
Physically Gelled Room-Temperature Ionic Liquid-Based Composite
Membranes for CO2/N2 Separation: Effect of Composition and
Thickness on Membrane Properties and Performance
Phuc Tien Nguyen,† Bret A. Voss,† Erin F. Wiesenauer,‡ Douglas L. Gin,*,†,‡ and Richard D. Noble*,†

†Department of Chemical and Biological Engineering and ‡Department of Chemistry and Biochemistry, University of Colorado,
Boulder, Colorado 80309-0424, United States

ABSTRACT: An aspartame-based, low molecular-weight organic gelator (LMOG) was used to form melt-infused and
composite membranes with two different imidazolium-based room-temperature ionic liquids (RTILs) for CO2 separation from
N2. Previous work demonstrated that LMOGs can gel RTILs at low loading levels, and this aspartame-based LMOG was selected
because it has been reported to gel a large number of RTILs. The imidazolium-based RTILs were used because of their inherent
good properties for CO2/light gas separations. Analysis of the resulting bulk RTIL/LMOG physical gels showed that these
materials have high sol−gel transition temperatures (ca. 135 °C) suitable for flue gas applications. Gas permeabilities and burst
pressure measurements of thick, melt-infused membranes revealed a trade-off between high CO2 permeabilities and good
mechanical stability as a function of the LMOG loading. Defect-free, composite membranes of the gelled RTILs were successfully
fabricated by choosing an appropriate porous membrane support (hydrophobic PTFE) using a suitable coating technique (roller
coating). The thicknesses of the applied composite gel layers ranged from 10.3 to 20.7 μm, which represents an order of
magnitude decrease in active layer thickness, compared to the original melt-infused gel RTIL membranes.

1. INTRODUCTION

Room-temperature ionic liquids (RTILs) are organic salts
(cation−anion pairs) that are liquids at 1 atm and 25 °C.1

Currently, they garner great attention because of their unique,
highly tunable properties such as extremely low volatility, high
thermal and chemical stability, and low flammability. Numerous
studies have demonstrated their potential for different
applications such as electrochemical devices,2 biotechnology
separations,3 dye-sensitized solar cells4 and more recently CO2
capture from postcombustion flue gases (CO2/N2 separation)
by membrane processes.5 Indeed, RTIL-based materials present
a favorable solubility selectivity because of their inherent high
CO2 solubility compared to other light gases (e.g., N2, CH4,
H2).

6−8 The nature of the cation and anion has a large impact
on the gas transport properties of these RTIL materials. Most
RTILs studied for CO2/N2 separation are on the basis of an
imidazolium cation and a bis(trifluoromethane)sulfonimide
[Tf2N] anion since they possess a very high solubility affinity
for CO2.

9

Development of RTIL-based membranes for CO2/N2
separation is challenging: they must possess the properties of
these charged liquids, but in a solid, mechanically stable
medium. One RTIL morphology that has been recently studied
is solid, polymerized versions of RTILs (i.e., poly(RTIL)s).
Poly(RTIL)s combine the high CO2 affinity and chemical and
thermal stability of RTILs with the mechanical and physical
properties of solid polymers. They have been found to have
excellent mechanical properties and high CO2/light gas
selectivities but present lower gas permeabilities than analogous
liquid-phase RTILs because of a large decrease in gas diffusivity
due to their more dense solid nature.10−12 The CO2
permeability values of poly(RTIL)s range from 4 to 30 barrer,
and their CO2/N2 selectivity values are in the range of 30−

40.10−12 To increase the gas permeabilities of these membranes,
nonpolymerizable RTILs have been incorporated into neat
poly(RTIL)s and stabilized with a cross-linker. The resulting
composite poly(RTIL)RTIL systems (which could immobi-
lize up to 75 wt % of free RTIL13) show a dramatic increase in
CO2 permeability and maintained high CO2/light gas
selectivities. However, the gas permeabilities were still lower
than those measured for RTILs and do not meet commercial
requirements yet.11,13−16

Another method to make membranes with analogous
chemical and physical properties to RTILs is to fabricate
supported ionic liquid membranes (SILMs) by completely
infusing a nonselective, highly microporous polymer support
with an RTIL.17−19 SILMs exhibit high CO2/light gas
selectivities and high CO2 permeability similar to the neat
RTILs. A review by Scovazzo highlights the performance of
these SILMs:20 CO2 permeabilities range from 100 to 1700
barrer, and CO2/N2 selectivities from 10 to 50.20 However, the
retention of the RTIL in the microporous support only
depends on the weak capillary forces and loss of liquid
(expelled from the porous support) is observed for low
transmembrane pressures (0.2−2 bar).17,18,21 Gan et al. show
that nanoporous solid supports can help to increase the
mechanical stability of SILMs and test their membranes up to 7
bar.22 Even so, the thickness of these SILMs is dictated by the
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support thickness itself (approximately 150 μm19,22), which
limits gas permeances far from the industrial targets.23

On the basis of studies previously reported, it appears that
membranes for CO2/N2 separation require four features to be
potentially industrially viable:

• high CO2 permeability (∼1000 barrer)
• high CO2/N2 selectivity (20−40)23

• good mechanical stability (>1 bar transmembrane
pressure difference)

• good thin-film processability (∼1 μm)

