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Polyelectrolytes have been reported to display gas permeation properties that can be of significant interest

for CO2 capture applications, especially when they are fully hydrated. In this work, hybrid membranes pre-

pared by co-casting an ionic liquid (IL), 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF4]), with

Nafion have been investigated for use in carbon capture. Gas permeabilities of different gaseous species

have been measured for IL concentrations up to 40 wt%. Moreover, the effect of water vapor on gas per-

meation is examined with humidified CO2/N2 gas mixtures at various relative humidity (RH) levels. These

experiments reveal that CO2 permeability is greatly enhanced upon addition of the IL and in the presence

of water in the gas stream, most likely due to the formation of IL nanochannels in the Nafion matrix.

Small-angle X-ray scattering confirms changes in the nanostructure at different IL loading levels. Hybrid

membranes containing 40 wt% [Bmim][BF4] exhibit a mixed-gas CO2 permeability of 390 Barrer with a

corresponding CO2/N2 selectivity of ∼30 at 100% RH, which is more than 3× that of the permeability

measured from the same IL-containing membrane in the dry state and more than 200× higher than that

of dry Nafion. Such improvements suggest the existence of a synergetic relationship between the IL and

water vapor with regard to Nafion gas-transport properties, yielding superior separation performance with

an enhanced gas flux compared to extruded Nafion membranes. These results represent a viable fabrica-

tion strategy for the production of thin Nafion-based membranes for CO2 capture.

1. Introduction

Ionic liquids (ILs) are salts composed of organic cations and
(in)organic anions typically with a melting point below 100 °C.
Due to their unique physicochemical properties such as high
CO2 solubility and selectivity, low volatility and designer mole-
cular structure to tune chemical/physical properties, ILs have
been proposed as stand-alone materials for diverse appli-
cations such as green solvents for chemical reactions or synth-
eses, catalysts, electrolytes, and gas-separation solvents.1,2 In
particular, research efforts over the past decade have
attempted to combine ILs with polymer membrane technology
for the purpose of enhancing gas-separation efficacy. Many
different types of membranes and membrane processes have
been reported in this spirit, including supported IL mem-

branes (SILMs), polymerized ionic liquid (PIL) membranes,
polymer/IL gel membranes, as well as membrane contactors
(MCs) using ILs as an absorbent.3–5

Numerous hybrid membranes that embed an IL into a poly-
meric matrix have been developed, since they can be readily
prepared by mixing the IL with a variety of polymers in suit-
able solvents, and their gas-transport properties can be
adjusted by controlling the concentration of added IL.6 For
instance, neutral polymers such as a poly(ether-b-amide) block
copolymer (Pebax®), poly(vinylidene fluoride-co-hexafluoro-
propylene) P(VDF-HFP), poly(vinylidene fluoride) (PVDF), and
polyimides (PIs) have been successfully used to prepare
polymer/IL membranes.7–11 By judiciously choosing the
polymer matrix and IL additive, significant improvements in
both gas permeability and selectivity can be achieved.10,12 A
non-negligible drawback, however, is that the low-molecular-
weight constituents of ILs gradually leach out of the mem-
brane over time, thereby promoting a corresponding loss of
separation performance. To overcome this challenge, indepen-
dent research efforts have sought to employ polyelectrolytes as
the polymeric matrix in polymer/IL membranes, since the
intermolecular interactions between the charged polymer
chains comprising the polyelectrolyte and the mobile IL mole-†These authors contributed equally to this work.
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cules are stronger than those with uncharged polymers (due to
the additional Coulombic attractions between the charged
species).13,14 Furthermore, some polyelectrolytes (e.g., PILS)
can form miscible (molecular) solutions with ILs at IL loading
levels as high as 60 wt% as a consequence of the inherently
strong ionic interactions between the solid and liquid com-
ponents.14 Despite the potentially large number of polyelectro-
lytes available as homo(PIL)s or polymerized ionic liquid block
copolymers (PIL-BCPs) available for polymer/IL membranes,
such hybrid membranes generally require multiple synthesis
steps and tend to be relatively expensive.15

Sulfonated ionomers have recently received increasing
attention for membrane-based CO2 capture applications.16,17

Among this class of polymers, Nafion is a well-established
polyelectrolyte commonly used as a polymer electrolyte mem-
brane (PEM) in low-temperature fuel cells and water electroly-
zers.18 It belongs to the family of sulfonated tetrafluoroethyl-
ene-based fluoropolymer-copolymers developed in the late
1960s by DuPont. Due to its robust mechanical, thermal and
chemical stability and, most importantly, its high proton con-
ductivity, Nafion has remained the subject of tremendous fun-
damental and technological interest over the past few
decades.18 In this vein, numerous studies have examined the
gas permeabilities of H2 and O2 in Nafion membranes
intended for fuel cell applications.19 Significantly fewer reports
have endeavored to apply Nafion membranes for CO2 gas sep-
aration due to its unacceptably low permeability (≈ 2.0 Barrer)
and selectivity (about 8–10 relative to N2).

20–22

Mauritz et al.23 have reported that the hydrophilic sulfonic
acid (–SO3H) moieties can aggregate and form ionic clusters
in the neat Nafion matrix. These ionic clusters are inter-
connected and can form ionic nanoscale channels ranging in
size from ca. 1.5 to 5.0 nm.24,25 Such nanochannels are sensi-
tive to the presence of water in Nafion membranes and gradually
swell with increasing water content.26 For this reason, the gas-
transport properties of Nafion have been interrogated under
humid conditions and reveal remarkable enhancement (up to
2 orders of magnitude) of the permeability coefficient for
various gaseous species.22 The response of the nanochannels
to water is believed to contribute largely to the transport of
gases (as well as protons) in Nafion membranes. Nevertheless,
gas permeability data reported for Nafion under humid con-
ditions have been previously obtained using extruded mem-
branes. Since this fabrication route produces relatively thick
samples (>25 µm), it cannot be implemented in the fabrication
of thin composite membranes composed of thin (∼1 µm or
lower) dense selective layers. Yoo et al.27 have previously
attempted to fabricate hybrid Nafion/IL membranes from
IL-imbibed films to improve CO2/CH4 separation. However,
as the IL could only induce swelling by adsorbing into and
diffusing through the existing ionic cluster channels constrained
by the rigid Nafion matrix with limited IL sorption, only a small
amount of IL (up to 10 wt%) could be introduced into the
membrane. Such membranes display a relatively limited effect
on gas-transport properties. Sun and Zhou28 have modeled the
spatial distribution of ILs in Nafion and demonstrated that, by

swelling, the IL could not form a continuous phase until the
amount of incorporated IL reaches 57%. Membranes gener-
ated by solvent casting are therefore preferable, but prior
attempts to use solvent-cast Nafion membranes have resulted
in reduced gas-separation performance.29,30

