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a b s t r a c t

Room temperature ionic liquids (RTILs) are organic salts which are liquid at or around room temper-
ature. These compounds exhibit many outstanding physical properties such as great thermal stability
and no measurable vapor pressure. In this work supported ionic liquid membranes (SILMs) were pre-
pared by impregnating pores of �-alumina inorganic supports with various ionic liquids. In addition
eywords:
oom temperature ionic liquids
arbon dioxide separation

norganic membranes

to membranes prepared with pure RTILs we were able to synthesize membranes with RTIL mixtures
using 1-aminopyridinium iodide dissolved in 1-butyl-4-methylpyridinium tetrafluoroborate or methyl-
trioctylammonium bis(trifluoromethylsulfonyl)imide. This combination of an RTIL with an organic salt
containing an amine group dramatically improved the membrane separation properties. The SILMs dis-
played CO2 permeance on the order of 5 × 10−10 to 5 × 10−9 mol m−2 s−1 Pa−1 combined with CO2/CH4

selectivity of 5–30. Although these values are comparable with the current systems for CO2 purification,
her lo
CO2 permeance is still rat

. Introduction

Separation of CO2 from natural gas streams is an area where
embranes are expected to play a more significant role in the com-

ng years. Much of the natural gas produced worldwide requires
ignificant treatment [1] because in some natural gas wells up to
0% of the total gas volume can be comprised of CO2 [2]. Since CO2
ontributes to pipeline corrosion and decreases the calorific value
f natural gas [3] its separation is of critical economical importance.
he current US pipeline specifications require CO2 content to be
elow 2% by volume [1]. Conventional CO2 separation techniques

nclude pressure swing adsorption using solid adsorbents (carbon)
r absorption and stripping using liquids (aqueous amines) [4].
embrane separation is an emerging technology and has numer-

us advantages over adsorption and absorption methods, including
ow energy consumption, ease of operation, and low environmental
mpact [5].

Supported ionic liquid membranes (SILMs) are a new type of

embrane system composed of room temperature ionic liquids

RTILs) impregnated onto polymeric or inorganic supports. RTILs
re organic salts that are liquid at room temperature, thermally
table, and non-flammable and nonvolatile [6] and these prop-
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erties make them ideal candidates as the separation medium for
supported liquid membranes. In contrast aqueous-based solvents
experience stability issues under vacuum or pressurized conditions
[7] and can dry out, which disrupts membrane performance.

Gas transport in supported liquid membranes can be described
using the solution-diffusion mechanism. Gas molecules on the feed
side are absorbed into the liquid phase, diffuse across the mem-
brane, and desorb at the permeate side [8]. Membrane systems have
also been developed where CO2 participates in a reversible chemi-
cal reaction with a carrier component inside the membrane [9]. In
this case separation is governed by facilitated transport of CO2 as
it diffuses through the membrane as a reacted species. Facilitated
membranes that utilize amine functional groups experience higher
CO2/CH4 selectivity compared with non-reactive membranes.

In this work SILMs were prepared by depositing ionic liquids on
porous �-alumina. These inorganic supports are attractive because
they are stable at high temperatures and resistant to plasticiza-
tion and chemical attack [10–12]. Different types of ionic liquids
were assessed and membranes were tested under a variety of con-
ditions. Membrane separation performance was evaluated based
on gas permeance and selectivity.

2. Materials and methods
2.1. Materials

The ionic liquids: 1-butyl-1-methylpyrrolidinium bis(trifluoro-
methylsulfonyl)imide, 1-hexyl-3-methylimidazolium bis(trifluo-

dx.doi.org/10.1016/j.cej.2010.10.060
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Table 1
Inorganic support properties.

Supplier Type OD (mm) ID (mm) Active layer
thickness (�m)

Active layer
porosity (%)

Nominal pore
size (nm)
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PALL Corporation Tubular 10 7
PALL Corporation Tubular 10 7
NOK Corporation Fiber 2.9 2.2

omethylsulfonyl)imide, and methyltrioctylammonium bis(trifluo-
omethylsulfonyl)imide were purchased from EMD Chemicals,
-butyl-4-methylpyridinium tetrafluoroborate from Alfa Aesar,
nd 1-aminopyridinium iodide from Sigma–Aldrich. Trihexylte-
radecylphosphonium dicyanamide was kindly provided by Cytec
ndustries Inc.