In order to design RTIL materials that meet the
aforementioned requirements, our group has studied the
possibility to physically gel RTILs and fabricate semisolid
thin membranes with liquid-like gas transport properties and
polymer-like mechanical stability. A physical gel is a
thermodynamically stable diphase system that is solid (i.e.,
exhibits no flow under gravity) but composed predominantly of
a liquid at the microscopic scale. To prepare physically gelled
RTILs with similar properties as neat RTILs, the loading of a
solid gelator must be small (usually <10 vol %24). Low
molecular-weight organic gelators (LMOGs) are small
molecules that can solidify large volumes of fluid at very low
loading via physical bonding interactions with one another,
such as H-bonding, van der Waals interactions, and/or π−π
bond stacking. During the gelation process, the gelator
molecules self-assemble to form highly intertwined fibers that
join into a continuous, noncovalent 3D network that
immobilizes much of the surrounding liquid.25−27 Since
gelation occurs as a result of noncovalent interactions, physical
gels formed with LMOGs exhibit thermally reversible behavior.
They are easily transformed into isotropic solutions upon
heating above the sol−gel transition temperature (Tgel).

25,27

Initially, our group studied the gelation of 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
[C6mim][Tf2N] (i.e., the RTIL) with 12-hydroxystearic acid
as the gelator with a loading of 1.5 wt %.28 With this system,
Voss et al. prepared melt-infused membranes (i.e., supported
gelled ionic liquid membranes SGILMs in which the active
RTIL gel material is completely impregnated into the porous
support). These preliminary gelled RTIL membranes exhibited
similar gas separation properties as SILMs and 23% increase in
the mechanical stability with respect to blow-out pressure.28

This initial proof-of-concept work successfully demonstrated
that gelation is a simple and promising method to control the
mechanical properties of the RTIL-based membranes without
sacrificing separation performance (i.e., CO2 permeability and
CO2/N2 selectivity). The choice of 12-hydroxystearic acid as
the initial LMOG was motivated by its commercial availability
and low cost. However, this gelator only gels a limited number
of solvents and RTILs. Indeed, 12-hydroxystearic acid is a good
gelator for nonpolar organic solvents and a few imidazolium-
based RTILs with longer hydrophobic chains, such as
[C6mim][Tf2N].

28 A loading of 1.5 wt % corresponds to the
maximum loading of 12-hydroxystearic acid in [C6mim][Tf2N],
above which two separated phases are formed.28 This low
gelator loading strongly limits the range of properties available
for physical gels of [C6mim][Tf2N] and 12-hydroxystearic acid.
Corresponding to this maximum loading value, the highest Tgel
for the [C6mim][Tf2N]/12-hydroxystearic acid gel system was
found to be 67 °C, which also limits the use of these materials
for industrial applications where the operating temperature or
temperature fluctuations could be higher. Finally, in this

previously studied gelled RTIL membrane work, only one
RTIL/gelator combination was tested for gas permeation and
membrane stability has yet to be optimized. Only melt-infused
membranes were fabricated, and they had large thicknesses
(∼130 μm) that resulted in extremely low permeances.
Our aim is to improve the RTIL/gelator system previously

studied and fabricate thin, defect-free, mechanically stable
membranes with high CO2/N2 separation performance. In this
work, we have tested an aspartame-based LMOG that is
particularly suitable for imidazolium-based RTILs and evaluated
the properties of these new physically gelled RTILs as bulk
materials and thick, melt-infused membranes. We found that a
trade-off exists between mechanical stability and gas transport
properties as a function of LMOG loading. More significantly,
we have made defect-free, composite gelled RTIL membranes.
By selecting an appropriate porous support and employing a
suitable film casting method, we were able to make composite
gelled RTIL membranes with different gelator loadings, active
layer thicknesses, and CO2/N2 separation properties.

2. EXPERIMENTAL SECTION
2.1. Materials. 1-Hexyl-3-methylimidazolium bis-

(trifluoromethylsulfonyl)imide [C6mim][Tf2N] and 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
[C2mim][Tf2N] (Figure 1) were synthesized according to

literature procedures.8 Spectroscopic data for these compounds
were consistent with those published in the literature, and the
sample purity for each was confirmed to be >99% by NMR
analysis (1H NMR spectra were obtained using a Bruker AMX-
300 (300 MHz) spectrometer).
The CO2 and N2 test gases were ultra high purity (99.999%)

and purchased from AirGas.
Cyclo(L-β-3,7-dimethyloctylasparaginyl-L-phenylalanyl) (as-

partame-based LMOG, Figure 1) was synthesized according
to literature procedures with one modification.26 Instead of
purifying the LMOG with 1-propanol, the crude solid was
washed with ethyl acetate and filtered.
The hydrophobic porous PTFE support is an Advantec

membrane filter (cat. no. T020A047A) with a 47-mm diameter,
a 0.2-μm average pore size, a 80-μm thickness, and 74%
porosity (supplier information). The hydrophilic porous Nylon
support used is also an Advantec membrane filter (cat. no.
N022A047A) with a 47-mm diameter, a 0.22-μm average pore
size, a 130-μm thickness, and 65% porosity (average membrane
thickness and porosity were measured from experiments).

