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ABSTRACT: Ionic liquid polymeric gel membranes containing from 20 wt % to 80 wt % of the ionic liquid
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ((EMIM][TFSI]) in poly(vinylidene fluoride-
co-hexafluoropropylene) (p(VDF-HFP)) were prepared by solvent casting from a solution in acetone. The
effect of the ionic liquid on the performance and properties of the membranes was discussed and compared
with the neat polymer. In the presence of an excess of ionic liquid, p(VDF-HFP) membranes swell in a
significant way, especially above 70 °C, becoming completely soluble above 90 °C. DSC analysis shows a
gradual decrease of the melting point of the gel and a decrease in the overall melting enthalpy with increasing
IL content, whereas the melting enthalpy normalized for the polymer fraction shows an initial drop and then a
gradual increase. In the presence of the ionic liquid, the elastic modulus and break strength decrease
dramatically, while the maximum deformation first increases due to higher flexibility of the plasticized
polymer and then rapidly decreases above 40 wt % of IL as a consequence of the progressive decrease of the
number of entanglements. X-ray studies demonstrate a reduction in the overall crystal content. The position
of the strongest diffraction peak remains unaltered in all samples, suggesting that only the polymer chains
crystallize and that no cocrystallization of ionic liquid and polymer takes place. Preliminary gas permeation
measurements show a significant increase of the permeability in the presence of [EMIM][TFSI], especially for
carbon dioxide. This suggests a potential application in gas separation membranes, for instance for natural
gas treatment or for CO, sequestration from flue gas.

Introduction

During the past few years, ionic liquids (IL) have been re-
cognized as a possible environmentally benign alternative to the
classical organic solvents, mainly due to their good thermal sta-
bility and ability to dissolve a large range of organic molec-
ules.! Tonic liquids have also been successfully applied in a wide
range of applications, for instance in asymmetric synthesis, elec-
trochemical applications, extractive separation in biotechnology,”*
and also in membrane gas separations’ and pervaporation.
Their successful use is based on their extremely low volatility
and consequent stability of the membrane compared to tradi-
tional supported liquid membranes.

*Corresponding author. E-mail: jc.jansen@itm.cnr.it.

© 2010 American Chemical Society

Tonic liquid membranes are usually prepared in the form of
supported liquid membranes, in which the pores of a porous
membrane are saturated with the room temperature ionic liquid
(RTIL).” In such membranes, the ionic liquid is trapped inside the
pores by capillary forces. Although evaporation of IL can be
excluded, if such membranes come in contact with a liquid phase,
for instance in pervaporation, they can loose the ionic liquid from
inside the polymer network due to swelling and leaching into the
liquid phase.

To avoid this problem, in other cases membranes were
prepared from polymerized room-temperature ionic liquids.®’
These RTILs are more stable but they require particular
polymerizable groups and sophisticated membrane prepara-
tion techniques.
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IL Gels/Membrane Preparation and Their Use. Numerous
polymers may form thermoreversible gels from dilute or
concentrated solution in the proper solvent.'® A continuous
physical network structure extending throughout the volume
of the system is formed when at a certain reduced solvent
power of the medium the polymeric chains form association
complexes at widely separated points. In the majority of the
cases these gels derive from the existence of a crystalline
network structure, formed upon cooling from the homoge-
neous solution.

Such gels may also be formed starting from the polymer
solution in a solvent mixture, in which “the good solvent” is
allowed to evaporate and the second poor solvent is non-
volatile. Upon evaporation of “the good solvent”, the poly-
mer will phase separate. Under the proper conditions, and if
the polymer is far enough below its nominal melting tem-
perature, phase separation may take place as solid—liquid
demixing. In this case, the free energy minimization favors
the formation of small crystals as a solid phase in the liquid
mixture. In this process, the polymer chains in solution form
bridges between different crystals, diminishing chain mobi-
lity so much as to preclude subsequent macroscopic phase
separation. In other cases the crystallization may be pre-
ceded by liquid—liquid phase separation, if a poor solvent or
a solvent mixture is used and the process takes place not too
far below the polymer melting point.

