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For the first time, a thin ionic liquid membrane that is resistant up to 55 bar trans-membrane pressure
is presented. The ionic liquid is confined in a tubular ceramic-supported mesoporous containment layer
of 1.5 wm. Gas permeances and permselectivity values for CO,, CH, ethylene, and ethane are discussed
and related to the properties of the ionic liquids.

© 2010 Elsevier B.V. All rights reserved.

Ionic liquids (ILs) and other designer solvents are widely inves-
tigated because of their low vapour pressures, thermal stability,
and excellent solvent properties [1]. In addition, specific ionic lig-
uids have affinities that allow molecular separations in membrane
systems [2] or absorber columns. For instance, imidazolium-based
ILs have been proposed for CO, capture [3,4] and olefin/paraffin
separations [5]. Recently, a combined theoretical and experimental
overview of CO, solubility in a range of ionic liquids was reported
[6]. These promising adsorption data have been reported for bulk IL
samples in non-continuous processes. Continuous separation pro-
cesses such as membrane separations are potentially more energy
efficient. Supported IL membranes (SILMs) are developed to allow
for membrane operation of the IL separating solvent [2]. Polymeric
substrates were proposed as support for such ionic liquid mem-
branes [7-10]. However, the durability of polymer-based SILMs is
expected to be limited, especially at industrially relevant condi-
tions. Total pressures in C; and Cs-splitters are typically 20 bar [11]
and in natural gas treatment they are over 50bar [12]. Ceramic
membrane supports, with a higher pressure drop resistance, have
also been proposed for the preparation of SILMs [13,14]. Mea-
surements are currently limited to trans-membrane pressures of
7bar [15]. In addition, common preparation routes for ceramic-
supported liquid membranes in general result in flooded supports
and high membrane layer thicknesses. The kinetics of IL imbi-
bition in ceramic supports were reported recently [13]. Without
appropriate precautions, IL layers of over 100 pwm thick are formed
rapidly in asymmetric ceramic supports. Here, we present meso-
porous ceramic support layers as pressure resistant support system
for ionic liquid membranes. The target was to develop a pres-
sure resistant support and impregnation procedure that results in
thin liquid membranes that could be applied up to pressures over
50 bar.

Careful tailoring of the pore size of the containment layer is
required, to retain a liquid in an inorganic porous membrane. The
trans-membrane pressure needs to be balanced by the capillary
forces of the liquid in the pores. The maximum pore diameters that
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can be used at a given surface tension can be estimated using the
Young-Laplace Eq. (1), in which P is the capillary pressure, y is the
surface tension of the liquid, 6 is the contact angle, and d is the
pore diameter. Complete wetting of the support material by the
ionic liquid is assumed (6=0).

4y cosd
=—F

As lower limit of IL surface tension (y) was taken 30 mN/m,
which is arealistic lower value for common imidazolium-based ILs.
With a pressure drop criterion of at least 40 bar, a maximum allow-
able pore diameter of 30 nm was calculated. We selected 'y-alumina
as an appropriate material for the containment layer. The Boehmite
sol synthesis procedure in the y-alumina preparation [16] was cho-
sen such that average pore diameters of 4 nm were obtained. These
mesoporous membrane layers have a high-end tail of the pore dis-
tribution up to about 20 nm [17]. This value is well below the 30 nm
target, while the mean pore size of 4 nm still allows for large gas
flows.

To combine a low support flow resistance with a sufficient
strength, the mesoporous containment layer needs to be supported
by a macroporous support system. Because of the targeted pressure
drop of at least 40bar, a tubular support was selected. In-house
developed tubular multilayered ceramic membrane tubes with an
outer diameter of 1.4cm and 30cm length were used. Detailed
specifications and preparation procedures are described elsewhere
[17]. One of the key quality indicators of the mesoporous contain-
ment layer is the defect density. This value strongly depends on the
quality of the macroporous support layers. A successful strategy to
maximize the macroporous support quality is presented elsewhere
[18].

Based on absorption data from literature [3,19] the ionic lig-
uids 1-butyl-3-methylimidazolium trifluoroacetate ([BMIm]TFA)
and [BMIm]TFA.AgTFA, containing silver trifluoroacetate (xag =0.2),
were selected for the separation of ethylene/ethane. 1-(3-amino-
propyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

AP (1)
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Fig. 1. Results of impregnation via conventional coating (top, 4000 x ) and restricted
flow impregnation procedure (bottom, 10.000x ).

(JAPMIm|NTf,) was selected for CO, and CH4 permeation
experiments.

In agreement with an earlier report on ceramic supports for
IL membranes, [13] conventional coating procedures resulted
in impregnation of both the mesoporous and the macroporous
support layers. Effective membrane thicknesses up to hundreds
of microns (Fig. 1, top) were obtained, severely limiting gas
permeance. Therefore, selective impregnation of only the outer
mesoporous containment layer was targeted, without flooding
the macroporous support layer. This controlled impregnation
was achieved by a restricted flow coating procedure, in which
the amount of IL fed to the support could be limited ade-
quately. As a result, the effective membrane thickness was
limited to the thickness of the mesoporous layer of about 1.5 pm
(Fig. 1, bottom).