Figure 1. Chemical structures of RTILs and gelator.
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2.2. Gelled RTIL Fabrication. Physically gelled RTILs were
prepared by mixing a weighed amount of LMOG and known
volume of RTIL in a glass test tube with a screw cap. Then the
mixtures were held at approximately 145 °C to facilitate the
dissolution of the LMOG in the RTILs, until homogeneous
solutions were obtained. The resulting clear solutions were then
cooled down at room temperature, and the mixtures solidified
to form opaque solid gels as the temperature decreased.
Qualitative macroscopic confirmation of successful gelation was
noted by the absence of observable sample flow upon inversion
of the test tube.
2.3. Sol−Gel Transition Temperature Measurement:

Inverted Test Tube Method. Gelled RTILs with different
LMOG loadings were made following the method described in
section 2.2. To measure the sol−gel transition temperature
(Tgel), test-tubes containing the gelled RTILs were put into a
heating block where the temperature was slowly and
incrementally increased. Each temperature was held for at
least 0.5 h to allow the samples to reach steady state, and then,
the test-tubes were turned upside-down. When the material
turned from solid to liquid, and flow was observed upon
inversion, the temperature was recorded as Tgel. These
experiments were repeated three times, and Tgel was calculated
as the average of three measurements. This inverted test tube
method is simple and common place among chemists active in
the field of gel materials.29

2.4. Nanoindentation Characterization. The purpose of
nanoindentation testing is to determine the mechanical
properties (storage modulus E′) of the bulk gelled RTILs.
The samples were prepared following the method described in
section 2.2. The bulk gels were cut in slices of approximately 1
mm thick and stored onto micro cover glasses (VWR, 22 × 22
mm). All nanoindentation experiments were performed by
Agilent Technologies, Nanomechanical Measurements Oper-
ation (Arizona, USA). The apparatus used was a NanoIndenter
G200 with a XP head and flat punch tips. Each test employed
the Continuous Stiffness Measurement (CSM) option for the
calculation of viscoelastic properties. Indentation testing and
analysis were performed according to the work from Herbert,
Oliver, and Pharr.30

2.5. Membrane Fabrication. 2.5.1. Melt-Infused Gelled
RTIL Membrane. To fabricate melt-infused membranes,
microporous Nylon supports were heated on a glass plate to
a temperature above Tgel of the RTIL gel to be applied. A
thermocouple and a temperature controller regulated the hot-
plate to maintain the desired temperature. Gelled RTIL was
applied to the support and melted. The resulting fluid was
spontaneously drawn into the pores of the support via capillary
forces. The excess liquid on top of the support was then blotted
away with a Kim-Wipe tissue. Upon cooling to room
temperature, the RTIL gel reformed inside the support pores.
The resulting melt-infused gelled RTIL membranes had a
thickness of ca. 130 μm.
2.5.2. Composite Gelled RTIL Membrane. Composite

membranes (i.e., composed of a dense separating layer on
top of a microporous support) were fabricated by a roller-
coating technique. A custom-built, stainless-steel roller pad was
designed with a 110 μm step, which was large enough to fix the
PTFE support and provide a gap for the gelled RTIL coating.
Gelled RTIL was then melted onto a glass plate and the PTFE
support, fixed on the roller pad, rolled across the liquid. The
thin layer of melted RTIL/LMOG solution quickly cooled and
formed a dense coating on top of the PTFE support.

2.6. Scanning Electron Microscope (SEM) Imaging
and Energy Dispersive X-ray Spectroscopy (EDS)
Characterization. In order to determine gelled RTIL layer
thickness and quality (i.e., defect-free, homogeneous, good
adhesion with the support), SEM images of the membranes
were acquired. SEM imaging was performed using a JEOL JSM-
6480LV electron microscope, with the acceleration voltage set
between 10 and 15 kV and a spot size of 50. Samples were
fractured in liquid nitrogen, dried under vacuum overnight, and
then coated with gold by sputtering deposition to enhance the
conductivity (the thickness of the gold layer was approximately
30 nm). At least two samples of each membrane were prepared
for SEM imaging, and reported thicknesses were obtained by
averaging the measured thicknesses at three different locations
along the cross-section of the imaged membranes. On the same
SEM was installed an energy dispersive X-ray spectrometer
(Oxford INCA) to perform elemental analysis. This apparatus
and the INCA microanalysis system provided chemical
elements spectrum as well as elemental mapping to evaluate
the penetration of the gelled RTIL into the pores of the
support.

2.7. Gas Permeability Measurements via the Time-Lag
Method. Single-gas permeability values were measured using a
custom-built, stainless-steel, time-lag apparatus. Before testing,
the membranes (sealed into a XX4404700 membrane holder
from Millipore Corporation) were degassed overnight, and
each experiment began under vacuum conditions (pressure
below 10−2 mbar). The whole setup was built into an oven for
temperature control. Pure gas was applied at feed pressure
around 1 bar, as measured by an Omega pressure transducer
(0−7 bar). The gas absorbed into the membrane, diffused
through it, and desorbed from the membrane on the permeate
side. The permeate pressure (pp) increased with time (t) and
was recorded by an Omega pressure transducer (0−1 bar). The
feed volume was considerably larger than the permeate volume
which kept the driving force (Δp) nearly constant throughout
the experiment. Permeability measurements of every gas were
carried out three times for each membrane, and the
experimental error was less than 5%.
The permeability of gas i (Pi) is calculated from the

membrane thickness (l), the average transmembrane pressure
drop (Δp), and the volume flux (Ji). The quantity Ji is
determined by eq 1, where Vp is the permeate volume, A is the
membrane area, R is the Ideal Gas Law constant, T is the
absolute temperature, Vm is the gas molar volume, and dpp/dt is
the slope of the linear portion of the pp vs t plot.
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The ideal permeability selectivity (αi/j) is defined as the ratio
of the permeability of the more permeable species i to the
permeability of the less permeable species j (eq 2).