Very few cases have been reported where the thermore-
versible gels are based on ILs as the poor solvent for the
polymer. Recently Harner and Hoagland reported thermo-
reversible poly(ethylene glycol)/1-ethyl-3-methylimidazo-
lium ethylsulfate [EMIM][EtSO,] ionic liquid gels.'' He
and Lodge reported gels of 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [EMIM][TFSI] in acryla-
mide and ethylene oxide-based triblock or pentablock co-
polymers.'? Kawauchi et al. reported thermoreversible ion
gels based on poly(methyl methacrylate)s in 1-butyl-3-
methylbenzimidazolium hexafluorophosphate.'?

The supported liquid membranes have been tested for
targeted gas/gas separations and especialay for separation
from air of volatile organic compounds,'*'* leaking from
gasoline during its storage, transportation and handling. In
comparison with frequentl?/ used polymers like polydi-
methylsiloxane (PDMS),'®""® polyether—polyamide block
copolymer (PEBA), poly(vinylidene fluoride) (PVDF), high-
free volume amorphous glassy perfluoropolymers, ~ or
cross-linked fluorinated or poly(amide-imide) polymers,>%->!
RTIL supported membranes are, highly absorbing for al-
kanes and aromates without enormous material swelling.
They also provide higher mass fluxes of separated substances
or high separation factors.?

Scope. The aim of the present work is to develop, using a
simple solution casting technique, stable RTIL membranes
in which the IL is trapped inside a polymer gel phase. A
further aim is to gain insight into the thermal, mechanical
and structural properties of the gel phase and their correla-
tion with the transport properties, in view of the potential use
of such membranes in gas separation processes.

Experimental Part

Materials. Acetone (analytical grade, Lachner, Czech Republic)
and ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide (puriss., 99%, Solvent Innovation, mp —20 °C) were
used without further purification. The ionic liquid (see Figure 1) will
further be abbreviated as [EMIM][TFSI].

Poly(vinylidene fluoride-co-hexafluoropropylene) fluoroelas-
tomer, further abbreviated as p(VDF-HFP), with nominal M, =
130000 g/mol, My, = 400 000 g/mol, melting point 140—145 °C
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Figure 1. Structure of the ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ((EMIM][TFSI]).

and molecular structure —[CH,—CF,],—[CF,—CF(CF3)],,—
was supplied by Sigma-Aldrich.

The gases for the permeation tests (nitrogen, oxygen,
methane, helium, hydrogen, and carbon dioxide, all with purity
99.99+%) were supplied by Pirossigeno, Italy.

Membrane Preparation. The polymer solution was prepared
by dissolving 10 wt % of p(VDF-HFP) in acetone at room
temperature under magnetic stirring for at least 1 h until a clear
homogeneous solution was obtained. Different amounts of the
ionic liquid [EMIM][TFSI] were added to the polymer solution
under magnetic stirring and they dissolved completely in a few
minutes.

The membranes were prepared by solution casting of the
polymer/ionic liquid mixture in acetone on a Petri dish and by
subsequent solvent evaporation at room temperature for 24 h.
The membranes were further dried at 70 °C for 4 h to guarantee
complete removal of the volatile solvent.

Membrane Swelling and Solubility Tests in [EMIM][TFSI].
Films of pure p(VDF-HFP) with a thickness of 0.15 mm were
dried under vacuum at 80 °C, weighed, and immersed in an
excess of pure [EMIM][TFSI] ionic liquid. After 48 h the films
were removed from the liquid, wiped with tissue paper, and
weighed again to determine the amount of ionic liquid absorbed.
The experiments were carried out at different temperatures from
25to 85 °C.