In the present study, Nafion and the IL 1-butyl-3-methyl-
imidazolium tetrafluoroborate ([Bmim][BF4]) are selected to
prepare hybrid polymer/IL membranes for CO2 separation.
Due to its established high CO2 affinity and CO2 solubility
selectivity over other gases, [Bmim][BF4] is ideally suited as the
“first promoter” to enhance gas permeability. Membranes con-
taining up to 40 wt% IL have been prepared, and the physical
and chemical properties of the resultant membranes have
been characterized by various analytical techniques. Single-gas
permeation of gases including He, CO2, N2, and CH4 has been
systematically studied at different temperatures in the dry
state. In addition, because of the nontrivial effect of absorbed
water on membrane nanostructure and gas transport,31 water
vapor is employed as the “second promoter” to improve gas per-
meability. For this reason, the water uptake of Nafion/IL mem-
branes is also investigated at 100% RH, and mixed-gas per-
meability tests of CO2/N2 in Nafion/IL membranes at various
RH conditions are used to elucidate the role of water on the
transport properties of these hybrid membranes. Despite
various attempts to improve the gas permeability of Nafion,
however, the synergistic effects of IL and water on Nafion trans-
port properties have not, to the best of the authors’ knowledge,
been investigated for gas-separation purposes involving CO2.
We propose that an optimum synergy can be achieved between
both promoters so that CO2 permeability can be greatly
enhanced, thus ensuring superior separation performance.

2. Experimental
2.1. Materials

Alcohol-based Nafion solutions (5 wt%, D520, total acid
capacity of 1.03–1.12 meq g−1, equivalent weight [EW] =
1100 gpolymer molSO3

−1) and extruded Nafion sheets (∼25 μm
thick) were obtained from Ion Power (Munich, Germany),
whereas [Bmim][BF4] (97% purity) was purchased from Sigma-
Aldrich (Buchs, Switzerland) and used without further purifi-
cation. The gases examined in the gas permeation tests
included a CO2/N2 mixture, CO2, He, N2, and CH4 and were
purchased from AGA (Oslo, Norway) and used as-received. The
purity of the single gases was 99.999%.

2.2 Membrane preparation

A desired amount of Nafion solution was mixed with a calcu-
lated amount of [Bmim][BF4] in a glass vial and subjected to
magnetic stirring for at least 30 min. The solution was then
poured into a glass Petri dish and heated to 80 °C for
100–120 min to generate uniform and un-cracked membranes.32

(Heating was required to ensure the generation of uniformly
homogeneous films.) A second glass Petri dish was used to cover
the first one to reduce the rate of solvent evaporation. After the
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solvent evaporated, the resulting membrane was dried under
vacuum at 60 °C for at least 6 h prior to testing. Membrane
thicknesses were measured with a Digimatic ID-H thickness
gauge (Mituyoto, Aurora, IL) as the average of at least 10 measure-
ments over the entire permeating area. The IL content
(ωIL, wt%) in each hybrid membrane was calculated from

ωIL ¼ wIL

wIL þ wNafion
� 100 ð1Þ

where wIL and wNafion are the weights of [Bmim][BF4] and
Nafion, respectively.

2.3 Membrane characterization

The thermal stability of the Nafion/IL membranes was investi-
gated by thermogravimetric analysis (TGA) performed on a TA
Q500 instrument. Samples weighing 5–10 mg were placed in
sample pans and heated from ambient temperature to 550 °C
at a heating rate of 10 °C min−1. To prevent premature degra-
dation, nitrogen was used as an inert sweep gas at a flow rate
of 60 mL min−1. Fourier-transform infrared (FTIR) spec-
troscopy was performed on a Thermo Nicolet Nexus spectro-
meter with a smart endurance reflection cell. All spectra were
recorded in attenuated total reflectance (ATR) mode with a
diamond crystal. This chemical analysis was conducted on
neat [Bmim][BF4], neat Nafion and Nafion/IL hybrid mem-
branes at various IL concentrations to discern if the two con-
stituents interact chemically and, if so, which functionalities
were involved. Spectra were averaged over 16 scans at a wave-
number resolution of 4 cm−1. The nanostructures of neat
Nafion and several Nafion/IL membranes were characterized
by small-angle X-ray scattering (SAXS) performed on beam-line
12-ID-B in the Advanced Photon Source at Argonne National
Laboratory. The sample-to-detector distance and beam spot
size were 2 m and 0.5 × 0.025 mm2, respectively, and samples
were exposed to a 14 keV beam (with a wavelength, λ, of
0.087 nm). Data collected on a 2-D Pilatus 2 M detector were
azimuthally integrated to yield scattering profiles in which
intensity is expressed as a function of scattering vector (q),
where q = (4π/λ)sin θ and θ is half the scattering angle.

The water uptake of various membranes was measured by
placing the samples in a closed volume saturated with water
vapor at ambient temperature and atmospheric pressure, fol-
lowed by weighing at various times after initial exposure. The
sample weight was recorded until a constant value was obtained,
ensuring that equilibrium was reached. Values of water uptake
(ΩH2O, expressed in terms of gH2O/gS, where gS refers to the
overall mass of the dry sample) were computed from

