HMIm]TCM]), (Future Chem. Co., Ltd.,
Korea), poly(styrene-b-ethylene oxide-b-styrene) (SEOS, P-8872,
M,, = 50 kg mol ', weight fraction of PEO = 60%) (Polymer
Source, Inc) and dichloromethane (CH,Cl,) (Aldrich Co.) were
purchased and used as received. Porous nylon membrane
supports with pore sizes of 100 nm (Magna Nylon Membrane
Filters, Krackeler Scientific, Inc.) were used as the support for
the membrane fabrication.

Preparation of the membranes

SIGMs were prepared by pouring 15 wt% [RMIm][TCM]/SEOS
solution in CH,Cl, onto the surface of the nylon supports.
5 wt% of SEOS was added in the [RMIm][TCM]. The total
amount of [RMIm|[TCM]/SEOS loading on the nylon support
was fixed at approximately 0.027 g cm ™ for all samples. After
the solvent, CH,Cl, was evaporated at room temperature for
24 h, the membrane was put in a vacuum oven to dry completely
until a constant weight was obtained. For reproducibility, at
least three SIGMs were prepared. SILMs were also fabricated by
impregnating the [RMIm][TCM] onto porous nylon supports for
comparison.

Characterization

The permeance of different gases (CO,, N, and CH,) was
measured using a soap bubble flow meter* at room tempera-
ture and 207 kPa. The ideal separation factor (CO,/CH,4 or CO,/
N,) was determined from the ratio of pure gas permeance. The
microstructure of the ion gel was determined at ambient
temperature by wide-angle X-ray diffraction analysis (WAXD)
with a Rigaku D/MAX-2500/PC using Ni-filtered Cu K, radiation
at the scanning rate of 5° min~'. Thermal properties were
determined by differential scanning calorimetry (DSC, Perkin
Elmer, Inc.) at the heating rate of 10 °C min~". The morphology
of the SIGM surfaces was measured with a Hitachi S-4700 field
emission scanning electron microscope (SEM).

Computational method

The fully optimized structures and electronic energy of ILs and
the IL---CO, complex in the gas phase were obtained with the
Gaussian 09 software package®' using the density functional

This journal is © The Royal Society of Chemistry 2017
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theory method with the B3LYP hybrid exchange-correlation
functional and 6-31+G(d,p) basis set.*>>* The details of the
procedure used to obtain the optimized structure are provided
in the ESLf Although it is known that the calculations with the
basis set superposition error correction by the counterpoise
method could provide the more consistent result with the
experimental data,*?® we considered only the uncorrected
complexation energy between the molecules for computational
efficiency because our objective here was to see the trend of the
interaction between the CO, and ILs.

Results and discussion

Yellowish transparent [RMIm|[TCM]/SEOS ion gels were formed
by adding 5 wt% of SEOS into each [RMIm][TCM], and the ion
gels are shown in Fig. 2. It is known that the formation of a gel is
due to the microsegregation of the styrene in the SEOS
copolymer.>

To examine the interaction between the SEOS and the
[RMIm][TCM], the thermal properties of the [RMIm]TCM]/
SEOS ion gels were measured by DSC and the results are
shown in Fig. 3 with the DSC curve for the SEOS copolymer film.

The melting temperature of the SEOS copolymer is 51.75 °C,
which is known to be due to the crystalline property of ethylene
oxide in SEOS, the SEOS peak is not observed for all [RMIm]
[TCM]/SEOS ion gels. This may be due to the ion-dipole inter-
action between the [RMIm] cations and oxygen in the SEOS
copolymer, which would imply the miscibility between [RMIm]
[TCM] and SEOS.>*’

SIGMs were prepared using different [RMIm][TCM]/SEOS
ion gels. The surface images of the porous support and SIGM
prepared with [BMIm][TCM]/SEOS ion gels investigated by SEM
are shown in Fig. 4.

