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a b s t r a c t

Supported Ionic Liquid Membranes (SILMs) were prepared with the acetate based Room Temperature
Ionic Liquids (RTILs) 1-ethyl-3-methylimidazolium acetate ([Emim][Ac]), 1-butyl-3-methylimidazolium
acetate ([Bmim][Ac]) and the monomer vinylbenzyl trimethylammonium acetate ([Vbtma][Ac]) in order
to perform the selective separation of carbon dioxide (CO2) from nitrogen (N2). The RTILs were supported
in a polyvinylidene fluoride porous membrane and permeation experiments were performed in the
temperature range 298–333 K. Gas permeability increases with temperature while an increase in
temperature leads to a decrease in the CO2/N2 selectivity for all the studied RTILs. CO2 solubility was
evaluated in the range 298–333 K and atmospheric pressure using thermogravimetric techniques.
Diffusion coefficients were calculated based on the solution–diffusion theory using gas permeability
and solubility data. The temperature influence on the gas permeability, solubility and diffusivity are well
described in terms of the Arrhenius–van't Hoff exponential relationships.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The use of Supported Ionic Liquid Membranes (SILMs) for the
selective separation of gases has received growing attention
during recent years. In a SILM system, Room Temperature Ionic
Liquids (RTILs) are immobilized inside the porous matrix of a
polymeric or inorganic support. RTILs are organic salts liquid at
room temperature showing a large variety of properties such as
negligible vapor pressure, thermal stability at high temperatures
or non-flammability [1], making them very attractive as immobi-
lized phase in SILMs. The use of RTILs reduces the problem of
solvent evaporation that may occur in conventional Supported
Liquid Membranes (SLMs), allowing for obtaining liquid mem-
branes with a higher stability [2]. Additionally, RTILs can be
synthesized as task-specific solvents by the appropriate selection
of the cation or anion in their structure [3] resulting in enhanced
properties such as the gas solubility. The possibility of synthesize
new RTILs with desired properties provides the opportunity for
creating an ideal solvent for each potential application.

RTILs have received interest in CO2 selective separations where
the separation of CO2 from mixtures containing N2 is of great
interest in power generation applications associated with the
purification of flue gas streams. CO2 permeability and CO2/N2

selectivity are the fundamental parameters characterizing the gas
separation using membrane based technologies. There is a general
trade-off between both parameters identified by the “upper

bound” limit observed for different polymeric materials in gas
separation [4,5]. The development of new materials exceeding this
line is a challenge in CO2/N2 separation.

There are several works available in the literature where SILMs
were studied for CO2/N2 separation. Scovazzo et al. [6] report the
gas permeability at 303 K of CO2 and N2 and the corresponding
selectivities through a porous hydrophilic polyethersulfone (PES)
support with different immobilized RTILs. They reported CO2

permeabilities in the range of 350–920 barrers and CO2/N2 ideal
selectivity ranged from 15 to 61. Bara et al. [7] obtained CO2

permeabilities varying from 210 to 320 barrers and CO2/N2 separa-
tion factors between 16 and 26. Mixed-gas permeabilities and
selectivities for CO2/N2 were also reported by Scovazzo et al. [8].
Cserjési et al. [9] investigated the use of SILMs prepared with 12
different types of RTILs immobilized in a hydrophilic polyvinyli-
dene fluoride (PVDF) support. CO2 permeabilities varied in the
range of 94–750 barrers while CO2/N2 ideal selectivity ranged from
10.9 to 52.6. Neves et al. [10] studied the effect of the different
cation alkyl chain length on the gas permeability. Gas permeability
increases approximately by a factor of 2 with an increase in the
cation alkyl chain length and the CO2/N2 ideal selectivity ranged
from 22 to 39. Finally, Jindaratsamee et al. [11] studied the
permeability of CO2 through imidazolium based ionic liquid
membranes supported with a polyvinylidene fluoride (PVDF)
porous membrane. They reported CO2 permeabilities in 303–
343 K temperature range varied from 120 to 445 barrers, with an
ideal CO2/N2 selectivies from 42 to 86.