.2. Porous support preparation

Two types of inorganic porous supports were used in the current
tudy: tubular �-alumina obtained from the PALL Corporation, and
ollow fiber (HF) �-alumina obtained from the NOK Corporation.
orous alumina was cut into 3–5 cm pieces and connected to non-
orous alumina tubes with glass glaze (Duncan IN 1001) by heating
o 880 ◦C at the rate of 3.6 ◦C min−1 and soaking at 880 ◦C for 40 min.
n the case of the hollow fibers the fibers were held in place with
poxy glue, which burned off in the course of the calcinations step.
he details for the ceramic support structures are given in Table 1.
he tubular support with the nominal pore size of 5 nm was pre-
oated with a �-alumina layer by the manufacturer. The HF support
nd the 100 nm tubular support had �-alumina as the active layer.

.3. Supported ionic liquid membrane preparation

Supported ionic liquid membranes were prepared by dissolving
he ionic liquids in ethanol (200 Proof, USP grade) at low concen-

rations (3–4 wt%) and depositing the solution onto outside of the
norganic supports using a pipette. Ethanol was employed because
t easily dissolved all the RTILs used in this study, and was useful
n the handling of the ionic liquids (allowing the use of solutions
ather than pure compounds). Ethanol was then allowed to evap-

Fig. 1. Tubular and hollow fiber me
2–6 <30 5
4–12 40–50 100
40 52 [27] 150 [27]

orate leaving the nonvolatile ionic liquid inside the support pores.
Several layers of ionic liquid and ethanol solutions were applied
until there was an abrupt drop in membrane permeance as mea-
sured by a soap film flowmeter (Hewlett Packard 0101-0113). The
amount of the ionic liquid deposited was estimated by weighing
the membrane before and after SILM deposition. The thickness of
the RTIL layer was approximated to be between 200 and 300 �m
although the exact thickness was unknown. The membrane support
was then deemed saturated with ionic liquid and single gas perme-
ances were measured. All permeance measurements were repeated
at least three times. Total membrane area was used to calculate
the permeance values. For low permeating gases and gas mixtures
the permeances were determined by using a sweep gas (helium)
at a known flowrate and measuring the composition of the per-
meate stream with a gas chromatograph (SRI 8610C). Hollow fiber
ceramic porous supports were visually examined using a field emis-
sion scanning electron microscope (Leo 1550) before and after the
application of intermediate gamma-alumina layer. Samples were
prepared by breaking the membrane tubes after immersing them
in liquid nitrogen for 5–10 min and sputter-coating with Au–Pd.

3. Results and discussion

The ionic liquid membranes prepared in this study employed
as supports porous tubes and hollow fibers made of �-alumina.
Table 1 reports the properties of the supports. The tubular geometry

of the membranes is shown in Fig. 1. The central portions (white)
are the sections of the tubular membrane or hollow fiber that are
attached to the non-porous solid alumina end pieces. This method
allows easier preparation of samples and avoids problems of non-
uniformity and non-isothermality in the end-regions.

mbranes in quartz housings.
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Table 2
Properties of different RTIL membranes.

Ionic Liquid Chemical structures Permeance (mol s−1 m−2 Pa−1) Selectivity CO2/CH4

(1) 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (bmpy) (Tf2N)

1.3 × 10−9 6.1

(2) 1-Butyl-3-methylimidazolium tetrafluoroborate (bmim) (BF4) 1.8 × 10−9 17

(3) 1-Butyl-4-methylpyridinium tetrafluoroborate * (bmpy) (BF4) 9.9 × 10−10 3.7

(4) 1-Butyl-4-methylpyridinium tetrafluoroborate
and1-aminopyridinium iodide * (bmpy) (BF4) + (apir) (I)

2.0 × 10−9 52

(5) 1-Hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide * (hmim) (Tf2N)

2.3 × 10−8 9.0

(6) Methyltrioctylammonium bis(trifluoromethylsulfonyl)imide
(mtoa) (Tf2N)

1.0 × 10−9 3.5

(7) Methyltrioctylammonium bis(trifluoromethylsulfonyl)imide
and 1-aminopyridinium iodide (mtoa) (Tf2N) + (apir) (I)

1.3 × 10−8 2.2

(8) Trihexyltetradecylphosphonium dicyanamide 3.1 × 10−8 1.2
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embranes marked with a star were tested with a sweep gas using GC, the rest we

Table 2 presents a summary of the supported ionic liquid mem-
ranes studied in this work, and the permeance and selectivity
btained. It is apparent that most SILMs have CO2 permeance in
he range of 5 × 10−10 to 2 × 10−9 mol m−2 s−1 Pa−1 and CO2/CH4
electivity of 5–25. For SILM preparation tubular supports were
eemed more effective than the HF supports based on their sep-
ration properties. This can be explained by the fact that the active
ayer of the HF is several times thicker than the active layer of the
ubular support (Table 1).