While the surfaces of the pristine nylon support showed
pores, the surface images of the SIGM with the [BMIm|[TCM]/
SEOS ion gel investigated by SEM show that all of the pores
are covered. It is same for all other SIGMs having different
[RMIm][TCM]. Since 95 wt% of the ion gel are liquid-phase
[RMIm][TCM], the preparation of the fractured SIGM sample

Ve~

(a)

(b) (c)

Fig. 2 Images of ion gels of (a) [EMIM][TCMI/SEQOS, (b) [BMIm][TCM]/
SEOS and (c) [HMIm][TCM]/SEOS.
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Fig. 3 DSC analysis of SEOS, [EMIm][TCM], [BMIm][TCM] and [HMIm]
[TCM] ion gels containing 5 wt% SEOS (second heating step).

was not succeeded, so it was impossible to investigate the cross-
sectional information of the SIGM such as the thickness of the
selective ion gel layer.

The CO, permeance and the ideal selectivities (CO,/CH, or
CO,/N,) for three different SIGMs are shown in Fig. 5. Although
SILMs were also prepared for the comparison, we were not able
to obtain reproducible data because a burst out was observed.
By contrast, for all SIGMs, the gas permeance was maintained
during the measurement time at 207 kPa flow conditions.

Although the thickness of the selective ion gel layer was not
determined by SEM, it is estimated to be ca. 240 um by a simple
calculation using the density value for ILs (1.0738 ¢ ml ™" for the
case of [EMIm][TCM]),*® under the assumption that all ILs exist
on the surface of the support. Due to the uncertainty in the
thickness value of the selective ion gel layer, it is impossible to
compare the permeance directly, but it is clear that all three
membranes show CO, permeance values of the same order.

The ideal CO,/CH, selectivity was 9.7 for the SIGM with the
[EMIm][TCM]/SEOS ion gel, which is lower than the reported
value of 19.4 for the SILM prepared in porous hydrophilic pol-
y(tetrafluoroethylene);?® this finding is probably due to the use
of a different support and preparation method. The ideal CO,/
CH, selectivities were 12.3 and 11.2 for the SIGM with the
[BMIm][TCM]/SEOS and the [HMIm]|TCM]/SEOS SIGM,
respectively. The order of ideal CO,/CH, selectivities is [BMIm]
[TCM] > [HMIm][TCM] > [EMIm][TCM], and the trend of the
selectivities is consistent with the results obtained when the IL
was confined in a small pore of inorganic support (i.e., SILM).*
This agreement is probably due to the fact that the gas transport
would mainly follow the liquid-phase mechanism because
95 wt% of the ion gel has a liquid phase, despite the presence of
two phases in ion gels.

The viscosity is reported to be 14.48, 27.84 and 41.95 mPa s
for [EMIm][TCM], [BMIm][TCM], [HMIm][TCM], respectively.>*
In general, the gas permeance in the liquid phase is higher than
that in the solid phase, therefore, lower viscosity of [EMIm)]

RSC Adv., 2017, 7, 51257-51263 | 51259
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Fig. 4 Surface image of (a) support nylon membrane and (b) SIGM using the [BMIm][TCM]/SEOS ion gel observed by SEM.
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Fig. 5 CO, permeance and ideal selectivity of CO,/CH,4 (and CO,/Ny)
SIGM containing of [RMIm][TCM] ion gel.

[TCM] would have a positive effect on the CO, separation.
However, both the SILM and the SIGM with [EMIm][TCM] have
the lowest permselectivity irrespective of whether the phase of
the selective layer is liquid or solid-like. This finding implies
that the viscosity is not the main factor for the selectivity.

X-ray diffraction pattern was obtained to investigate the
morphology of the ion gels by WAXD because the gas separation
also depends on the microstructure of the matrix in facilitated
transport membrane. The results are shown in Fig. 6.

Two sharp peaks of the crystalline PEO block in SEOS films at
20 = 18.3° and 22.4°,*7* disappear in the WAXD spectrum of
the [RMIm][TCM]/SEOS ion gels due to the interaction between
the [RMIm] cation and the oxygen of the EO segment of SEOS.
While a broad peak is observed in the 10-35° range implying
that an ordered structure was formed instead. A broad peak is
observed for the [BMIm]TCM]/SEOS and [HMIm]|TCM]/SEOS
ion gels, while two broad peaks are observed at 20 = 17.5°
and 24.8° for the [EMIm]TCM]/SEOS ion gel.