The selection of a suitable solvent is essential for the technical
and economical viability of the CO2 absorption where the solubi-
lity is the property of interest and the main selection criteria which
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has been the objective of many papers. The solubility of light gases
such as CO2 has been widely studied in RTILs. RTILs containing the
acetate anion have been studied in the literature showing a strong
absorption for CO2. Maginn et al. [12] reported for the first time CO2

solubility studies in the ionic liquid 1-butyl-3-methylimidazolium
acetate ([Bmim][Ac]) showing very high CO2 solubility. Chinn et al.
[13] have proposed the CO2/[Bmim][Ac]/water system for CO2 capture.
Shifflet et al. [14–18] have widely studied the phase behavior of CO2

in 1-ethyl-3-methylimidazolium acetate [Emim][Ac] and 1-butyl-
3-methylimidazolium acetate [Bmim][Ac] at temperatures ranging
from 283 to 348 K and pressures up to 2 MPa. Bhargava et al. [19]
and Steckel [20] performed ab initio calculations of the interaction
between CO2 and the acetate ion. Finally, Shi et al. [21] performed both
simulation and experimental studies to separate mixtures of CO2 and
H2 using [Emim][Ac] ionic liquid. Additionally, the use of polymeric
ionic liquids (PILs) exhibits several times higher CO2 absorption
capacity than conventional monomeric Room Temperature Ionic
Liquids (RTILs) due to faster CO2 absorption and desorption rates
[22]. The highest CO2 solubility values and CO2/N2 selectivities can be
achieved in the tetraalkylammonium poly(ionic liquid) p-[Vbtma]
recently studied in the literature in combination with different anions
[22,23].

In this work, the influence of the temperature on CO2 and N2

permeability and CO2 solubility was investigated. SILMs including
three acetate based RTILs were prepared in order to evaluate the
CO2/N2 separation performance from 298 to 333 K. The CO2

solubility was evaluated at 298–333 K and atmospheric pressure.
The diffusion coefficients were calculated using gas permeability
and solubility data applying the solution–diffusion hypothesis. The
temperature dependence was described by using the Arrhenius or
the van't Hoff equation in order to discuss the solubility and
diffusivity contribution on the gas permeability through SILMs.

2. Experimental

2.1. Materials

The RTILs used in the present work were 1-ethyl-3-methy-
limidazolium acetate ([Emim][Ac]), 1-butyl-3-methylimidazolium
acetate ([Bmim][Ac]) and (Vinylbenzyl)trimethylammonium acetate
([Vbtma][Ac]). [Emim][Ac] (assay Z96.5%, C8H14N2O2 CAS no. 143314-
17-4) and [Bmim][Ac] (assay Z96%, C10H18N2O2 CAS no. 284049-75-
8) they were supplied by Sigma Aldrich and used without further
purification while [Vbtma][Ac] was synthesized in the Faculdade de
Farmácia, Universidade de Lisboa (Portugal). A solution of [Vbtma][Cl]
(5 g, 0.0236 mol) in methanol (10 mL) was passed through a column
with Amberlite IRA-400 (OH) resin. A solution of acetic acid (1 equiv.,
0.1418 g, 0.0236 mol) in methanol was slowly added to [Vbtma][OH]
obtained from the column and the mixture was stirred at room
temperature for 30 min. The solvent was removed under vacuum.
The RTIL was stirred under vacuum (o1mmHg) at 60 1C overnight.
(Vinylbenzyl)trimethylammonium acetate was obtained (5.4 g, 99.8%).
Their molecular weight, density, viscosity and decomposition tem-
perature are listed in Table 1. The density was determined using an
automatic densimeter (Mettler Toledo DM40) at 298 K while viscosity
data was obtained from the literature [24,25]. The density is in good
agreement with the ones reported in the literature [24,25].

The thermal properties of the ionic liquids were determined by
using thermogravimetric analysis (TGA). TGA analyses were carried
out using a TGA-60H Shimazdu Thermobalance in a N2 atmosphere at
temperatures ranging from the room temperature to 873 K with a
heating rate of 5 Kmin�1. From the TGA curves shown in Fig. 1 it can
be concluded that they are thermally stable up to 445 K under N2

atmosphere which suggests that all of these RTILs have good thermal
stabilities. A one-stage thermal decomposition process was observed

for [Emim][Ac] and [Bmim][Ac] while a two-stage decomposition was
observed for themonomer [Vbtma][Ac]. The onset temperature (Tonset)
calculated as the intersection of the baseline weight from the begin-
ning of the experiment and the tangent of the weight vs. temperature
curve as decomposition occurs was determined for each RTIL and is
reported in Table 1.