Fig. 2 gives an overview of membranes prepared in this
tudy from different ionic liquids including the mixtures of
onic liquids. The best membranes are composed of (bmpy)

BF4) + (apyr) (I), with a selectivity of 27–30 at a permeance of
× 10−8 mol m−2 s−1 Pa−1. It can be seen that for membranes
repared with the same anion (Tf2N) different cations gave approx-

mately the same permeance but different selectivity in the order
hmim) > (bmpy) > (mtoa). It appears that quaternary ammonium
ted using a bubble flow meter.

ions in a ring structure give higher performance than tetrahedrally
coordinated ions, possibly because they can sterically interact more
easily with CO2.

A summary of the properties of different ionic liquid membranes
is presented in Table 2 together with the corresponding ionic liq-
uid structures. The CO2 permeance values for these membranes
were in the order of 10−10 to 10−8 mol m−2 s−1 Pa−1 and CO2/CH4
selectivity ranged between 1.2 and 50. When compared to poly-
meric membranes, the CO2 permeance in SILMs is generally higher
than the majority of the polymeric membrane systems (10−12 to
10−8 mol m−2 s−1 Pa−1). The CO2/CH4 selectivity is comparable to
the selectivity exhibited by the polymeric systems (10–80). The

RTIL membranes generally do not exceed the permeance/selectivity
trade-off illustrated by the Robeson curve [13].

Supported ionic liquid membranes are most effective at
lower pressures. Fig. 3a shows a typical result with 1-hexyl-3-
methylimidazolium bis(trifluorosulfonyl)imide showing that the
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Fig. 2. CO2/CH4 ideal selectivity plotted against CO2 permeance for
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ethylimidazolium bis(trifluoromethylsulfonyl)imide, (bmpy) (Tf2N)—1-butyl-4-
ethylpyridinium bis(trifluoromethylsulfonyl)imide, (bmim) (BF4)—1-butyl-3-
ethylimidazolium tetrafluoroborate, (mtoa) (TF2N)—methyltrioctylammonium

is(trifluoromethylsulfonyl)imide, (apir) (I)—1-aminopyridinium iodide.

O2/CH4 selectivity decreased dramatically with increasing total
eed pressure for a 50/50 gas mixture. Membranes were tested
oing up and down in pressure repeatedly to verify that the ionic
iquid layer remained intact. Although gas permeance increased
ather dramatically at high pressures the integrity of the ionic liq-
id layer was not compromised which was verified by repeated
easurements. Other membranes showed the same behavior. This

rend can be understood by examining the dependence of solubility
f CO2 and CH4 in the ionic liquids with increasing pressure. The sol-
bility of CO2/CH4 gas mixtures in 1-hexyl-3-methylimidazolium
is(trifluoromethylsulfonyl)imide has been investigated [14]. It
as found that although the solubility of pure CO2 is much higher

han that of pure CH4, the behavior changed for binary mixtures.
n the case of 10/90 and 50/50 CH4/CO2 mixtures, the presence of
O2 actually increased the solubility of CH4 in the ionic liquid. Since
he separation mechanism at work for supported ionic liquid mem-
ranes is solution-diffusion, the separation becomes ineffective at
elatively mild pressures.

Fig. 3b shows the selectivity for CH4/CO2 separation in
-hexyl-3-methylimidazolium bis(trifluorosulfonyl)imide for dif-
erent inlet compositions. There is no change in the selectivity
ompared to the pure component selectivity, indicating that there

re few interactions between the permeating components, and this
ould be due to their low solubility.