DSC. The thermal properties of the membranes were deter-
mined by DSC analysis, using a Pyris Diamond differential
scanning calorimeter (Perkin-Elmer) equipped with Intracooler
refrigeration system. Samples of 10—16 mg were wrapped in a
small disk of aluminum foil (<5 mg) and were subjected to a
heating/cooling/heating cycle in the range from —50 to +200 °C
at a rate of 20 °C/min. Given the low weight of the sample
holder, no reference was used. Baseline subtraction was used to
reduce the curvature of the baseline. The temperature and heat
flow were calibrated with indium and zinc standards.

Mechanical Properties. Tensile tests on the membranes were
carried out at room temperature on a Zwick/Roell single column
Universal Testing Machine, model Z2.5, equipped with a 50 N
load cell and flat pneumatic clamps. The clamp surface was
covered with adhesive rubber to avoid slipping or damage of the
softer samples with high IL content.

Specimens with an effective length of 40 mm (distance be-
tween the clamps) and a width of 5 mm were tested at a
deformation rate of 20 mm min~' (=50% min "), with excep-
tion of the sample without IL, which was tested at a deformation
rate of 8 mm min~ ! (=20% min ') to avoid early rupture due to
its higher stiffness and fragility. The average value and the
standard deviation of the Young’s modulus, the break strength
and the maximum deformation were determined on a series of
4—6 samples.

X-ray. The XRD data of sample films (20 x 15 mm) were
collected at room temperature by an X’Pert PRO 6—0 diffract-
ometer (PANanalytical, The Netherlands) using Cu Ko radia-
tion (A = 1.5418 A, U = 40 kV, I = 30 mA) in parafocusing
Bragg—Brentano geometry. The data were scanned with an
ultrafast X’Celerator detector over the angular range 5—70°
(260) with a step size of 0.033° (26) and time per step 20.32 s. Data
evaluation was performed by the software package HighScore
Plus.

Gas Permeability Measurements. Gas permeation rate tests
on flat dense membranes were carried out at room temperature
(25 °C) by fixed-volume pressure increase instrument, described
in detail elsewhere.>* After thorough evacuation of the membrane
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Figure 2. Temperature dependence of the swelling degree of the o
p(VDF-HFP) fluoroelastomer in excess ionic liquid [EMIM][TFSI]. T e Cooling
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to remove all previously dissolved species, the membrane is 05T W:

exposed to the feed gas and from that moment the pressure in the
fixed permeate volume is monitored. Measurements were car-
ried out with six permanent gases (He, H,, CHy4, N5, O,, and
CO,). Permeability coefficients, P, were calculated from the
slope of time-pressure curve in steady state condition:>*

RTA pr
1 1
V/J Vm / ( )

pe = po+(dp/dt)yt+

in which p, is the permeate pressure at time #, py is the starting
pressure, (dp/dr)e is the baseline slope. R is the universal gas
constant, 7 is the absolute temperature, A is the exposed
membrane area, Vp is the permeate volume, V,, is the molar
volume of a gas at standard temperature and pressure [0 °C and
1 atm], and pyis the feed pressure. The transport properties of the
gases were determined at the feed pressure of 1 bar. A total
membrane area of 11.3 or 34.2 cm® was used.

Results and Discussion

Membrane Preparation. All membranes in this work were
cast from solutions in acetone, a good common solvent
for both the fluoroelastomer and the ionic liquid [EMIM]-
[TFSI]. The membranes were prepared by controlled solvent
evaporation. As a result of the evaporation of acetone (“the
good solvent”) the relative concentration of IL (“the less
good solvent”) and polymer increased. In this way, the
deteriorating solvent quality leads to gelation of the solution
by crystallization of the polymer and to the gradual forma-
tion of a solid film. Upon complete drying at higher tem-
perature, mechanically resistant transparent self-supported
membranes were obtained for all ratios of polymer and ionic
liquid. Often a small amount of IL exudate appeared on
the surface of the membranes as tiny droplets or as a thin
film.

Membrane Swelling and Solubility Tests in[EMIM][TFSI].
Swelling of pure p(VDF-HFP) films in excess IL was carried
out at different temperatures. The degree of swelling (DS) of
the neat polymer films after 48 h was calculated using the
relationship:

DS = (Ws— Wy)/ W, (2)

where Wy is the weight of the swollen sample and W, is the
weight of the same film before immersion.