ΩH2O ¼ w1 � wD

wD
� 100 ð2Þ

where wD and w∞ correspond to the weights of dry and water-
saturated membranes, respectively. The water uptake of the
membranes was estimated from the average value of two
samples with an error of less than 5%. In the present study,
single-gas permeability values were measured using a con-
stant-volume variable-pressure method,33 similar to that

reported elsewhere.34 After thorough evacuation of the mem-
brane to remove all previously dissolved species, the mem-
brane was exposed to the feed gas, and the pressure in the
fixed permeate volume was continuously monitored. A leak
test was performed before starting each test. Measurements
were conducted with He, CH4, N2, and CO2. Helium per-
meation was measured instead of hydrogen for safety
reasons.35 Single-gas permeability (Ps) was determined from

the rate of downstream-pressure increase
dpd
dt

� �
achieved

when permeation reached steady state according to

Ps ¼ dpd
dt

� �
t!1

� dpd
dt

� �
leak

� �
� Vdl
RTA pu � pdð Þ ð3Þ

where Vd is the downstream volume, l is the membrane thick-
ness, A refers to the effective permeation area, T denotes absol-
ute temperature, R is the universal gas constant, and pu and pd
represent the upstream and downstream pressures, respect-
ively. For each membrane, two samples were tested with a rela-
tive error less than 10%, and the final result is reported as the
average of the two measurements. The corresponding ideal
selectivity between two gases A and B (αA/B

i) is given by

αA=B
i ¼ Ps;A

Ps;B
ð4Þ

where Ps,A and Ps,B correspond to the single-gas permeabilities
of species A and B, respectively. Gas-separation performance
was furthermore measured with the mixed-gas setup
schematically depicted in Fig. 1. The membrane was placed
inside a sample holder with a permeating area of 19.6 cm2.
Before each permeation test, membranes were conditioned by
blowing humid feed/sweep gas to the desired RH conditions.
A 10/90 v/v CO2/N2 gas mixture constituted the feed gas,
whereas pure CH4 was the sweep gas. The humidity of both
feed and sweep streams was accurately adjusted by using mass
flow controllers (El-Flow series, Bronkhorst). A back-pressure
regulator (El-Press series, Bronkhorst) controlled the feed-side
pressure. Pressures were monitored (Wika, S-10) and held
constant at 2.0 bar on the feed side and up to 1.05 bar on the
sweep side for all the experiments. The compositions of reten-
tate and permeate streams exiting the membrane module were
monitored by a calibrated gas chromatograph (490 Micro GC,
Agilent) over the duration of the test. Each test continued for
at least 3 h to ensure steady state.

The permeability coefficient (Pi) of the ith penetrant species
was measured by

Pm;i ¼ Nperm 1� yH2Oð Þyil
A pi;feed; pi;ret � pi;perm
� � ð5Þ

where Nperm is the total permeate flow measured with a bubble
flow meter, yH2O is the molar fraction of water in the permeate
flow (calculated according to the RH value and the vapor
pressure at the given temperature), yi is the molar fraction of
the species of interest in the permeate, and pi,feed, pi,ret and
pi,perm identify the partial pressures of the ith species in the
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feed, retentate and permeate, respectively. As in eqn (3),
A corresponds to the permeating area in eqn (5). The separation

factor αi=j ¼ yi=xi
yj=xj

� �
was applied for mixed-gas permeation

tests. It is worth mentioning that, while the ideal selectivity

αA=B
i ¼ Ps;A

Ps;B

� �
was also determined here, variation between

ideal selectivity and separation factor was less than 5%, in
which case only the separation factor is reported. Because of
measurement differences in the permeation setups, specimens
for single-gas permeation tests ranged in thickness from 50 to
75 µm, whereas film thicknesses were reduced to 15–25 µm for
mixed-gas permeation tests.

3. Results and discussion
3.1 Characterization of neat Nafion membranes

Neat Nafion membranes can be fabricated via solvent casting
or extrusion. In the present work, the first procedure is

followed to prepare pure Nafion and hybrid Nafion/IL mem-
branes. To ensure a suitable benchmark, we begin with an
assessment of pure Nafion membranes by comparing cast
membranes with commercially available extruded film in
terms of transport properties. Doing so also permits direct
comparison with previously reported data, since the gas
transport properties under humid conditions have only
been reported for extruded Nafion.22 Results obtained from
mixed-gas tests are displayed in Fig. 2. As expected, CO2 per-
meability in the Nafion membrane increases with increasing
RH to a significant extent (>100-fold enhancement). In
addition, our results obtained for extruded Nafion are in favor-
able agreement with literature values.22 Differences in feed
conditions (e.g., the CO2 partial pressure on the feed side of the
membrane is 0.2 bar in our experiments but 2.0 bar in ref. 22)
have a negligible effect on transport properties, as no swelling
or relaxation phenomena are expected in this CO2 pressure
range. Similar conclusions can be also drawn for the CO2/N2

selectivity, as the results obtained from our experiments are in
the same range as the ones reported elsewhere.22

Fig. 1 Mixed-gas permeation setup (1: MFC-safety trap; 2: humidifier; 3: droplets trap; 4: membrane module; 5: heated cabinet; 6: water knockout;
7: bubble flow meters; MFC: mass flow controller; NV: needle valve; BPR: back-pressure regulator; PI: pressure indicator; HT: humidity and tempera-
ture sensor; MWV: multi-way valve; GC: gas chromatograph).

Fig. 2 (A) CO2 permeability and (B) CO2/N2 selectivity as functions of RH for Nafion membranes obtained by solvent casting and extrusion. The lit-
erature data are obtained from ref. 22.
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As can be seen from Fig. 2, the membrane fabrication pro-
cedure clearly influences the apparent transport properties,
since solvent-cast Nafion possesses a noticeably lower
(25–35%) CO2 permeability compared to that of the extruded
film over the entire RH range. Similar reductions (by about
50%) are also obtained for the separation factor. We propose
that the two fabrication methods produce different nano-
structures within the Nafion membranes, which result in
different molecular transport properties. While exploration of
the mechanism underpinning this observation warrants
further study, it is beyond the scope of the current work.
Moreover, insufficient information regarding the extrusion
conditions for commercial Nafion severely limits the feasibility
of further study. Therefore, the present study will focus exclu-
sively on solvent-cast Nafion membranes and all further refer-
ence to Nafion will hereafter pertain to these membranes.