Increasing temperature increases the rate of diffusion so that
ermeance increases, but selectivity decreases. Fig. 4 shows this
ehavior for CO2 and CH4 using a 1-butyl-3-methylimidazolium
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ig. 3. CO2/CH4 selectivity versus feed pressure for a 50/50 mixture. 1-Hexyl-3-methylim
= 50 ◦C.
Temperature / C

Fig. 4. Permeances of CO2 and CH4 for 1-butyl-3-methylimidazolium tetrafluorob-
orate with 100 nm alumina support (69 kPa trans-membrane pressure).

tetrafluoroborate membrane. It is also evident from the graph
that the permeance of CH4 increases more significantly over this
temperature range, which results in lower selectivity at elevated
temperatures. The permeance dependence on temperature follows
the Arrhenius equation and the activation energy for CO2 perme-
ance in this case was 7.5 kJ/mol compared to 20 kJ/mol for CH4.
This can be explained by examining the CO2 and CH4 solubility
coefficients at different temperatures. Solubilities of CO2 and CH4
in 1-butyl-3-methylimidazolium tetrafluoroborate as functions of
temperature between 283 K and 343 K have been determined [15].
It was found that CO2 solubility in the ionic liquid is much higher
than that of other gases, and that CO2 solubility decreases dramat-
ically with increasing temperature compared to CH4. This explains
why membranes that use 1-butyl-3-methylimidazolium tetraflu-
oroborate as the separation medium are not be as effective at
higher temperatures. In another study by the same research group a
similar trend in CO2 and CH4 solubilities was observed for 1-butyl-
3-methylimidazolium hexafluorophosphate [16]. Gas solubilities
in both of these studies were evaluated in limited temperature
ranges so it is difficult to generalize the results to higher tempera-
tures, however similar tendencies are expected.

There have been efforts to synthesize RTILs with an amine group
incorporated in the molecular structure but the costs associated
with the synthesis are prohibitive [21]. The 1-aminopyridinium

cation contains an NH2 group which favors CO2 permeation as
described in the literature. To the best of our knowledge, there
has not been any previous work performed using this particular
compound for CO2 removal. While 1-aminopyridinium iodide was
stable in the temperature range of this study, it has been reported
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idazolium bis(trifluorosulfonyl)imide supported on 100 nm Pall �-alumina support,
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Table 3
Supported ionic liquid membranes for CO2/CH4 separation.

Membrane type CO2 permeance (barrer) CO2 permeance (mol m−2 s−1 Pa−1) ˛(CO2/CH4)) Ref.

Imidazolium-based task-specific ionic liquids on porous hydrophilic
polytetrafluoroethylene support

800 7.7 × 10−9 55 [21]

Imidazolium-based ionic liquids in polysulfone support 330–740 7.3 × 10−10 to 1.6 × 10−9 4.7–6.0 [28]
Imidazolium-based ionic liquids in polyethersulfone microfiltration

support
360–980 8.0 × 10−10 to 2.2 × 10−9 6.6–10 [6]

Phosphonium-based ionic liquids supported on glass fiber disk filters 544–1700 2.8 × 10−10 to 8.8 × 10−10 12–13 [27]
Supported ionic liquid membranes on poly vinylidene fluorolide support 94–750 2.1 × 10−10 to 1.7 × 10−9 5.7–23 [18]
Imidazolium-based supported ionic liquid membranes on PES porous disk

support
310–740 7.9 × 10−10 to 1.9 × 10−9 10–27 [29]

Imidazolium-based fluoroalkyl-functionalized supported
room-temperature ionic liquid membranes on porous polyethersulfone

210–320 4.9 × 10−10 to 7.4 × 10−10 13–19 [22]
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support
Supported ionic liquid membranes prepared on polyvinylidene fluorolide

support
Imidazolium-based SILMs on porous hydrophilic polyethersulfone 6

hat several aminopyridinium compounds are thermally stable to at
east 550 K [17]. The option of dissolving one ionic liquid with a par-
icular functionality in a bulk ionic liquid with well defined physical
roperties offers another avenue for obtaining membranes suitable
or certain separations. This strategy is shown to be successful, with
ncreased performance in both permeance and selectivity as seen
n Table 2 by comparing entry (3) with entry (4) and entry (6) with
ntry (7). Thus for the 1-butyl-4-methylpyridinium tetrafluorobo-
ate RTIL adding 1-aminopyridiunium iodide increases permeance
rom 9.9 × 10−10 to 2.0 × 10−9 mol m−2 s−1 Pa−1, while simulta-
eously increasing selectivity from 3.7 to 52. Similarly, for the
ethyltrioctylammonium bis(trifluoromethylsulfonyl)imide RTIL,