It was found that at room temperature (25 °C) the neat
p(VDF-HFP) film swells about 30 wt % in [EMIM][TFSI].
The swelling increases more or less linearly with temperature
up to about 60 °C and then increases dramatically above 70 °C
(Figure 2). Above 90 °C, the polymer becomes completely
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Figure 3. DSC thermograms of the freshly prepared samples during
heating (top), the successive cooling run (middle), and the second
heating run (bottom). Curves are shifted vertically for clarity.

soluble. Once dissolved, the polymer remains in solution
even upon cooling down to room temperature. This behavior
confirms the good compatibility of the polymer with the
ionic liquid. The complete dissolution of the polymer above
90 °C is in accordance with the strong melting point depres-
sion of the membranes with the highest IL content observed
by DSC analysis. Obviously the melting of the crystalline
phase of the polymer corresponds with the point where the
polymer becomes soluble. In this light, swelling of a neat
polymer film in the IL could be a successful alternative
method to prepare IL-containing membranes. However, this
is not suitable to reach high IL concentrations because the
membrane is easily deformed or damaged during the swelling
as a result of the dissolution and extraction of the low molar
mass fraction of the polymer.

Thermal Analysis of the Gel Membranes. The thermal
properties of the membranes were investigated by DSC


http://pubs.acs.org/action/showImage?doi=10.1021/ma102438k&iName=master.img-001.png&w=240&h=144
http://pubs.acs.org/action/showImage?doi=10.1021/ma102438k&iName=master.img-002.png&w=240&h=471

42 Macromolecules, Vol. 44, No. 1, 2011

Jansen et al.

~
o

o fo2}
o o
>

(] B
o o
} >

N
o
t

Heat 1

-
o
t

Heat 2
Cool

Melting/Crystallization enthalpy (J g”')

I L L L L L
+— — +— —t +—t

0 10 20 30 40 50 60 70 80 90
IL content (%)

o

~
o

5 60 .-
g lk\ &
o N e
e N -
'™ 50 AN 7 Heat 2
- \ - -
> A A e
2 40 T~~~ \\ PPt
® \‘\gi ——————— Cool
g | TET X
S 304 oo KT
g K= x--"
g ]
= 20 +
©
E il
(<]
= 10+

0 ——t——+ b —
0 10 20 30 40 50 60 70 80 90
IL content (%)

Figure 4. Total melting and crystallization enthalpy of the overall membranes (left) and after normalization for the polymer content (right). Heat 1,
Heat 2, and Cool indicate the first and second heating run and the cooling run, respectively.

analysis. The results are displayed in Figure 3. With increas-
ing IL content there is a strong decrease of the melting
temperature of the gel in comparison with the pure polymer.
At the same time the strong and relatively sharp peak makes
place for a much weaker and broader melting peak, suggest-
ing a reduction of the average crystal size and/or purity. The
differences in the melting and crystallization peak tempera-
ture are related to the kinetics of the crystallization process.
In the present case the degree of supercooling depends on the
viscosity of the system (related among others to the molar
mass, chain flexibility and polymer concentration) and on
the probability that polymer chains approach one another to
form a stable nucleus (related again to the polymer concen-
tration in the ionic liquid).

Up to 80% of IL in the membrane the gelation is thermally
reversible above room temperature, as can be seen from the
strong endothermal crystallization peak in the cooling
curves. Both the crystallization temperature and the enthal-
py decrease markedly with increasing IL content.

The stable solution obtained during the swelling and
solubility tests of the polymer in the IL is apparently only
possible at very low polymer concentrations. The dissolution
temperature of 90 °C observed in the swelling tests in excess
IL corresponds approximately to the melting point of the
gels, if we extrapolate the data from Figure 3 to higher IL
content and to lower polymer concentration.