3.2 Ionic liquid selection

According to the two-pronged strategy adopted in the present
work, ILs serve as the “first promoter” to enhance the per-
meability of gases in Nafion membranes. The initial selection
of ILs in the fabrication of these hybrid membranes relies on
the chemisorption of ILs with specific CO2 reactivity, as they
are expected to provide higher CO2 selectivity and CO2 sorptive
capacity. Specifically, 1-ethyl-3-methylimidazolium bis(trifluoro-
methanesulfonyl) imide ([Emim][Zn][(Tf2N)3])

36 and 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl) imide
([Bmim][Zn][(Tf2N)3]) containing Zn2+, as well as trihexyl(tetra-
decyl)phosphonium prolinate ([Pro][P66614]) and glycinate
([Gly][P66614]),

37 have been synthesized and mixed with the
starting Nafion solution. The chemical structures of these ILs
considered in the present study are included in Fig. 3.
Unfortunately, we have had no success in fabricating an accep-
table membrane with most of these ILs, likely due to the
strong interactions between the sulfonic acid groups present
on Nafion and the basic moieties in the ILs. Such interactions
induce visible macrophase separation, thus impeding the
formation of a homogeneous membrane. As a consequence of

this explanation, a physisorption-based IL is believed to be
more likely to succeed because it possesses no reactive groups
that can interact with the polymer during membrane prepa-
ration. In this vein and among the various IL options available,
[Bmim][BF4] is found to yield satisfactory membranes and is
remarkably suitable for the present investigation on the basis
of its high CO2 solubility, CO2 diffusivity and CO2/N2 selecti-
vity.38 Another benefit of this IL is that addition of a small con-
centration of water to [Bmim][BF4] has been reported39 to
promote a significant drop in viscosity (∼50%), which might
serve to enhance the diffusion coefficient of small molecules.
For the above reasons, visually homogeneous, self-standing
Nafion/[Bmim][BF4] membranes are only considered further in
this study.

3.3 Physical and chemical characterization

3.3.1 Thermal properties. Results from TGA of the IL,
Nafion and hybrid Nafion/IL membranes are presented in
Fig. 4. In the case of pure [Bmim][BF4], a decomposition tem-

Fig. 3 Chemical structures of the ILs considered in the present study.

Fig. 4 TGA results from Nafion, IL and Nafion/IL membranes (labeled).
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perature of around 450 °C is evident, which is in favorable
agreement with previous results.40 According to several
independent sources,41–43 production of a completely anhy-
drous Nafion membrane is not possible without destroying the
sample. Even after long periods of vacuum-drying, residual
water (≈ 3%) remains in the membrane, and this corresponds
to about 1.5 H2O molecules/sulfonic acid group.42 In this
study, mass loss (about 6% of the initial weight) was observed
for pure Nafion at ≈100 °C, suggesting that water remains in
the membrane even after drying under vacuum for more than
6 h. A second, more pronounced mass loss is apparent from
290 to 420 °C, which is likely associated with desulfonation,43

while a precipitous drop over 400–530 °C is attributed to side-
chain and/or backbone decomposition,42 which has been
reported above 500 °C.44

For both Nafion/IL composite membranes investigated by
TGA, specimen mass losses are nearly negligible at tempera-
tures below 350 °C. This result suggests that interactions occur
between the IL, sulfonic acid groups and H2O molecules, in
which case any residual water in the Nafion matrix becomes
undetectable, and the thermal stability of the hybrid mem-
branes is improved. As expected for many organic compounds,
the mass loss for pure [Bmim][BF4] and Nafion is nearly 100%
over 600 °C, implying that most of the materials decompose to
gaseous products at these elevated temperatures. In the case of
the Nafion/IL hybrid membranes, however, considerable
residual mass remains detectable at the same temperature and
appears to be directly related to the IL content in the mem-
brane. One explanation for this unexpected outcome regarding
the Nafion/IL membranes relates to the formation of new ion
pairs between the IL and sulfonic acid groups in Nafion
matrix. These ion pairs could stabilize C–S bonds and gradu-
ally enhance thermal stability,45 thereby providing an attractive
materials design paradigm for high-temperature applications.
Another possible explanation for our observation is that the
side chains in Nafion might chemically react with [Bmim][BF4]
at high temperatures and form a more stable chemical
compound that pyrolyzes to carbon instead of vaporizing at
temperatures in the vicinity of 600 °C.

3.3.2 FTIR analysis. In this study, FTIR spectroscopy has
been employed to discern the existence of possible ion–
polymer interactions or reactions, and identify the confor-
mational changes in Nafion due to the physical incorporation
of IL. Representative FTIR spectra acquired from 800 to
1800 cm−1 for Nafion, IL and Nafion/IL membranes with
different concentrations of [Bmim][BF4] are displayed in Fig. 5.
Only this region is displayed since the primary peak vibrations
corresponding to both Nafion and the IL reside in this so-
called fingerprint region. The spectrum acquired from
[Bmim][BF4] is characterized by a very strong multimodal peak
associated with B–F stretching in [BF4]

− between about 950
and 1150 cm−1, whereas the peaks positioned between
1550–1600 cm−1 and 1150–1200 cm−1 are a consequence of in-
plane C–C and C–N vibrations, respectively, of the imidazole
ring.46–48 The spectrum collected from Nafion displays two
strong vibrations related to symmetric C–F stretching

(∼1160 cm−1) and asymmetric C–F stretching (∼1200 cm−1).49

The remaining peaks, related to C–F, C–O–C and S–O bonds,
are consistent with previous findings.50–53 Broad peaks
observed at ∼1710 cm−1 and in the region between 3000 and
3600 cm−1 (data not shown) reflect the bending49 and stretch-
ing50 vibrations of H2O and H3O

+, respectively. Interestingly,
comparison of the pure Nafion spectrum with those obtained
from the Nafion/IL hybrid membranes reveals that incorpor-
ation of IL within the Nafion matrix promotes a significant
reduction in the amount of water present, even at the lowest
IL loading level examined. This change strongly suggests
the existence of direct interaction between the added IL
and the sulfonic acid groups responsible for displacing water
molecules typically bound to the sulfonic acid moieties.
Furthermore, the accompanying decrease in the small peak
positioned at ∼1300 cm−1, which is attributed to SO3

− stretch-
ing from water-induced dissociation of SO3H groups, provides
an independent indication of reduced water content in the
hybrid membranes due to interaction between the sulfonic
acid groups and the IL. Another IL-induced spectral change
involves the peak present in the Nafion spectrum at
∼1050 cm−1. This peak becomes sharper and broader as the IL
level in the matrix is increased, ultimately evolving into the
large peak characteristic of pure [Bmim][BF4]. Since no
additional peaks indicative of new chemical bonds are evident
in these spectra, we conclude that no chemical reaction occurs
between Nafion and [Bmim][BF4].