Pressure resistance tests up to a pressure difference of 55 bar
were performed on several supported ionic liquid membranes
thus prepared, using N, as permeating gas. A sudden increase
by several orders of magnitude would be indicative of blow-
out effects. However, such increases were not observed. As a
representative example the results for the silver containing IL
[BMIm]TFA.AZTFA are shown (Fig. 2). The N, permeance increases
with increasing pressure from 5 x 1072 mol/m2Pas at 10bar to
14 x 10~2 mol/m?2 Pas at 55 bar. These values are three orders of
magnitude lower than that of the empty support. Further proof of
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Fig. 2. Pressure test of supported [BMIm]TFA.AgTFA membrane; N, permeance (Q)
shown versus the transmembrane pressure (AP).

the pressure drop resistance can be found in the fact that the per-
meance was constant in time, after a short stabilization period. The
observed slight pressure dependence of the permeance is consis-
tent with the combination of viscous flow through the few defect
pores and transport through the IL.

Single gas permeance experiments with a dead end experi-
mental set up were performed to assess the applicability of these
ceramic-supported IL membranes in gas separation of CO,/CHg4
or olefin/paraffin mixtures. The permeance of CH4 and CO, was
measured subsequently over a supported IL membrane with
[APMIm]NTf, as the IL (Fig. 3). The evolution of the permeances
was followed in time at constant temperature and pressure. Feed
flow rates of 100-1000 ml/min were used. The permeance of both
gases remained constant for at least 10 h. The CO,/CH,4 permselec-
tivity of this membrane is only slightly higher than the Knudsen
selectivity of 0.6. During the first 3 h after permeation of CO,, the
CH4 permeance increases with ~50%. This behaviour is attributed
to achange in the IL properties as a result of the reaction of CO, with
the amine group on the cation, producing a carbamate salt involv-
ing two imidazolium fragments [4]. The presence of this species
causes a reduced CH4 permeance, which increases to its final level
only after decomposition of the carbamate salt during the first
3 h after switching to CH4. The permeance values in the range of
1 x 108 mol/m? Pa's are lower than those found for zeolite mem-
branes, such as silicalite-1, [20] SAPO-34, [21] and similar to those
found for polymer membranes at comparable effective membrane
thickness [22].
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Fig. 3. Permeance versus time of CO,, measured first (solid line), and CH4, measured
last (dashed line), over a [APMIm]NTf, membrane.
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Table 1

Permeance Q (10~2 mol/m? Pas) of nitrogen, ethane, and ethylene for [BMIm]TFA
and [BMIm]TFA.AgTFA membranes at RT; error in the last digit is shown between
brackets.

[BMIm|TFA [BMIm|TFA.AgTFA
N, 3.7(1) 4.4(1)
CyHg 45(1) 6.7 (1)
CyHy 6.2 (2) 6.8(2)

Nitrogen, ethylene, and ethane permeances were measured
over supported [BMIm]TFA and silver-doped [BMIm]|TFA.AgTFA
membranes (Table 1). The aim of the addition of the silver salt
AgTFA was to increase the permeance of the olefin via silver facil-
itated transport. Silver salts are generally used in membranes
or membrane contactor systems [23] to enhance olefin trans-
port via a coordinative interaction of the filled olefin p-orbitals
with the empty d-orbitals of the transition metal. The perme-
ances of silver-doped and undoped [BMIm|TFA are very similar,
indicating that the contribution of the silver salt to the ethylene
transport is not significant. Consequently, the presence of a sil-
ver salt does not enhance the selectivity. Higher measurement
temperatures for the silver-doped membrane do lead to a minor
permselectivity for ethylene over ethane of just under 1.5. Pre-
sumably, decomposition of the silver salt is responsible for the
absence of enhanced olefin transport. Permeance values of these
supported ionic liquid membranes are low; as they are in the
corresponding polymer-supported IL membranes [7-10]. We
assessed that at least a ten-fold increase of permeance is needed for
both CO,/CH4 and ethylene/ethane separation to reach industrial
viability.

Although these ionic liquids were selected based on suitable
absorption behaviour for, their separation performance as sup-
ported liquid membrane is disappointing. Transport through liquid
membrane layers is governed by thermodynamic dissolution equi-
libria and kinetic factors like the rates of diffusion and of uptake and
release. The (static) absorption data shows an encouraging absorp-
tion capacity and selectivity. However, the membrane experiments
show that the overall kinetics impart suitable membrane perfor-
mance. More extended studies are required to clarify whether the
diffusion, or the dissolution/desorption processes play a decisive
role. The long equilibration times when switching from CO, to
CH4 suggest that the desorption kinetics severely limit permeation
rates in that case. The carbamate formation may play a determining
role in this process. Consequently, the applicability of ceramic-
supported IL membranes mainly depends on the availability of
suitable ILs. An alternative explanation for the observed behaviour
is that the solubility and transport properties of the IL are influenced
by the confinement in the mesopores.

In summary, a pressure resistant alumina support system was
developed that is suitable for containing liquid membranes with
a surface tension of at least 30 mN/m, such as ILs. The ionic liquid
layer is contained in the mesoporous support layer and has a thick-
ness of around 1.5 wm. The liquid membrane remains intact under
pressure drops up to 55 bar. The stability of the liquid membrane
layer was demonstrated by the constant gas permeance over time.
To enhance the limited permeance and (perm)selectivity of these
membranes, we focus on (ionic) liquids in which gases dissolve
physically without chemical reactions and that shows improved
kinetics for especially the diffusion and desorption steps.
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