It is known that the d-spacing corresponds to the intermo-
lecular distance that is related to the diffusion of the gases and
determines the permselectivity. The d-spacing calculated using
Bragg's law (nA = 2d sin 6§, where n, A and # are an integer,
wavelength, and the angle, respectively) for the [EMIm]|[TCM]/

51260 | RSC Adv., 2017, 7, 51257-51263

SEOS is 0.36 and 0.51 nm, whereas 0.39 and 0.40 nm are ob-
tained for the ion gel of [BMIm][TCM]/SEOS and [HMIm|TCM]/
SEOS, respectively. While it can be understood that the d-
spacing depends on the size of the cation of RTILs, the high
value of 0.51 nm in [EMIm][TCM] is rather intriguing. Consid-
ering the kinetic diameters of CO,, N, and CH, of 0.330, 0.364,
and 0.380 nm, respectively, the two different d-spacings of
[EMim][TCM]/SEOS affect the diffusivity and structural selec-
tivity of gases significantly, unlike those of the [BMIm|[TCM]/
SEOS or [HMIm][TCM]/SEOS ion gels.

To determine the structural difference between [EMIm]
[TCM] and [BMIm][TCM] or [HMIm][TCM], the B3LYP structure
of [RMIm][TCM] and the interaction between CO, and the IL
were calculated using Gaussian 09 software*' using density
functional theory (ESIY).

The calculated B3LYP?*** structure of [RMIm|[TCM] is shown
in Fig. 7. The optimized structures for [EMIm]|[TCM] (Fig. 7a)
indicate that the nonbonding interactions between the three N
atoms of [C(CN);]” and the three hydrogen atoms of [EMIm].

£l
3 [HMIm][TCM]
g
E
[BMIm][TCM]
[EMIm][TCM]
T T T M T T T T T T T M T T T
10 20 30 40 50 60 70 80

2theta (°)

Fig. 6 WAXD curves for [EMIm][TCM], [BMIm][TCM] and [HMIM][TCM]
ion gels containing 5 wt% of SEOS. Inset shows the WAXD curve of the
SEOS film.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Optimized ((B3LYP)/6-31+G(d,p)) structure of the most stable
(@), (b) [EMIM][TCM], (c) [BMIM][TCM] and (d) [HMIm][TCM] (unit is nm).

0.513

[BMIm][TCM] (Fig. 7c) and [HMIm][TCM] (Fig. 7d) are also
present in a similar structure to that of [EMIm][TCM]; however,
for the case of [EMIm][TCM], there are other stable optimized
conformers in which the anion position is vertical to the planar
imidazolium cation (Fig. 7b). Because the difference in the
energy between structures Fig. 7a and b is less than
2.5 kJ] mol™', it is expected that the two conformers are
randomly distributed in a real system for [EMIm]|[TCM].

These two conformers exhibit different ordering distances
(0.452 and 0.672 nm for conformers a and b, respectively), as
shown in Fig. 7a and b, which would explain the two different
microstructure determined by the WAXD experiment; further-
more, the higher d-spacing due to the conformer b (Fig. 7b)
provides a longer d-spacing that reduces the selectivity.

To examine the interaction between the [RMIm]|[TCM] and
CO,, four different stable complexes of CO, with [EMIm|[TCM]

(b II

0.2590 ‘ “\0'2963

/0.2394
2

() I

@1V

Fig. 8 Optimized ((B3LYP)/6-31+Gl(d,p)) structure of complexes with
[EMIM][TCM]---CO5: (a) |, (b) I, (c) lll and (d) IV (unit is nm).
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were obtained and are shown in Fig. 8. The details of the
procedure used for the optimization of these structure are
provided in the ESI.f One of the stable complexes is located
close to the ethyl group of [EMIm] (I), the second (II) and third
(I11) are located between the ethyl and methyl groups of [EMim]
in the opposite direction, and the fourth (IV) is close to the
methyl group of [EMIm]. The most stable complex structure
[EMIm][TCM]:--CO, is complex (I).