3.3.3 SAXS analysis. The SAXS profile acquired from Nafion
in Fig. 6 appears qualitatively similar to that previously
reported by Haubold et al.54 Of particular interest in their data
is a relatively broad peak that appears in the vicinity of q =
1.5 nm−1. This is referred to as the “ionic peak” and corres-
ponds to an interplanar distance (d ) of about 4.2 nm (from
Bragg’s law, d = 2π/q). A similarly broad feature appears in
Fig. 6, but at q = 2.2 nm−1 (d = 2.9 nm). This moderate incon-
sistency is attributed to differences in material composition
and/or processing and supports our earlier contention based

Fig. 5 FTIR spectra of Nafion, IL and Nafion/IL membranes (labeled).
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on the results presented in Fig. 2 that variations in material
properties and/or processing can impact the resulting nano-
structure of Nafion. Addition of 10 wt% IL promotes signifi-
cant scattering at low q (large dimensions) at the expense of
concealing the ionic peak, suggesting that the IL might not
distribute uniformly at low loading levels. As the concentration
of IL is increased, however, scattering at higher q (not far from
the ionic peak) progressively increases, ultimately generating a
new scattering peak near q = 1.1 nm−1 (d = 5.7 nm). This is
consistent with the IL distributing thoroughly throughout the
Nafion matrix.

Haubold et al.54 propose a sandwich model to analyze their
SAXS results. The components of this model include a highly
incompatible fluorocarbon phase, an interphase wherein the
sulfonic acid groups reside and a solution regime in the pres-
ence of a polar solvent. In their study, they examine the nano-
structure of Nafion in the presence of water/methanol cosol-
vents. Recent cryo-transmission electron microtomography
images55 indicate, however, that a sandwich representation
might constitute an oversimplification of the Nafion nano-
structure especially at low q. Even without application of the
scattering model developed by Haubold et al.,54 their SAXS
results of Nafion in the presence of water and pure methanol
are nonetheless useful for comparison with our data collected
from Nafion/IL membranes. In the cases of water and metha-
nol, scattering is observed to increase slightly beyond that of
neat Nafion at low q, but the ionic peak remains clearly un-
obstructed. This trend is not evident in Fig. 6, suggesting that

the addition of IL induces a composition-dependent rearrange-
ment of the Nafion nanostructure rather than simply inducing
swelling. Although detailed morphological analysis of Nafion/
IL membranes by electron microscopy or microtomography
would likely elucidate IL-induced morphological alteration,
such characterization is beyond the scope of the present work.

3.3.4 Water uptake. The transport properties of Nafion are
reported56 to be significantly affected by the presence of water,
with an overall permeability enhancement of about two orders
of magnitude at the highest humidity. Moreover, the quantity
of absorbed water within the Nafion matrix plays a significant
role in gas transport, since the Nafion nanochannels filled
upon water absorption favor transport of water-soluble gases
(e.g., CO2) over penetrants with lower water solubility (e.g., N2

and CH4). The water uptake of Nafion and Nafion/IL mem-
branes at various IL concentrations has been investigated, and
representative results are displayed in Fig. 7. The neat Nafion
membranes exhibit a water uptake level of 22%. Increasing the
IL content in the membrane, however, yields an unexpected
trend: the water uptake in Nafion/IL membranes composed of
10 and 20 wt% [Bmim][BF4] is lower than that observed in the
neat Nafion membrane, whereas a further increase in IL
content to 40 wt% generates a much higher water uptake
(42%) that is nearly double that of neat Nafion.

It is well accepted that the highly hydrophilic sulfonic acid
anions in Nafion can form dispersed ionic clusters with dia-
meters of ≈1.5 nm throughout the Nafion matrix.57,58 These
ionic clusters play an important role in localized hydration
and, thus, water uptake. When the [Bmim][BF4] is added to the
polymeric matrix at low concentrations, however, new ion
pairs are likely to form due to the strong ion-ion interaction
between sulfonic acid and the IL and this could promote a
nontrivial change in both the population and composition of
the ionic clusters. Such variation is expected to have a negative
impact on water uptake since the ions become bound together
to yield a neutral charge. As the concentration of IL is

Fig. 6 SAXS profiles of Nafion, IL and Nafion/IL membranes (labeled).

Fig. 7 Water uptake of Nafion and Nafion/IL membranes at atmos-
pheric temperature and pressure and 100% RH (10 IL = 10 wt%
[Bmim][BF4], 20 IL = 20 wt% [Bmim][BF4], 40 IL = 40 wt% [Bmim][BF4]).
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increased in the Nafion/IL membranes, the distribution of IL
is more uniform throughout the material (as evidenced by
SAXS in Fig. 6), resulting in unbound (free) IL that, due to the
hydrophilic nature of [Bmim][BF4], ensures enhanced water
uptake in Nafion/IL membranes at high IL concentrations.

3.4 Single- and mixed-gas permeation studies

3.4.1 Effect of composition on gas permeation. Single-gas
permeation tests of the Nafion/IL membranes have been per-
formed using the constant-volume variable-pressure method.
Membranes with different IL concentrations have been sub-
jected to a feed pressure of 2.0 bar for CO2, He and N2. As
reported elsewhere,20,57 the permeability of gases in dry Nafion
is low compared to several common polymer membranes [e.g.,
polyimide, poly(ethylene oxide) and Pebax®]. Helium pos-
sesses a higher permeability relative to other gases such as N2

and CH4 due to its smaller kinetic diameter. In this study, the
permeabilities of He and CO2 in Nafion at ambient tempera-
ture are 35 and 1.6 Barrer, respectively, which agrees favorably
with previous results.57 Addition of [Bmim][BF4] significantly
enhances the gas transport properties of the hybrid mem-
brane, as confirmed by the results provided in Fig. 8A. For
instance, the permeability of CO2 in the Nafion/IL membrane
with 40 wt% [Bmim][BF4] is 75.4 Barrer, which is about 50×
that of the neat Nafion membrane (cf. Fig. 8B). The per-
meability of N2 also increases due to incorporation of the IL,
but the extent of the increase is smaller compared to that of
CO2. More specifically, the N2 permeability is enhanced by 10×
for the hybrid Nafion/IL membrane with the highest IL
content relative to the pristine Nafion membrane. Therefore,
these hybrid membranes exhibit significant improvement in
terms of the ideal CO2/N2 selectivity, as evidenced in Fig. 9. In
particular, a selectivity of 35 is realized for the hybrid mem-
brane with 40 wt% [Bmim][BF4], corresponding to 4× enhance-
ment compared to the neat Nafion membrane, which exhibits
a CO2/N2 selectivity of 8.9. These results clearly establish that

the addition of IL to Nafion serves to improve gas transport (as
the “first promoter”), enriching the separation performance of
Nafion-based membranes both in terms of membrane
throughput and separation efficiency. Furthermore, compared
to the case wherein IL is imbibed into existing Nafion films,27

blending Nafion and IL during solution casting appears to be
a more successful route by which to distribute IL throughout
the Nafion matrix and thus improve the overall CO2 separation
performance of the hybrid membrane.