Given the thermal reversibility of the gel formation also
the thermally induced phase separation process (TIPS)
should in principle be a possible alternative for the current
solution-casting membrane formation process. Neverthe-
less, from the viewpoint of practical applicability the solu-
tion casting is the better process because it is easier to obtain
thin films, thus limiting the consumption of expensive ionic
liquid.

The overall melting enthalpy of the films decreases almost
linearly with increasing IL content, obviously due to the
lower polymer concentration (Figure 4). However, if this
value is normalized for the polymer concentration, a differ-
ent trend is found: after an initial decrease, going from neat
polymer to 20 wt % of IL, with a further increase of the IL
content the normalized melting enthalpy also slightly in-
creases. This is even more evident in the freshly prepared
sample, in which crystallization has taken place during evap-
oration of the solvent, and it is an indication that crystal-
lization is more efficient due to higher freedom of motion of
single chains in the diluted phase. The measured crystal-
lization enthalpy is somewhat lower than the melting enthalpy
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Figure 5. Wide-angle X-ray diffraction patterns of the membrane
samples (x-axis °26, y-axis counts or arbitrary units). The lines are
shifted vertically for better comparison.

in the second run. This indicates that at the given cooling rate
of 20 °C/min crystallization is not totally complete in the
measurement window shown in Figure 3. Evidently some
further crystallization takes place when the sample is cooled
to —50 °C before the next measurement.

In this light it is interesting to note that the samples with 60
and 80 wt % IL show a quite unique and remarkably sharp
melting peak just below 120 °C in the fresh sample. In the
case of PVDF, which has different crystal polymorphs, it is
known that in solution-cast films the type of solvent can
influence which polymorph will be formed predominantly,*
Also in the present p(VDF-HFP) copolymer we believe that
mainly the short VDF sequences are responsible for the
crystal fraction. Therefore, it is not unlikely that different
polymorphs may have been formed also in the most “di-
luted” samples of the present series. Indeed, the X-ray dif-
fraction pattern shows a significant peak at 260 = 12° only in
the samples with 60 and 80 wt % IL (Figure 5 and the text
below). More detailed studies, such as temperature depen-
dent X-ray diffraction, could confirm this presumption but
this is out of the scope of the present manuscript.

Membrane Structural Properties by X-ray Diffraction
Studies. The wide-angle X-ray diffraction patterns of the
IL gel membranes and the reference membrane of pure
polymer are displayed in Figure 5. The main diffraction
peaks are listed in Table 1. The diffraction patterns confirm
the general trend of decreasing crystallinity with increasing
IL content observed by DSC analysis. In all samples one of
the strongest peaks is located at 26 = 20°. The diffraction
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pattern of the pure polymer shows some remarkable simila-
rities with that of PVDF, which has two intermediate peaks
close together at 260 = 18 and 18.5°, related to the (100) plane
and the (020) plane of the a-polymorph, a very strong peak at
20° related to the (110) plane of the a.-polymorph, and finally
another moderate peak at 27°, due to the (021) plane of the
a-polymorph. Upon addition of the IL, the peaks around
18 degrees and 27 degrees disappear completely and the peak
at 20° shifts to a slightly higher value. This is the typical
position for the (101) plane of the y-polymorph of PVDF.
The only significant novel peak formed at higher IL content
appears in the samples with 60% and 80% of IL at ca. 13°,
corresponding to a d-spacing of 6.78 A. Its origin is not clear,
but given the low polymer concentration, it should presum-
ably involve the IL itself. In these two samples also the DSC
first heating run shows a distinct melting peak which is
absent in the other samples.

The VDF/HFP ratio in the polymer is approximately 4:1
and statistically VDF sequences with an average of 4 mon-
omeric units should be present, The signals are not suffi-
ciently resolved for a positive identification of the crystal
structure but from the low HFP content and the above
evaluation it seems likely that short VDF sequences in the
copolymer are responsible for a PVDF-like crystal phase and
that the presence of the IL favors the formation of one
polymorph rather than the other, in the present case prob-
ably y instead of o.. The effect of solvents or additives on the
polymorph of solution-cast PVDF films is well-known.?®
Also the melting enthalpy of our copolymer (42 J/g) is quite

Table 1. Diffraction Angles (20) of the Main Diffraction Peaks
of the IL Gel Membranes with the Corresponding Interplanar
Distances (d-Spacing)

IL content (wt %)

diffraction angle,
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close to that of PVDF (ca. 50 J/g in the second heating run?”),
justifying the hypothesis of a PVDF-like crystal phase.