The polymeric membrane selected as support for the present study
was purchased from Millipore Corporation (USA). It is a 75% porous
hydrophobic polyvinylidene fluoride (PVDF) membrane with a nom-
inal pore size of 0.22 mm and 47mm in diameter. The PVDF mem-
brane thickness was determined using a digital micrometer (Mitutoyo
369–250, 70.001 mm accuracy), being the average value 125 μm.
These membranes are characterized by their high chemical resistance,
being previously used in other works as a supporting material
for SILMs [10,26]. It is worth mentioning that the PVDF membranes
used as supporting material have a maximum operating temperature
of 358 K (manufacturer's data) so they are the limiting factor for
the SILM high temperature performance. The gases used in the
experiments were carbon dioxide (99.770.01 vol%) and nitrogen
(99.99970.001 vol%) provided by Air Liquide (Spain).

2.2. SILM preparation

The immobilization procedure has been previously described
[27,28]. To immobilize the RTILs, the microporous PVDF mem-
brane was introduced into a vacuum chamber for 1h in order to

Table 1
Main characteristics of the studied RTILs.

Ionic
liquid

Molecular
structure

Molecular
weight
(g mol�1)

Density
(g cm�3,
298 K)

Viscosity
(cP,
298 K)

Tonset
(K)

[Emim]
[Ac]

170.21 1.098 143.61
[24]

481.35

[Bmim]
[Ac]

198.26 1.052 24.82
[25]

496.93

[Vbtma]
[Ac]

235.32 1.015 – 445.1
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Fig. 1. TGA analyses for the for [Emim][Ac], [Bmim][Ac] and [Vbtma][Ac].
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remove the air from the pores and, therefore allowing an easier
introduction of RTIL into their porous structure. Once the mem-
brane was under vacuum for 1 h, drops of RTILs are spread out at
the membrane surface using a syringe, while keeping the vacuum
inside the chamber. Then the liquid excess on the membrane
surface was wiped up softly with a tissue. The amount of liquid
immobilized in the membrane was determined gravimetrically,
and the increase of thickness was measured before and after the
immobilization procedure.

2.3. Methods

The experimental setup used for the gas permeation experi-
ments has been previously described elsewhere [27,28]. Basically,
the SILM is placed over a stainless steel permeation cell leading to
an effective membrane area about 14.05 cm2. A driving force of
around 0.45 bar was established and the pressure change was
measured using two pressure transducers (Omega, UK). The
temperature was maintained using a water bath.

Gas permeability through the SILM was determined according
to Eq. (1):

1
β
ln

½pfeed�pperm�0
½pfeed�pperm�

 !
¼ 1

β
ln

Δp0
Δp

� �
¼ PSILM

t
δ

ð1Þ

where pfeed and pperm are the pressures in the feed and permeate
compartments, respectively; β a geometric parameter
(1188.9 m�1); PSILM the permeability through the membrane
calculated under constant partial pressure difference; t the time
and δ is the membrane thickness. The ideal selectivity can be
calculated by the ratio between the permeabilities of two pure
different gases.

CO2 solubility was evaluated using a TGA-60H Shimazdu
Thermobalance where simultaneous thermogravimetric/differen-
tial (TG/DTA) analyses were performed. A molecular sieve trap was
installed to remove traces of water from the feed gas. The sample
temperature was measured with an accuracy of 70.1 K and the TG
sensitivity was about 1 mg. The experimental conditions were a
CO2 flow rate of 50 mL min�1, temperatures from 298 to 333 K
and atmospheric pressure.

Once determined the gas permeability through the membrane
and CO2 solubility in the RTIL, the effective diffusion coefficients
can be calculated considering that gas transport occurs via solu-
tion–diffusion mechanism according to Eq. (2):

PSILM ¼ SDeff ð2Þ
where PSILM is the permeability through the membrane; S is the
gas solubility and Deff the effective diffusion coefficient.