Interestingly, addition of IL to Nafion has limited impact
on He gas transport. In fact, He permeability decreases in the
hybrid membranes, regardless of the amount of IL contained
in the matrix. For this reason, the neat Nafion membrane can
be considered He-selective (CO2/He selectivity of 0.046), while
the hybrid membrane with 40 wt% [Bmim][BF4] becomes CO2-
selective, as indicated in Fig. 9, with a selectivity of 2.7. A poss-

Fig. 8 Permeability (A) and relative permeability (B) of several gases (color-coded) in Nafion/IL membranes containing different IL concentrations at
ambient temperature and 2.0 bar.

Fig. 9 Ideal selectivity of two gas pairs (color-coded) in Nafion/IL
membranes containing different IL concentrations at ambient tempera-
ture and 2.0 bar.
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ible explanation for this observed phenomenon relates to the
influence of gas solubility, which is markedly larger in the
hybrid membranes compared to neat Nafion. In this scenario,
the permeability of gases in the hybrid membranes is antici-
pated to increase considerably with increasing condensability
so that highly condensable gases (e.g., CO2) are more pro-
foundly affected than less condensable ones (e.g., N2 and He).

3.4.2 Effect of temperature on gas permeability. The effect
of temperature on gas permeability in polymer membranes is
dictated by the nature of the polymer (i.e., glassy or rubbery)
under specific test conditions. Over a temperature range that
does not introduce significant thermal transitions for a given
polymer, the temperature dependence of gas permeability (P)
can often be described by an Arrhenius equation59 of the form
reported in eqn (6), where P0 is a pre-exponential factor and EP
is the apparent activation energy for permeation:

P ¼ P0 exp � EP

RT

� �
ð6Þ

The dependence of gas permeability on temperature for the
Nafion/IL membrane containing 40 wt% [Bmim][BF4] is
evident in Fig. 10. As expected, these results confirm that all
the gas permeabilities increase with increasing temperature
(cf. Table 1), suggesting that diffusion dominates permeation.
Since permeability is an example of a thermally-activated mole-

cular process, regression of the linear relationship between log
(P) and T−1 according to the Arrhenius relationship can yield
EP. In this study, the correlation coefficient (R2) is always
greater than 0.99 over the temperature range considered
(25–45 °C) for all four tested gases. Extracted values of EP are
listed in Table 2. Similar to many other polymeric membranes
(e.g., polyether, Pebax® and polyimide), CO2 exhibits the
lowest activation energy in Nafion/IL membranes compared to
other gases of comparable size, such as N2 and CH4.

60,61

Fig. 11 displays the effect of temperature on the ideal gas
selectivities αCO2/N2

, αCO2/CH4
and αCO2/He at 2.0 bar. As antici-

pated from the larger values of EP for N2 and CH4 relative to
that of CO2, both αCO2/N2

and αCO2/CH4
decrease significantly

when temperature is increased from 25 to 45 °C. This obser-
vation reflects a corresponding reduction in solubility selecti-
vity due to the sharp temperature-driven decrease of CO2 solu-
bility in [Bmim][BF4]. Concurrently, the diffusivity of gases
possessing a larger kinetic diameter (e.g., N2 and CH4) is more
noticeably influenced by the increase in operating temperature
relative to smaller penetrants (e.g., CO2), which also negatively
affects membrane selectivity.62

3.4.3 Effect of humidity on gas permeability. The per-
meation properties of Nafion/IL hybrid membranes have also
been studied by using a CO2/N2 gas mixture as the feed at
various RH levels to ascertain the effect of the water vapor on
molecular transport. The results of this test are presented in
Fig. 12A and clearly demonstrate that water vapor has a posi-
tive effect on CO2 permeability in both neat Nafion and

Fig. 10 Permeability of several gases (color-coded) as a function of
temperature in the Nafion/IL membrane with 40 wt% [Bmim][BF4] at
2.0 bar.

Fig. 11 Ideal selectivity of several gas pairs (color-coded) at different
temperatures in the Nafion/IL membrane with 40 wt% [Bmim][BF4] at
2.0 bar.

Table 1 Temperature dependence of single-gas permeability in 40 wt%
[Bmim][BF4] Nafion/IL hybrid membranes

Permeability (Barrer)

25 °C 35 °C 45 °C

CO2 75.4 115.1 148.9
He 27.1 41.0 55.8
N2 2.1 4.3 6.9
CH4 3.5 6.6 11.2

Table 2 Activation energy of permeation for different gases in 40 wt%
[Bmim][BF4] Nafion/IL hybrid membranes

CO2 N2 CH4 He

EP (kJ mol−1) 25.6 44.0 42.9 27.0
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Nafion/IL hybrid membranes, since all the measured perme-
abilities increase with increasing feed gas RH. As seen in this
figure, CO2 permeability in Nafion is improved by two orders
of magnitude at the maximum humidity, as the value is
increased from 1.6 Barrer in the dry state to 209 Barrer near
100% RH. The presence of water vapor enhances CO2 per-
meability in the Nafion/IL membranes as well. At 10 wt%
[Bmim][BF4], CO2 permeability increases from 3.4 to 103 Barrer
from the dry state to ∼100% RH, while the CO2 permeability
increases from 116 to 390 Barrer over the same humidity range
in the Nafion/IL with 40 wt% [Bmim][BF4]. Therefore, we con-
clude that water vapor significantly improves the CO2 separ-
ation performance of Nafion membranes with and without IL,
in which case it can be considered as the “second promoter”
for Nafion/IL hybrid membranes. In the case of the Nafion/IL
membrane with 40 wt% [Bmim][BF4], performance under fully
dry conditions has been measured after the full series of
humidified-gas permeation tests, yielding a CO2 permeability
(108 Barrer) in favorable agreement with the value initially
obtained. Furthermore, recovery of the initial dry transport
properties also suggests that the effect of water vapor is fully
reversible, thereby exhibiting good membrane stability over at
least ∼72 h operation (since the duration of each permeation
test is ∼12 h).