Mechanical Properties. All membranes were obtained as
flexible dense films with sufficient mechanical resistance to
be handled without difficulties. The tensile tests were per-
formed on small strips of the films and the results are given in
Figure 6 as a function of the ionic liquid content. The ionic
liquid has a very strong plasticizing effect on the polymer,
causing already at only 20 wt % of IL a decrease of the elastic
modulus of an order of magnitude. This is also due to the
decrease in crystallinity compared to the neat polymer, as
confirmed by DSC. At the same time the break strength of
the polymer decreases as a result of the incorporation of the
IL. With further increasing IL content both the Young’s
modulus and the break strength decrease to about 3 and 2
MPa, respectively.

In contrast, the maximum deformation first increases with
increasing IL content because of the reduced rigidity and the
increased flexibility of the plasticized polymer, and then it
rapidly decreases again above 40% of IL, when the gel
becomes too weak to undergo a strong plastic deformation.
At high IL content, the polymer is more diluted. Under these
conditions there is less overlap of the polymer coils in
solution and as a consequence the intrachain crystallization
becomes relatively more important than interchain crystal-
lization. The latter is responsible for the formation of the
physically cross-linked network, and as a consequence the
sample loses its mechanical strength and its elasticity.

Gas Transport Properties. The presence of the ionic liquid
strongly affects the transport properties of the polymer, but
up to about 60 wt % of ionic liquid the membranes still
behave more as a glassy polymer rather than as a rubbery
polymer. Thus, as the IL content in membrane samples rises,
the permeability of all gases investigated increases dramati-
cally (Figure 7). However, the less permeable species
(nitrogen and methane) and the most soluble carbon dioxide

20 (deg) 0% 20% 40% 60% 80% d-spacing (A) increase their permeation rate much more than small mole-
13.0 - N 4 6.78 cules like helium aqd hydr.ogen. Inde;d, due to its very stiff
17.8 4+~ 497 nature and the relatively high crystallinity, the neat polymer
20 +++ +++ -+ 4 4.43 behaves as a barrier material and its selectivity is mainly
27.1 ++ 3.28 determined by its size sieving properties. With increasing IL
gg 9 i T - ~ é'gg content the samples become more flexible and this favors the
396 AR o~ N 227 transport of the originally slow species, such as methane and
409 4 220 nitrogen, as well as the species with high solubility, such as
42.1 + ~ 214 CO,. The much higher solubility of CO, in comparison with
56 ~ ~ ~ 1.64 N, and H, determines the difference in the absolute value of
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Figure 6. Young’s modulus, E (left) and the maximum break strength, R,,, and maximum deformation, ¢ (right), as a function of the IL content.


http://pubs.acs.org/action/showImage?doi=10.1021/ma102438k&iName=master.img-005.png&w=396&h=181

44  Macromolecules, Vol. 44, No. 1, 2011

Jansen et al.

1000
(]
°
100
= i
-
[}
[
2 CO, 1 )4
% (3
E
&
10 +— He ~u a
H, /A
0O, ( 4
CH,
A
Ng
1 T t T } T t T } T
0 20 40 60 80 100
lonic liquid content (wt.%)

100.0

1 CO,/N,

COACH .\

Selectivity (-)
\ /.

| HzN2

COy/H,

1.0 f } }
0 20 40 60 80 100
lonic liquid content (wt.%)

Figure 7. Permeability of six permanent gases as a function of the IL content (left) and corresponding selectivity between selected gas pairs (right).

Lines are plotted as a guide to the eye.