dding the amino compound increases permeance tenfold from
.0 × 10−9 to 1.3 × 10−8 mol m−2 s−1 Pa−1 while the selectivity falls
nly slightly from 3.5 to 2.2. The 1-aminopyridinium iodide has an
bvious effect on CO2 permeance and selectivity due to a molec-
lar interaction with the amino moiety. The effect could not be
xplained by a reversible chemical interaction between the amino
roup and CO2 molecules because the experiments were repeated
t different partial pressures with no dramatic effect on CO2 selec-
ivity. Therefore, it is likely that the amino group increases the CO2
olubility in the bulk ionic liquid. The aminopyridinium salt was
dded in two different concentrations (7 and 15 wt% in RTIL) with
o significant difference in gas separation properties noticed.
The RTIL membranes synthesized in our laboratory were com-
ared with other SILMs reported in the literature (Table 3 and
ig. 5)[18,19]. The supported ionic liquid membranes (SILMs)
urveyed in this article (Table 3) displayed permeance compa-
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ig. 5. Comparison of performance of supported liquid membranes employing room
emperature ionic liquids.
5.0 × 10−11 30 [30]

50 1.3 × 10−9 to 2.3 × 10−9 11–20 [8]

rable to those of the polymeric membranes, generally below
2 × 10−9 mol m−2 s−1 Pa−1 (1000 Barrer). The results that were
reported in Barrers were converted into SI units (mol m−2 s−1 Pa−1)
and vice versa for the purpose of comparison. The CO2/CH4 selec-
tivity of SILMs reported in the literature was in the range of 5–30
[8]. It is apparent that the best results were obtained using RTILs
based on the imidazolium cation. It has been shown in the literature
that the relative solubility of CO2 in imidazolium containing ionic
liquids is much higher than that of CH4 [20]. In one of the stud-
ies [21] the ionic liquid was functionalized with an amine group
to enable facilitated transport of CO2. The resultant membrane
exhibited CO2 permeance of 7.7 × 10−9 mol m−2 s−1 Pa−1 (800 Bar-
rer) and the CO2/CH4 selectivity of 55. It is important to note that
this result was obtained at extremely low CO2 partial pressure of
5 kPa. In another study [22] the imidazolium cation was function-
alized with fluoroalkyl groups to investigate the increase in gas
solubility. The membranes showed CO2 permeance of 4.9 × 10−10 to
7.4 × 10−10 mol m−2 s−1 Pa−1 and CO2/CH4 selectivity in the range
of 13–19.

The question arises whether or not gas permeance in these
membranes can be directly correlated with the RTIL viscosity. Look-
ing at the viscosities of the RTILs used in this study (Table 4) it
is clear that there is no direct correlation with gas permeance.
For example, RTILs with the highest CO2 permeance (1-butyl-
1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide and 1-
butyl-3-methylimidazolium tetrafluoroborate) displayed viscosi-
ties of around 100 mPa s [23,24]. 1-Butyl-4-methylpyridinium
tetrafluoroborate [25] showed similar gas permeance although
its viscosity was much higher (203 mPa s). SILM prepared with
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

[26] displayed a very high CO2 permeance which was consistent
with a low viscosity of that RTIL (68 mPa s) but on the other hand
trihexyltetradecylphosphonium dicyanamide [26] displayed a vis-
cosity that more than three times higher but its gas permeance was

Table 4
RTIL viscosity data.

Ionic liquid Viscosity at
25 ◦C (mPa s)

1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide

96 [23]

1-Butyl-3-methylimidazolium
tetrafluoroborate

92 [25]

1-Butyl-4-methylpyridinium
tetrafluoroboratea

203 [26]

1-Hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

68 [18]

Trihexyltetradecylphosphonium dicyanamide 213 [27]a

a Measured at 30 ◦C.
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lso 34% higher. It is clear that gas permeance in RTILs is governed
y molecular interactions and that bulk liquid properties are not
lways sufficient to correctly predict membrane behavior.

. Conclusions

Room temperature ionic liquid membranes with the specific
oal of CO2/CH4 separation were studied in our laboratory. The RTIL
embranes compared favorably with results reported in the liter-

ture. The CO2 permeance of these membranes was on the order of
0−9 mol m−2 s−1 Pa−1 with CO2/CH4 selectivity ranging between 5
nd 30. Although these values compared reasonably well with the
urrent polymeric membrane systems, there were several signif-
cant drawbacks inherent to these systems. The RTIL membranes

ere found to be unsuitable for gas separation at high pressures
nd their separation performance suffered at high temperatures
ue to decrease in gas solubility. The properties of the RTIL mem-
ranes were found to improve significantly by the addition of an
rganic salt with an amine group functionality.
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