α =
P
Pi j

i

j
/

(2)

2.8. Burst Pressure Determination. The burst pressure
corresponds to the maximum pressure that the membrane can
withstand before breaking, or expelling out the RTIL (or RTIL
gel) in the case of SILMs (or SGILMs) to generate leaks. It was
determined by slowly increasing the pressure difference in the
gas permeability test apparatus (section 2.7) until the
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membrane failed. Membrane failure was defined as the moment
where a sharp increase of the flux could be observed.

3. RESULTS AND DISCUSSION
3.1. Choice of LMOG: Cyclo(L-β-3,7-dimethyloctylas-

paraginyl-L-phenylalanyl). There are a limited number of
LMOGs that are able to gel organic fluids, and most of them
have been the result of serendipitous discoveries. The process
of self-assembly of LMOG fibers into a noncovalent 3D
network is complex and different for each individual LMOG
compound. Consequently, predicting the LMOG gelation
efficiency in a given solvent based on the LMOG molecular
structure is not possible,31 which makes choosing an
appropriate LMOG difficult for a particular solvent or RTIL.
Only a few LMOGs that can gel RTILs have been

reported,4,26,27,31,32 and none of these systems have been
used for gas separations. For example, Kubo et al. prepared
physical gels from 1-alkyl-3-methylimidazolium iodide for solar
cell applications.4 Ikeda et al. tested a cholesterol-based LMOG
to gel N,N′-dialkyl-substituted imidazolium ions and N-alkyl
pyridinium ions; however, the solubility of this LMOG in the
RTILs was very low, and acetone had to be added to solubilize
the gelator.32 Cyclo(dipeptide) LMOGs have been widely
studied by Hanabusa et al.26,27 They showed that cyclo(L-β-3,7-
dimethyloctylasparaginyl-L-phenylalanyl), which is an aspar-
tame-based LMOG, has the ability to gel numerous liquids:
different oils, organic solvents, and in particular RTILs. They
found that their physical gels (aspartame-based LMOG and
[C4mim][BF4]) were stable over 2 years. Even though this
aspartame-based LMOG is not commercially available and
more expensive than the 12-hydroxystearic acid, it has many
properties that make it an excellent LMOG candidate for
gelling RTILs. For example, it has been shown that the
aspartame-based LMOG can gel a wide range of RTILs,26,27

which affords a high degree of flexibility in the choice of the
RTIL for the liquid matrix. Moreover, the solubility of the
aspartame-based LMOG in RTILs at elevated temperatures is
high enough such that it does not require a cosolvent to
facilitate dissolution. Finally, literature data has demonstrated
that Tgel of physical gels made from the aspartame-based
LMOG are high (from 50 to 180 °C, which is the LMOG
decomposition temperature) and can be controlled as a
function of LMOG loading.
3.2. Effect of LMOG Loading on Physically Gelled RTIL

Properties. 3.2.1. Properties of Bulk Materials. 3.2.1.1. Sol−
Gel Transition Temperature (Tgel). The sol−gel transition
temperature (Tgel) is an important parameter as it defines the
maximum temperature at which the RTIL/LMOG system is
solid and can be used as a mechanically stable membrane
material.
Two different RTILs have been studied with the aspartame-

based LMOG: [C6mim][Tf2N] and [C2mim][Tf2N]. In the
work of Voss et al., [C6mim][Tf2N] was selected because this
RTIL has a facile synthesis and high solubility selectivity for
CO2 over N2.

28 [C2mim][Tf2N] is similar to [C6mim][Tf2N]
in terms of synthesis, cost, and physical properties but exhibits
higher CO2 permeability and CO2/N2 selectivity. Moreover,
the aspartame-based LMOG can gel both of these RTILs
whereas 12-hydroxystearic acid (the gelator in the previous
work28) could not solidify [C2mim][Tf2N].
Physically gelled RTIL samples were prepared according to

section 2.2, and Tgel for different LMOG loadings was measured
following the procedure described in section 2.3 (the error bars

are within the data point) (Figure 2). In terms of general
observations/trends gleaned from these studies, the Tgel values

measured for [C6mim][Tf2N] and [C2mim][Tf2N] are similar
for every LMOG loading because these two RTILs are
chemically similar. Then, a clear trend can be observed: Tgel
increases as the LMOG loading increases. Indeed, as the
amount of LMOG is increased, the network of gelator fibers
becomes more entangled and dense and provides a stronger
immobilization of the liquid. Consequently, a higher temper-
ature is required to unwind and dissolve the gelator fiber
network and release the RTIL. Similar behavior has been shown
by Hirst et al.,29 Mohmeyer and Schmidt,31 and Ikeda et al.32

For CO2 separation from N2 in flue gas, the operating
temperature is between 40 and 60 °C, so it is crucial that Tgel is
higher than 60 °C for the gelled RTIL membrane to be
mechanically stable and to be able to withstand possible
temperature fluctuations in the process. From Figure 2, Tgel is
above 60 °C for aspartame-based LMOG loading higher than
10 mg/mL. For the maximum LMOG loading tested (100 mg/
mL), Tgel is 135 °C. Consequently, physical gels made from
these RTILs and LMOG offer an adequate range of working
temperatures.