The B3LYP structures of [BMIm][TCM]---CO, and [HMIm]
[TCM]---CO, were calculated using a similar method. The
optimized structures with CO, were obtained in a similar
position to those of CO, in [EMim]|[TCM].

The complexation energy (AE.) defined as the difference
between the energy of the [RMIm]|[TCM]---CO, adduct and the
sum of the energies of the separate [RMIm]|[TCM] and CO, in
the gas phase and the results are shown in Fig. 9.

With the exception of complex (I), there is no significant
complexation energy difference with the number of carbon
atoms in the cation of IL. The AE. values were found to be
—18.73, —10.04 and —10.35 kJ mol~" for the [EMIm][TCM]:--
CO,, [BMIm][TCM]:--CO, and [HMIm][TCM]---CO, complexes
of structure (I) in the gas phase, respectively, indicating that the
formation of [EMim][TCM]---CO, is more favorable than the
formation of a complex containing a higher number of carbon
atoms in [RMIm]. This result is consistent with the reported
trend of the enthalpy of solvation; the value was —12.99, —12.58
and —12.07 k] mol™", for [EMIm][TCM], [BMIm][TCM], and
[HMIm][TCM], respectively.”® While the experimental CO,
solubility depend on the free volume rather than the interaction
between the IL and CO,, the solubility increased with increasing
alkyl chain length of the imidazolium cation. The solubility
were reported to be 0.016, 0.024 and 0.030 mol mol * bar ! for
[EMIm][TCM], [EMIm][TCM], [EMIm][TCM], respectively.*® It is
known that the interaction between the carrier inside a matrix
and CO, must be optimal; otherwise, if the interaction is too
strong, CO, transport will stop when all carriers form complexes
with CO,. The weaker interaction between the RTIL and CO, of
[BMIm][TCM] relative to that of [EMIm][TCM] would provide
a positive effect on the facilitated CO, transport. In summary,
[EMIm][TCM] shows a stronger interaction than those of

-5

N
o
1

3

AE_(kJ mol™)
o
1

-204 —1
L 2l
—A— 1l
-
_25 T T T
[EMIm][TCM] [BMIm][TCM] [HMIm][TCM]

Fig. 9 Complexation energy (AE.) in the gas phase of four different
stable complexes of CO, with [RMIm][TCM].
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[BMIm][TCM] or [HMIm|[TCM], and the larger d-spacing than
those of transport gases reduces the permselectivity despite the
lowest viscosity of [EMIm]|TCM]. Therefore, the membrane
containing [BMIm][TCM] showed the higher permselectivity
both in the SILM and the SIGM.

Conclusions

We prepared SIGMs incorporating alkylmethylimidazolium
tricyanomethanide ion gels with the addition of a small amount
of SEOS for CO, separation; the obtained material retained the
advantages of the liquid phase of the RTIL, such as high
diffusion, while showing enhanced mechanical strength under
high pressure operation conditions. A theoretical study was
conducted to determine the effect of the number of C atoms in
alkylmethylimidazolium tricyanomethanide on the structure,
interaction with CO,, and the complexation energy for the CO,
carrier. The [BMIm][TCM]/SEOS ion gel-based SIGM exhibited
high CO,/N, (CO,/CH,) ideal selectivity which is consistent with
those in SILM. This high permselectivity was understood using
WAXD experiments and theoretical calculations. Due to the
short chain of R in [EMIm|[TCM], the formation of two ordered
structures is possible (one is selective and the other is non-
selective for the CO, transport), which reduces the permse-
lectivity. The combination of a solid-like high mechanical
stability and maintenance of the liquid-like high gas perme-
ability in the SIGM together with the permselectivity consistent
with that of the SILM makes these membranes valuable new
platforms for CO, separation systems.
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