3. Results and discussion

3.1. Permeability

The experimental permeability results obtained in the present
work are based on the following assumption: gas transport takes place
entirely in the RTIL since the polyvinylidene fluoride (PVDF) support
has very low permeabilities of 2.7 and 0.4 barrers for CO2 and N2

respectively. The SILMs permeabilities are between 325 barrers (CO2)
and 61.5 barrers (N2) times greater in magnitude. Therefore, the
assumption that the RTIL is the main contributor to gas permeability
when comparing with the support is valid. The temperature effect on
CO2 and N2 permeability as well as the CO2/N2 ideal selectivity was
studied in the range of temperatures from 298 to 333 K. Table 2 shows
the experimental CO2 and N2 permeability through the acetate based
SILMs. The CO2 permeance values for these membranes are in the
order of 852–2114 barrers and CO2/N2 selectivity ranges between 26

and 39. According to the experimental research, the effect of the cation
on gas permeability is negligible when comparing with the anion. The
SILMs studied in this work displays higher permeability values when
comparing to polymeric membranes reported in literature generally
below 1000 barrers [6–11]. Moreover, the results are in good agree-
ment with those reported by Shi et al. [21] for the separation CO2/H2

in [Emim][Ac] based SILMs showing CO2 permeabilities from 1325 to
3701 barrers in the temperature range 310–373 K.

An increase in gas permeability is observed as a result of the
temperature increase. The logarithm of the permeability follows a
linear relationship with the inverse of the temperature as it is
shown in Fig. 2; therefore, the temperature influence on the gas
permeability is well described in terms of an Arrhenius type
relationship by Eq. (3):

P ¼ P0expð�Ep=RTÞ ð3Þ

where P0 is the pre-exponential factor and Ep the activation energy
of permeation.

The activation energies of permeation for CO2 and N2 are
reported in Table 3. These results are in good agreement with
the previous literature data [29–32].

The activation energies of CO2 permeation is in the range of
previous values reported in the literature using different commer-
cial polymeric supports [21,29]. The differences in the CO2 activa-
tion energies of permeation between the polymeric and the
inorganic supports may be due to the greater porosity of the
polymeric support (75–85%) compared to 25–50% for the alumina
leading to a decrease in the membrane volume occupied by the
RTILs. The activation energies of N2 permeation are higher than
those found for CO2 as it is shown in Table 3, which justifies a
negative influence of the temperature in the selectivity.

The CO2/N2 ideal selectivities in the SILMs are plotted in Fig. 3
as a function of the temperature. An increase in temperature leads
to a decrease in the ideal CO2/N2 selectivity according with the
activation energies.

Comparing the permeability results at increasing temperatures
to the upper-bound values for the selectivity vs. permeability of
polymer membranes for CO2/N2 separation given by Robeson [5] it
can be concluded that most of these SILMs have better perfor-
mance than many polymer membranes previously studied, being
the experimental results near the upper bound as it is shown in
Fig. 4.

3.2. Solubility

Table 4 shows the CO2 solubility in molar fraction in the three
studied ionic liquids. The solubility data are in good agreement

Table 2
Experimental CO2 and N2 permeability through SILMs.

RTIL T (K) 298 303 313 323 333

[Emim][Ac] PCO2 (barrer) 878.8 1118.1 1329.0 1721.3 2064.9
PN2 (barrer) 26.1 32.5 41.3 58.3 78.1
PCO2 =PN2 33.7 34.4 32.2 29.5 26.4

[Bmim][Ac] PCO2 (barrer) 851.9 1005.3 1269.2 1601.5 1940.9
PN2 (barrer) 24.6 29.5 37.8 50.7 65.3
PCO2 =PN2 34.6 34.1 33.6 31.6 29.7

[Vbtma][Ac] PCO2 (barrer) 1100 1305.6 1536.2 1828.3 2114.2
PN2 (barrer) 28.2 36.1 48.3 61.8 77.5
PCO2 =PN2 39.0 36.2 31.8 29.6 27.3
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with values previously reported in the literature at the same
experimental conditions for [Emim][Ac] and [Bmim][Ac] [14–16].