3.2.1.2. Nanoindentation Characterization. Nanoindenta-
tion experiments were performed to determine the mechanical
properties of physically gelled RTILs, in particular the storage
modulus (E′) which represents the stiffness of the material.
Three physical gels prepared with [C6mim][Tf2N] and
different loadings of LMOG were tested for nanoindentation
characterization (Table 1). In general, as the aspartame-based
LMOG loading increases, the storage modulus increases but
not in a linear fashion. For LMOG concentrations of 20 and 40
mg/mL, the observed E′ values were low (1.5 and 2.5 MPa,
respectively). As the gelator loading doubles from 40 to 80 mg/
mL, the storage modulus was found to increase by 1 order of
magnitude, indicating that the corresponding physical gel
exhibits a very high stiffness. These results highlight the effect
of high amount of LMOG: the stronger gelator fiber network

Figure 2. Sol−gel transition temperature (Tgel) vs aspartame-based
LMOG loading for physical gels based on [C6mim][Tf2N] and
[C2mim][Tf2N].
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increases the stiffness of the material and provides good
mechanical stability.31

3.2.2. Properties of Melt-Infused, Gelled RTIL Membranes.
3.2.2.1. CO2 Permeability of Melt-Infused, Gelled [C6mim]-
[Tf2N] and [C2mim][Tf2N] Membranes. The CO2 permeability
of the melt-infused gelled RTIL membranes was measured by
the time-lag method (Figure 3). Reported permeability values

were corrected for the porosity of the Nylon support (65%) in
order to calculate the real permeability of the gel materials.
Several membranes were prepared with different LMOG
loadings, for both [C6mim][Tf2N] and [C2mim][Tf2N]. For
both RTILs, the CO2 permeability decreases as the LMOG
loading increases. This observed inverse trend is likely due to
two complementary mechanisms. The first mechanism is that
the diffusion of gases is much lower in solids than in liquids,
and higher LMOG loadings increase the solid/liquid ratio of
the gel. A second mechanism is that high loadings of LMOG
produce stiffer gels with more densely packed gelator fiber
networks that can in turn slow down the diffusion of CO2
within the composite matrix.
Different behaviors were observed for [C6mim][Tf2N] and

[C2mim][Tf2N]. The CO2 permeability of [C2mim][Tf2N]
was intrinsically higher than in [C6mim][Tf2N]; this result was
confirmed for every LMOG loading tested. The decrease in
CO2 permeability when the gelator loading increases was more
pronounced for [C6mim][Tf2N]. When the gelator fiber
network is dense, smaller molecules such as [C2mim][Tf2N]

are more mobile and allow higher diffusivity for gases than
larger molecules like [C6mim][Tf2N].
N2 permeability values were measured by the same method

for every sample (results not shown). Identical trends were
observed, and the ideal CO2/N2 selectivities were on the order
of 20, consistent with literature data.9,33

These gas permeability studies were performed at room
temperature. However, thermal stability is an important
requirement for industrial separation of CO2 from hot flue
gas, and the sol/gel state and mechanical stability of these gel
materials depends strongly on the temperature. For this reason,
CO2 permeabilities were also measured for melt-infused
[C6mim][Tf2N]/LMOG membranes with an LMOG loading
of 40 mg/mL, at different temperatures ranging from 20 to 80
°C (Figure 4). The results show that CO2 permeabilities for

this system are relatively constant for this range of temper-
atures. RTIL gels made with higher LMOG loadings show
greater Tgel (Figure 2) and are consequently more thermally
stable.

3.2.2.2. Burst Pressure of Melt-Infused, Gelled [C6mim]-
[Tf2N] and [C2mim][Tf2N] Membranes. The burst pressure
corresponds to the maximum transmembrane pressure that a
membrane (selective layer and support) can withstand before a
defect forms in the membrane. The burst pressures at room
temperature for the two different gelled RTIL-based melt-
infused membranes with different aspartame-based LMOG
loadings are presented in Figure 5. The general trend is that
burst pressure increases as LMOG loading increases. These
results are in agreement with the prior nanoindentation
characterization data that indicated that high LMOG loadings
lead to stiffer gelled RTIL materials and consequently better
mechanical stability. This effect is more pronounced for
[C6mim][Tf2N] because the larger imidazolium cations (i.e.,
with a long tail) are better retained in the gelator fiber network.
Increasing the LMOG concentration from 20 to 100 mg/mL in
the [C6mim][Tf2N] gel system enhances the burst pressure

Table 1. Storage Modulus (E′) Measured by
Nanoindentation Experiments for Physically Gelled
[C6mim][Tf2N] at Different Aspartame-Based LMOG
Loadings

aspartame-based LMOG loading (mg/mL) storage modulus E′ (MPa)

20 1.5
40 2.5
80 28.3

Figure 3. CO2 permeability measured at room temperature by the
time-lag method vs LMOG loading for physical gels melt-infused
membranes based on [C6mim][Tf2N] and [C2mim][Tf2N].