According to Sarti and co-workers,22 water-induced
enhancement of gas transport in neat Nafion can be traced to
different nanoscale morphologies of the membrane. Under dry
conditions the ionic clusters formed by sulfonic acid moieties
behave as impermeable obstacles for gas diffusion. Upon
hydration, nanoscale water channels form and serve as prefer-
ential diffusive pathways for the permeation of gas molecules.
The solubility of gas penetrants in water therefore plays an
important role in determining the effect of water on the
permeability coefficient for a specific penetrant. In the case of
Nafion/IL hybrid membranes, interactions between the IL
moieties and the sulfonic acid groups of Nafion occur in
similar fashion as water, as evidenced by the water uptake

results in Fig. 7. At sufficiently high concentrations, the IL
molecules are expected to form interconnected nanochannels
that function as diffusive pathways for gas transport. Similarly,
gas solubility in ILs likewise governs membrane selectivity.

On the basis of the results obtained for the CO2 per-
meability at different RH values, the dependence of the relative
CO2 permeability on RH is shown in Fig. 12B. While water
vapor appears very effective at promoting CO2 permeability in
neat Nafion (with a 130× increase), an increase in IL content in
hybrid Nafion/IL membranes is accompanied by a less pro-
nounced positive effect: 30× and 3× for hybrid membranes
containing 10 and 40 wt% [Bmim][BF4], respectively. As
alluded to earlier, this phenomenon implies that water vapor
can effectively increase the size of the ionic clusters in the
polymeric matrix, thus greatly improving CO2 permeability in
neat Nafion membranes. In the Nafion/IL membranes,
however, IL molecules interfere with the ionic clusters com-
posed of sulfonic acid groups, according to the FTIR results
provided in Fig. 5, and reduce their ionic strength, which, in
turn, enhances CO2 diffusivity through the hybrid membrane
matrix. Because of this IL-induced interaction, the effect of
water is partially replaced, thereby diminishing the relative
influence of water vapor on CO2 permeability observed in
Fig. 12B. Furthermore, under humid conditions, the IL itself is
affected by the presence of water, which is expected to
promote reductions in both CO2 solubility and viscosity and a
corresponding increase in the diffusion of gaseous penetrants.
Although no direct evidence is presently available for
[Bmim][BF4], independent studies of similar ILs verify that the
first effect is somewhat limited (<15% drop in CO2 absorptive
capacity63), whereas the change in viscosity (a 45–75%
decrease at ambient temperature64) is expected to enhance the
diffusion coefficient to a larger extent.65 Therefore, the
enhanced CO2 permeability due to humidity in the Nafion/IL
hybrid membranes visible in Fig. 12A at 40 wt% [Bmim][BF4]
is attributed, at least in part, to higher CO2 diffusivity within
the IL.

Fig. 12 CO2 permeability (A) and relative CO2 permeability (B) of Nafion/IL membranes varying in composition (color-coded) as a function of RH at
ambient temperature and 2.0 bar.
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The ideal CO2/N2 selectivity (separation factor) of Nafion/IL
membranes prepared at various IL concentrations and
measured at different RH conditions is displayed in Fig. 13. As
discussed in regard to Fig. 8, the CO2/N2 selectivity of these
hybrid membranes increases with increasing IL content under
dry gas feed conditions. The mixed-gas selectivity of the hybrid
membrane appears slightly lower compared to the one dis-
cerned from single-gas permeation tests, most likely due to the
lower partial pressure of CO2 in the feed gas. Interestingly, an
increase in RH in the gas feed manifests a different effect on
the CO2/N2 selectivity of the hybrid membranes. In the Nafion/
IL membrane with 40 wt% [Bmim][BF4], the separation factor
(∼30) is close to the CO2/N2 separation factor obtained from
[Bmim][BF4]-based SILMs,66 indicating that the IL dominates
the separation mechanism in the membrane. For neat Nafion
and the Nafion/IL membrane with 10 wt% [Bmim][BF4], the
CO2/N2 selectivity is much lower under dry conditions and
increases systematically with increasing RH. On the basis of
these observations, we believe that, in the dry state or low RH
levels, gas selectivity is determined by the Nafion matrix, while
at higher RH values, selectivity is determined primarily by
water absorbed in the ionic clusters.22

By analyzing the membrane composition at different IL
loading levels under the dry and humidified conditions
reported in Table 3, we can identify the different contributions

of the IL and water on membrane transport properties.
Addition of IL only to Nafion promotes a limited interaction
with the sulfonic groups present on the polymer chain (up to
3.2 molIL/molSO3

), thereby confirming a positive effect on both
CO2 permeability and selectivity of the membrane. Stronger
influence on CO2 permeability is, however, observed in the
presence of H2O, due presumably to the larger population of
H2O molecules able to interact with the ionic moieties (up to
41.7 molH2O/molSO3

). On one hand, if we now consider a
comparable concentration (∼20 wt%) of IL and H2O in the
polymer matrix (i.e., Nafion + 20 wt% [Bmim][BF4] under dry
conditions and cast Nafion under fully humidified conditions),
H2O appears to be much more effective at enhancing CO2

permeability (209 versus 10 Barrer). On the other hand, the
presence of the IL ensures a higher selectivity (27 versus 14).
Thus, when both IL and water are present in the Nafion
matrix, the CO2 permeability is significantly less sensitive to
water content, whereas membrane selectivity increases with
increasing IL content, which together illustrate the synergetic
effect of IL and H2O in enhancing the overall transport
properties of Nafion.