The solubility dependence with temperature is typically writ-
ten in terms of the van't Hoff relationship according to Eq. (4):

S¼ S0expð�ΔHs=RTÞ ð4Þ

where S0 is the pre-exponential factor and ΔHs is the partial molar
enthalpy of absorption. The natural logarithm of the solubility
follows a linear relationship with the inverse of temperature as
shown in Fig. 5. The CO2 partial molar enthalpy of absorption, ΔHs,
is reported in Table 5.The negative values of the absorption
enthalpy corresponds to the exothermic behavior of the process.
These values are in good agreement with the literature [29,32,33].
Taking into account the positive influence of the temperature in
the diffusivity an endothermic absorption could be better in order
to increase the permeability with the temperature.

3.3. Diffusivity

The calculation of CO2 diffusivity from permeability and solu-
bility, both measured and adjusted by linear fitting, it is possible
considering that gas transport occurs via solution–diffusion
mechanism where the permeability of a gas through the SILM
(PSILM) is the product of its solubility in the membrane (S) and
effective diffusivity (Deff) by applying Eq. (2) [34]. The permeability
in cm2 s�1, PSILM, and the dimensionless solubility, H, are calcu-
lated according to Appendix A. The estimated diffusion coefficients
cm2 s�1 for CO2 in the studied RTILs are presented in Table 6.

The Arrhenius equation describes well the relationship
between gas diffusivity and temperature as it is shown in Fig. 6

D¼D0expð�ED=RTÞ ð5Þ
where D0 is the pre-exponential factor and ED the activation
energy of diffusion. The activation energies of diffusion, ED, are

Table 3
Experimental and literature activation energies of permeation, Ep.

Support Gas RTIL Ep (kJ/mol) Reference

Polyvinylidene fluoride (PVDF) CO2 [Emim][Ac] 19.37 Present work
Polyvinylidene fluoride (PVDF) N2 [Emim][Ac] 25.32 Present work
Polyvinylidene fluoride (PVDF) CO2 [Bmim][Ac] 19.25 Present work
Polyvinylidene fluoride (PVDF) N2 [Bmim][Ac] 22.13 Present work
Polyvinylidene fluoride (PVDF) CO2 [Vbtma][Ac] 16.55 Present work
Polyvinylidene fluoride (PVDF) N2 [Vbtma][Ac] 23.22 Present work
Polysulfone (PSF) CO2 [Hmim][Tf2N] 17.38 Ilconich et al. [29]
Polysulfone (PSF) He [Hmim][Tf2N] 5.35 Ilconich et al. [29]
Alumina CO2 [Hmim][Tf2N] 8.03 Adibi et al. [30]
Alumina CH4 [Hmim][Tf2N] 29.35 Adibi et al. [30]
Polysulfone (PSF) CO2 [Emim][Ac] 25.47 Shi et al. [21]
Polysulfone (PSF) H2 [Emim][Ac] 16.02 Shi et al. [21]
α-Alumina CO2 [Bmim][Bf4] 7.5 Iarikov et al. [31]
α-Alumina CH4 [Bmim][Bf4] 20 Iarikov et al. [31]
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reported in Table 7. These values are consistent with those values
found in the literature [29,30,35–38].

According to our results, the activation energy for the perme-
ability is the algebraic sum of the activation energy for the

diffusivity and the partial molar enthalpy of absorption therefore,
the influence of the temperature in the permeability is described
by an exponential Arrhenius type equation, with an activation
energy including the influence of the temperature in the effective
diffusion and in the solubility.

4. Conclusions

In this work, CO2 and N2 permeabilities through SILMs were
determined at temperatures ranging from 298 to 333 K. Gas
permeability increases with the temperature while CO2/N2 selec-
tivity decreases with an increase in temperature for all the studied
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Table 4
CO2 solubility data in acetate based ionic liquids.

T (K) RTIL

[EMIM][AC] [BMIM][AC] [VBTMA][AC]

298.15 0.267 0.273 0.351
303.15 0.257 0.255 0.325
313.15 0.231 0.225 0.283
323.15 0.212 0.195 0.241
333.15 0.189 0.171 0.210
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Fig. 5. Natural logarithm of CO2 solubility plotted against the inverse of the
temperature. Solid lines are the linear regression of the data.