Figure 4. CO2 permeability measured by the time-lag method vs
temperature for physical gels melt-infused membranes based on
[C6mim][Tf2N] with an aspartame-based LMOG loading of 40 mg/
mL (∼3 wt %).
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approximately 2-fold (i.e., from 2.7 to 6 bar). The physical gels
based on [C2mim][Tf2N] have a relatively constant burst
pressure (∼3.3 bar), which is suitable for CO2 capture from
postcombustion flue gases where the transmembrane pressure
drop is approximately 1 bar. The burst pressure of melt-infused
membranes made from [C6mim][Tf2N] with an LMOG
loading of 40 mg/mL is stable over a range of temperatures
(i.e., from 20 to 80 °C), which confirms good stability in the
event of operating temperature fluctuations (Figure 6). Physical
gels prepared with LMOG loadings higher than 40 mg/mL
exhibit greater storage modulus values (Table 1), burst
pressures (Figure 5), and Tgel values (Figure 2), so their

mechanical properties are more stable over the range of
temperatures tested.
When comparing the gas permeability and burst pressure

values vs the LMOG loading, a trade-off can be clearly observed
between high gas separation performance (i.e., CO2 perme-
ability) and membrane mechanical stability (i.e., burst
pressure). An increase in LMOG loading induces an improve-
ment in burst pressure but a decrease in CO2 permeability. An
optimum LMOG loading will need to be defined such that the
properties of the corresponding material will meet the
requirements for both CO2/N2 separation performance and
mechanical properties.

3.3. Fabrication of Composite Membranes Based on
Physically Gelled RTIL. 3.3.1. Choice of the Support. In
order to reduce the thickness of the physically gelled RTIL
membranes (and hence to increase CO2 permeance),
composite membranes were fabricated to replace the thick
melt-infused membranes. The objective was to coat, on top of a
support, a thin layer of gelled RTIL that would not penetrate
into the pores of the support. First, a suitable support had to be
found that is not wetted by the liquid mixture of RTIL and
LMOG when heated above its Tgel (i.e., RTIL-phobic). The
appropriate support also had to meet additional criteria: the
support has to be compatible with the RTILs and the LMOG
and withstand high temperatures. Eight different microporous
polymer supports were tested (Table 2). Among these

supports, all were compatible with the RTIL/LMOG systems
except the cellulose acetate support, which softened and
dissolved when contacted with the RTILs. Just the two
hydrophobic PTFE supports were found to be RTIL-phobic
(nonwetted by the RTILs), but only the PTFE support from
Advantec MFS could withstand very high temperatures (up to
260 °C). This PTFE support was used for all subsequent
composite membrane experiments.

3.3.2. Processing Method. A solvent-free, roller-coating
method was used to fabricate composite membranes composed
of a thin, defect-free, dense layer of physically gelled RTIL on
top of the microporous PTFE support. The fabrication steps
are described in section 2.5.2. The roller-coating technique was
selected from many other different film application methods,
such as spin-coating, solvent-casting, and spray-coating. The
latter three methods were examined but were not found to be
suitable. Different reasons make the coating of physically gelled
RTILs systems difficult. First, the liquid mixtures of RTIL/

Figure 5. Burst pressure measured at room temperature vs LMOG
loading for physical gels melt-infused membranes based on [C6mim]-
[Tf2N] and [C2mim][Tf2N].

Figure 6. Burst pressure vs temperature for physical gels melt-infused
membranes based on [C6mim][Tf2N] with an aspartame-based
LMOG loading of 40 mg/mL (∼3 wt %).

Table 2. Microporous Supports Tested for Composite
Membranes Fabrication

support type supplier ref
maximum temperature

(°C)

nylon Advantec
MFS

N022A047A 180

PVDF
hydrophilic

Millipore GVWP04700 85

PES Pall 66234 100
PTFE
hydrophilic

Millipore JGWP04700 130

PTFE
hydrophobic

Millipore FGLP04700 130

PTFE
hydrophobic

Advantec
MFS

T020A047A 260

cellulose acetate Advantec
MFS

C020A047A 180

glass fiber Millipore APFB04700 500
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LMOG (i.e., above Tgel) exhibit high viscosities that are not
compatible with spray-coating and lead to very thick layers by
spin-coating. Second, the RTIL/LMOG systems must be
heated above the Tgel in order to be in the solution phase.
This would require coating processes, such as spin-coating or
spray-coating, to be built in or performed at elevated
temperatures in an oven, making them difficult to manage.
Finally, we were not able to prove that dilution of RTIL/
LMOG mixtures in a solvent actually maintained the integrity
of their gel properties after film application and solvent
evaporation. Some initial tests showed that physical gels casted
from dilute solution in tetrahydrofuran (THF) resulted in
softer materials compared to nondilute systems, but the
gelation mechanism of solvent evaporation is not yet
understood. Thus, only the roller-coating technique did not
have these difficulties: it did not require an additive, and it was
compatible with viscous solutions. However, it was established
that the temperatures of the solvent-free RTIL/LMOG
mixtures and the roller pad were key parameters in this coating
process. Roller-coating of the gelled RTILs onto the PTFE
support to form composite membranes was performed as
follows: the RTIL gel materials were first heated above their
Tgel and melted on a glass plate. If the roller pad, where the
PTFE support was fixed (Figure 7a), was also heated above Tgel,

the liquid mixture of RTIL/LMOG formed clusters at the
surface of the support. In order to obtain a thin, homogeneous
layer, the roller pad and the support had to be at room
temperature, so the gelation process is instantaneous when the
support is rolled across the solution. The resulting coating
obtained was a shiny, defect-free (no visible pinholes), dense
layer on top of the support (Figure 7b). Several composite
membranes were fabricated with both RTILs at different
loadings of LMOG (Table 3).
3.3.3. SEM Characterization. SEM imaging was used to

determine the thickness and the quality (e.g., no pinholes, no
cracks, homogeneity, etc.) of the physical gel coatings. Figure
8a shows a cross section of a microporous PTFE support
coated with a layer of gelled [C2mim][Tf2N] containing 80
mg/mL of aspartame-based LMOG. The imaged SEM samples
were prepared using a modified liquid nitrogen freeze fracture
method. The PTFE support resisted a clean break so instead
the membrane was slightly cut and then torn into liquid N2.
This technique created irregularities in the cross section of the
gel layers; however, the thickness could still be evaluated with
the SEM measuring tool. Representative SEM images of a
microporous PTFE support coated with a layer of gelled
[C2mim][Tf2N] containing 80 mg/mL of aspartame-based
LMOG, shows a cross-sectional view with an average gel

thickness of 17.2 μm (Figure 8a). A top surface view with no
visible pinholes or cracks other than the pliers print (top right
corner) can be observed in Figure 8b.