The separation performance of Nafion/IL membranes devel-
oped in this study is compared in Table 4 with other perfluoro-
sulfonated membranes and polymer/IL membranes reported
in the literature. Moreover, results obtained here are compared
with other separation membranes in the Robeson plot71 pro-
vided in Fig. 14. In this figure, neat Nafion membranes exhibit
relatively poor gas-transport properties in the dry state, as evi-
denced by CO2 permeabilities of ∼2 Barrer and CO2/N2 selec-
tivities of 8–10. Addition of the “first promoter” ([Bmim][BF4])
significantly improves the transport properties. Simultaneous
enhancement of CO2 permeability and CO2/N2 selectivity in
the membrane with 40 wt% [Bmim][BF4] brings the separation
performance closer to the Robeson upper bound.71,72 When
the “second promoter” (water vapor) is added to the system,
both the CO2 permeability and CO2/N2 selectivity improve
significantly for the Nafion/IL hybrid membrane with 10 wt%
[Bmim][BF4]. In the hybrid membrane with 40 wt%
[Bmim][BF4], the CO2 permeability displays a monotonic
increase with increasing RH, while the separation factor
remains relatively constant, which allows the separation per-
formance to approach the upper bound. The separation attri-
butes of the membrane containing 40 wt% [Bmim][BF4] are
also higher than those of the extruded membranes, thereby
confirming that post-combustion CO2 capture membranes can

Fig. 13 CO2/N2 selectivity in Nafion/IL membranes containing different
IL concentrations (color-coded) obtained from mixed-gas permeation
tests as a function of RH at ambient temperature and 2.0 bar.

Table 3 Membrane composition and separation performance for different [Bmim][BF4] and H2O content in the Nafion matrix

Nafion (wt%) [Bmim][BF4] (wt%) H2O (wt%) [Bmim][BF4] (mol/molSO3
) H2O (mol/molSO3

) PCO2
(Barrer) αCO2/N2

1.00 0.00 0.00 0.0 0.0 1.6 9
0.90 0.10 0.00 0.5 0.0 3.4 11
0.80 0.20 0.00 1.2 0.0 10 27
0.60 0.40 0.00 3.2 0.0 116 28
0.81 0.00 0.19 0.0 14.0 209 14
0.83 0.09 0.07 0.5 5.4 102 26
0.43 0.28 0.29 3.2 41.7 329 28
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be fabricated with relatively good performance metrics. The
results reported in this work reveal that synergy exists between
both promoters, suggesting that Nafion membranes can be
more fully optimized with regard to their molecular transport
properties for CO2 separation.

4. Conclusions

In the present study, Nafion/IL hybrid membranes containing
different IL concentrations have been prepared by physically
mixing Nafion solutions with [Bmim][BF4]. The resultant mem-
branes have been physically and chemically characterized,
evincing favorable thermal and chemical properties as well as
enhanced CO2 separation performance. While adding 40 wt%
[Bmim][BF4] to Nafion yields a CO2 permeability increase from
1.6 to 75.4 Barrer, the presence of water can further increase
the CO2 permeability to 390 Barrer, which constitutes a 200×
enhancement compared to neat Nafion. On the basis of the
results reported here, we propose that [Bmim][BF4] in the
Nafion/IL hybrid membranes functions as a “first promoter” to
improve gas transport for most of the tested species, especially
CO2. Water vapor introduced in the Nafion and Nafion/IL
membranes further improve gas permeability as a “second pro-
moter”. As the RH increases from 0 to 100%, the CO2 per-
meability of the hybrid Nafion/IL membranes increases from
116 to 390 Barrer with no change in CO2/N2 selectivity (∼30).
These observations confirm that synergy exists between the IL
and water vapor within the Nafion matrix. The possibility to
exploit polyelectrolyte solvent casting as a route to thin separ-
ation membranes, without paying a penalty in terms of separ-
ation performance, opens new opportunities for the fabrica-
tion of Nafion-based CO2 capture membranes. Judicious incor-
poration of ILs possessing higher CO2 solubility and diffusivity
into solvent-cast Nafion (by chemisorption of ILs or by prepar-
ing blends of chemisorption-/physisorption-introduced ILs),
combined with humidified gas streams, might further
enhance membrane separation performance. In this regard, a
detailed molecular-level investigation of the interactions
between hydrated Nafion and ionic additives is clearly
warranted.
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Table 4 Separation performance of selected perfluorosulfonated
membranes and polymer/IL membranes

Membrane PCO2
(Barrer) αCO2/N2

Ref.

Nafion 111 (dry state) 2.3 — 67a

Nafion 111 (100% RH) 257 — 67a

Nafion 117 (dry) 2.3 9.6 57b

Nafion 117 (dry) 2.4 9.2 20c

Nafion 112-K (wet) 51.3 — 68d

Nafion 112-EDA (wet) 104 — 68d

Nafion 117 (75% RH) 160 23 22e

Aquivion (75% RH) 120 36 22e

Epoxy–amine poly(ionic liquid)
(PIL)/IL

100 28 10 f

PIL/[C2mim][Tf2N] 60 36 69 f

PIL/IL 105 21 70 f

Nafion (cast, dry) 1.6 8.9 This workg

Nafion + 40 wt% [Bmim][BF4]
(dry)

75.4 35.2 This workg

Nafion (cast, 100% RH) 209 15.0 This workh

Nafion + 40 wt% [Bmim][BF4]
(100% RH)

390 29.9 This workh

a Single-gas permeation test conducted with a feed pressure of 1 atm at
25 °C. b Single-gas permeation test conducted with a feed pressure of
2 atm at 35 °C. c Single-gas permeation test conducted with a feed
pressure of 1 atm 35 °C. dMixed-gas permeation test conducted with a
CO2 partial pressure of 199 kPa at ambient temperature. e Single-gas
permeation test conducted with a feed pressure of 2 bar at 25 °C, gas
permeability data estimated from Fig. 4 and 7 in ref. 19. f Single-gas
permeation test conducted with a feed pressure of 2 bar at ambient
temperature. g Single-gas permeation test conducted with a feed
pressure of 2 bar at ambient temperature. hCO2/N2 mixed-gas (10/90
vol%) permeation test conducted with a feed pressure of 2 bar at
ambient temperature.

Fig. 14 Robeson plot@ for the CO2/N2 separation performance
obtained from mixed-gas permeation tests of Nafion/IL membranes
varying in composition (color-coded). Diamonds are literature data from
Table 4.
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