100 -
BO%
IL content .

3 10 20%, A
E‘ FLains
.2 Laa |
E - por: |
.a; 1 | i m
: j =
; ,..,’
I -
‘?‘ -
o | s =
O g1 <

0.01 - | . }
0.1 1 e 100 1000

CO, Permeability (Barrer)

Figure 8. Robeson diagram for the gas pair CO,/H, indicating the
experimental points of the present work (#). The approximate range for
common homopolymers (ellipse) and for poly(ethylene glycol) and
poly(propylene glycol) derivatives (square), adapted from Patel et al., >
are indicated as a reference.

the permeability but does not influence to a large extent the
trend as a function of the IL content.

As a consequence the CO,/N, and the CO,/CHy selectivity
values undergo only a slight decrease, while the H,/N,
selectivity decreases rather strongly with increasing IL con-
tent (Figure 7).

On the contrary, as the IL concentration rises, the CO,/H,
selectivity shows a remarkable increase, because of the
significantly higher positive effect of the IL on the CO,
permeability than on the hydrogen permeability. The rela-
tively high CO, permeability is probably an effect of the
affinity of CO, for the ionic liquid, and thus of the high
solubility of this gas in the membrane. If this is generally

applicable, then the presented type of membranes can be
successfully used in the separation of those mixtures where
species with a significantly different affinity for the ionic
liquid are present.

Membranes with such a large CO,/H; selectivity are quite
uncommon because hydrogen is usually the faster permeat-
ing species. Indeed, in his famous diagrams, Robeson repre-
sents the permeation data for the CO, and H, gas pair as the
H,/CO> selectivity against the H, permeability.”® Thus,
whereas one usually searches for membranes with a high
H,/CO, selectivity, the present membranes behave in the
opposite way and might be interesting for those applications
where CO, must be removed from a hydrogen stream and
where hydrogen should remain at high pressure. An alter-
native Robeson diagram of the CO,/H, selectivity against
the CO, permeability was presented by Patel et al.” (Figure 8).
The increase of the upper bound line in this diagram corre-
sponds with the trend in our own experimental data. It is
interesting to note that all our data are significantly above the
general trend in the data, indicating that IL gel membranes are
indeed promising candidates for the given separation.

Conclusions

The fluoroelastomeric polymer p(VDF-HFP) forms stable gels
in the ionic liquid [EMIM][TFSI], enabling the successful pre-
paration of resistant free-standing membranes by solution casting
of the polymer/ionic liquid mixture, followed by controlled
solvent evaporation. The membranes consist of a thermorever-
sible polymeric gel in which crystallization of p(VDF-HFP) is
responsible for the network structure, as supported by DSC and
X-ray diffraction analysis. The polymer shows a good compat-
ibility with the IL and may swell up to 30% at room temperature,
while it becomes soluble at 90 °C or higher, depending on the
concentration of IL.

The presence of IL in the polymer causes a decrease of the
elastic modulus of several orders of magnitude and a significant
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reduction of the break strength over the entire concentration
range. On the other hand, the maximum deformation initially
increases to over 1000% and then decreases for an IL content
above 40%. This is due to a compromise between the increased
elasticity of the gel (lower Young’s modulus), leading to higher
elongations, and the reduced break strength, leading to lower
elongations.

DSC analysis shows a strong decrease of the polymer melting
point in the gel as a function of the IL content and a decrease of
the overall melting enthalpy. However, normalized for the poly-
mer concentration, the melting enthalpy tends to increase at the
higher IL concentrations, presumably due to more efficient chain
folding as a result of the lower viscosity and higher mobility of the
polymer chains in the IL solution.

The gas permeability strongly rises with the IL concentration
and the transport of larger and more condensable species is
favored over that of the smaller molecules. The separation thus
changes from a diffusion-controlled process to a solubility-
controlled one. The CO,/H, selectivity is unusually high for this
reason, offering perspectives for application of these membranes
in environments where carbon dioxide must be separated from
hydrogen while the latter remains at high pressure.
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