3.3.4. Membrane Performance. 3.3.4.1. Gel Layer Thick-
ness Determination. CO2 and N2 permeabilities were
measured for the melt-infused membranes (section 3.2.2.1),
so gas permeabilities of bulk physically gelled RTILs are known.
The thickness of the composite gel layer can be calculated from
the ratio of the bulk permeability of the gel vs the permeance of
the composite membrane (assuming the mass transfer
resistance of the microporous support can be neglected).
Table 3 presents data for different composite membranes with
the calculated thicknesses and the actual thicknesses as
determined by SEM imaging. For both the [C6mim][Tf2N]
and [C2mim][Tf2N] gels, at LMOG loading of 80 mg/mL, the
calculated and SEM-measured coating thicknesses were in
agreement with a difference of about 20%. This deviation is
acceptable, given that the thicknesses evaluated by SEM
imaging were representative of only a small area of the
membrane, and the SEM microscope measuring tool is not
analytically precise. However, for lower LMOG loadings (20
and 40 mg/mL), the SEM-measured thicknesses were well
below the values calculated from the gas permeabilities of the
bulk materials. This could be explained by a partial penetration
of the gel coating in the PTFE microporous support. For each
sample, gas permeabilities were measured and then the pressure
was sharply increased to determine the burst pressure. It was
only after these high pressure experiments that the samples
were fractured and observed by SEM. When the LMOG
loadings were low, the physical gels were soft and not
mechanically stable enough to withstand the pressure applied
to measure the burst pressure. Consequently, even though the
PTFE support is RTIL-phobic, partial support pore penetration
by the physical gels can still occur. To confirm this hypothesis,
EDS elemental mapping was performed on the cross sections of
the composite membranes. Given the chemical composition of
the PTFE support and the RTILs, element S was chosen to be
mapped (only present in the RTILs). The EDS images show
that element S is detected over a larger thickness than the
visible gel layer (result not shown). From this data, it appears
that RTIL gel penetration occurred and could be coating the

Figure 7. (a) Custom-built stainless-steel roller pad with uncoated
microporous PTFE support (thickness ∼80 μm). (b) Picture of coated
PTFE support with defect-free dense layer of physically gelled RTILs.

Table 3. CO2/N2 Selectivity and Burst Pressure of
Composite Membranes Fabricated with [C6mim][Tf2N] and
[C2mim][Tf2N] Gels at Different Aspartame-Based LMOG
Loadingsa

RTIL

LMOG
loading
(mg/mL)

thickness
predicted
(μm)

thickness
measured by
SEM (μm)

CO2/N2
selectivity

burst
pressure
(bar)

[C6mim]
[Tf2N]

80 15.9 13.1 22 2.6

[C6mim]
[Tf2N]

40 10.3 3.0 18 2.4

[C6mim]
[Tf2N]

20 13.2 2.6 21 1.5

[C2mim]
[Tf2N]

80 20.7 16.6 20 2.3

[C2mim]
[Tf2N]

40 10.7 1.9 27 2.1

[C2mim]
[Tf2N]

20 17.5 1.9 25 1.9

aThicknesses are predicted from the permeances measured in
composite membranes and the permeabilities of bulk materials. Actual
thicknesses are determined by SEM imaging.
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support pore walls, while a defect-free layer still exists on top of
the support because the CO2/N2 selectivities measured were
high (Table 3) and matched literature data.
The thicknesses of the gel coatings ranged from 10.3 to 20.7

μm (calculated values, Table 3), while the thicknesses of the
melt-infused membranes were approximately 130 μm. This
difference means that composite membranes afford nearly an
order of magnitude decrease in the thickness of the active
separation layer.
3.3.4.2. Gas Separation Performance of Gelled RTIL

Membranes. Figure 9 shows the CO2/N2 separation perform-

ances of physically gelled RTIL membranes on a Robeson
plot34 where the ideal CO2/N2 selectivity is represented vs the
CO2 permeability. For each of the RTILs tested, three points
were plotted that each corresponds to different LMOG
loadings (20, 40, and 80 mg/mL). Previously, it was
demonstrated that CO2 permeability decreases as the LMOG
loading increases. This trend was well-defined for [C6mim]-
[Tf2N] but not for [C2mim][Tf2N], as the corresponding gels
presented very similar properties despite the variation of
LMOG loading. The Robeson plot exhibits a number of

interesting features of gel membranes. The physical gels tested
have properties close to the upper bound that defines the
empirical trade-off between gas selectivity and permeability of
polymers.34 The CO2/N2 selectivities of the physically gelled
RTILs are above 20, which is enough to achieve cost-effective
CO2/N2 separation from an industrial point of view.23 The
CO2 permeabilities of physical gels based on [C2mim][Tf2N]
are high (approximately 900 barrer) and analogous to the neat
liquid RTIL. As can be seen in Table 3, RTIL-based physical
gels can be fabricated into defect-free composite membranes.
Moreover, the burst pressures of these composite membranes
were consistently above 2 bar for LMOG loadings higher than
40 mg/mL, which is suitable for CO2 capture from
postcombustion flue gas where the transmembrane pressure
is about 1 bar.

4. CONCLUSIONS AND FUTURE WORK

Physically gelled RTILs made with an aspartame-based LMOG
were investigated for membrane-based CO2/N2 separation
processes. These soft solid materials, composed of more than
90% liquid, can be used to fabricate composite membranes that
exhibit good CO2/N2 selectivity, high CO2 permeability, and
good mechanical stability.
Compared to previous work on gelled RTIL membranes,28 a

different gelator was used. This aspartame-based LMOG has
numerous advantages: it is able to gel a larger range of RTILs, it
has better solubility in RTILs which eliminates the need for
additives/cosolvents, and the gels obtained have a character-
istically high Tgel that affords greater flexibility in operating
temperature and better thermal stability. Tests on the bulk
physically gelled RTIL materials and membranes demonstrated
a trade-off between high gas permeabilities and good
mechanical properties (e.g., storage modulus and burst
pressure) as a function of the LMOG loading. Indeed, an
increase in LMOG loading induced stiffer gels that slow down
the diffusion of gas molecules but provide a stronger gelator
fiber network to immobilize the RTIL matrix. This trade-off
was observed to be more pronounced for [C6mim][Tf2N]
compared to [C2mim][Tf2N], probably because the longer
carbon chains attached to the imidazolium cation cause less
mobility for the RTIL molecules and stronger interactions with
the LMOG molecules.
The fabrication of composite membranes from physically

gelled RTILs was achieved for the first time. Melt-infused,
defect-free membranes are more easily made from these
materials, but they are too thick (∼130 μm) to be viable for

Figure 8. (a) Cross-section SEM imaging of PTFE microporous support coated with a layer of physically gelled [C2mim][Tf2N] containing a
LMOG loading of 80 mg/mL. (b) Top surface SEM imaging of PTFE microporous support coated with a layer of physically gelled [C2mim][Tf2N]
containing a LMOG loading of 80 mg/mL.

Figure 9. CO2/N2 ideal selectivity vs CO2 permeability (Robeson
plot) for physically gelled RTILs ([C6mim][Tf2N] and [C2mim]-
[Tf2N]) and aspartame-based LMOG. The different data points
correspond to different LMOG loadings (20, 40, and 80 mg/mL).
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industrial application. In this work, we employed a new roller-
coating technique, a hydrophobic PTFE support, and defined
appropriate casting conditions to successfully fabricate defect-
free, thinner composite membranes. The high CO2/N2
selectivities measured for these composite membranes (above
20) corroborated the absence of defects in the gel top coating.
The thicknesses of the gel layers ranged from 10.3 to 20.7 μm
which is an order of magnitude decrease in thickness as
compared to melt-infused membranes. These physically gelled
RTIL composite membranes exhibited burst pressures in the
range of 2−3 bar, which is above the transmembrane pressure
applied in CO2 capture from flue gases (approximately 1 bar).
This study also showed that we can predict an adequate

LMOG loading for these particular systems ([C6mim][Tf2N]
and [C2mim][Tf2N]/aspartame-based LMOG). From the Tgel
measurements, an LMOG loading of at least 10 mg/mL is
required, since the Tgel will be higher than 60 °C (the usual
operating temperature for CO2/N2 separation processes). For
composite membranes, it has been shown that LMOG loading
of at least 80 mg/mL is necessary to avoid partial penetration of
the gel materials in the pores of the support. This LMOG
loading of 80 mg/mL in [C2mim][Tf2N] (which demonstrated
higher gas separation performances than [C6mim][Tf2N])
provides high CO2 permeability, high CO2/N2 selectivity, good
mechanical properties, and the resulting gels can be coated into
composite membranes.
To improve the composite gelled RTIL membranes

fabricated, the thickness of the gel layer has to be decreased
down to the 1 μm range in order to be competitive with other
CO2 capture processes. Indeed, the permeances of the
composite membranes tested are in the range of 50 GPU,
which is far from industrial targets. However the physically
gelled RTILs are competitive in terms of permeability,
selectivity, and thermal and mechanical stability and may be
commercially viable if the thickness of the active layer is thinner
than 1 μm. This might be achieved by using another coating
technique. Also, the mechanical stability of composite
membranes has to be improved for other applications such as
CO2/CH4 separation where the transmembrane pressure is on
the order of tens of bar. To reinforce the mechanical properties
of composite membranes, a better cross-linkable LMOG might
be used or it might be possible to partially impregnate a thin gel
layer in a microporous support. Our group is currently working
on both directions.
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■ LIST OF SYMBOLS
A = membrane area [cm2]

E′ = storage modulus [MPa]
Ji = volume flux [cm3·cm−2·s−1]
l = thickness [cm]
pp = permeate pressure [cmHg]
Pi = permeability of gas i [cm3·cm·cm−2·s−1·cmHg−1]
R = ideal gas law constant [cmHg·cm3·mol−1·K−1]
t = time [s]
T = temperature [K]
Vp = permeate volume [cm3]
Vm = gas molar volume [cm3·mol−1]
α = ideal selectivity [−]
Δp = average transmembrane pressure drop [cmHg]
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