Table 5
Experimental and literature ΔHs data.

RTIL ΔHs (kJ/mol) Reference

[Emim][Ac] �8.29 Present work
[Bmim][Ac] �10.19 Present work
[Vbtma][Ac] �11.02 Present work
[Hmim][Tf2N] �11.19 Ilconich et al. [29]
[Bmim][Pf6] �14.30 Anthony et al. [32]
[Bmim][Pf4] �13.90 Anthony et al. [32]
[Bmim][Tf2N] �12.50 Anthony et al. [32]
[MeBuPyrr][Tf2N] �11.90 Anthony et al. [32]
[Bmim][Pf6] �16.10 Cadena et al. [33]
[Bmmim][Pf6] �13.00 Cadena et al. [33]
[Bmim][Pf4] �15.90 Cadena et al. [33]
[Bmmim][Bf4] �14.50 Cadena et al. [33]
[Emim][Tf2N] �14.20 Cadena et al. [33]
[Emmim][Tf2N] �14.70 Cadena et al. [33]

Table 6
Diffusivity calculated data.

RTIL T (K) 298 303 313 323 333

[Emim][Ac] 105 P (cm2/s) 0.73 0.94 1.16 1.55 1.91
H (–) 0.0237 0.0244 0.0263 0.02880 0.0306
107 D (cm2/s) 1.73 2.30 3.05 4.33 5.86

[Bmim][Ac] 105 P (cm2/s) 0.71 0.85 1.11 1.44 1.80
H (–) 0.0282 0.0299 0.0329 0.0370 0.0412
107 D (cm2/s) 1.99 2.53 3.64 5.33 7.41

[Vbtma][Ac] 105 P (cm2/s) 0.91 1.10 1.34 1.64 1.96
H (–) 0.027 0.0287 0.0319 0.0365 0.0407
107 D (cm2/s) 2.46 3.17 4.28 6.01 7.99
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Fig. 6. Natural logarithm of CO2 diffusivity vs. the inverse of the temperature for
the studied RTILs. Solid lines are the linear regression of the data.

E. Santos et al. / Journal of Membrane Science 452 (2014) 277–283 281



RTILs. The permeability activation energies are higher for nitrogen
than for carbon dioxide.

Acetate based SILMs are useful for CO2/N2 separation since the
results obtained in this work are near the Robeson upper bound
corresponding to the best polymeric materials.

Gas diffusion coefficients were estimated assuming that gas
permeation occurs via a solution–diffusion mechanism (P¼DS)
and the activation energies for the permeability, solubility and
diffusivity were calculated. The experimental results of the activa-
tion energies and the absorption enthalpies agree well with the
previous literature results.

In order to get a higher influence of the temperature in the
permeability, it is recommended the introduction of RTILs with an
endothermic absorption, which may increase the permeability
activation energy.
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Appendix A. Diffusivity

Permeability data is often expressed in barrer according to

1 barrer¼ 10�10 cm3 gas ðSTPÞ ðcm_thicknessÞ
ðcm2_membrane areaÞ ðcmHg_pressureÞ s ðA:1Þ

(STP¼273.15 K and 1.01325�105 Pa)
The equivalence in cm2 s�1 is defined as

1 barrer¼ 10�10 cm3 ðSTPÞ cm
cm2 cmHg s

mol ðSTPÞ
22:4� 103 cm3

� �

� 62:36367
l mmHg
mol K

103 cm3

1 L
1 cmHg

10 mmHg

" #
298:15 K

¼ 8:296� 10�9 cm2

s
ðA:2Þ

The Henry's law constant has been calculated by means of the
following equation [39]:

H¼ Cn

g

Cn

l
¼ yn ρg

xn ρl
¼ yn

xn ρl

PT

RT
¼ 1

S
ðA:3Þ

where yn and xn are the molar fractions in the gas and liquid
phases respectively, being in equilibriumwith themselves; ρl is the
molar density of the liquid and PT the total pressure.

Nomenclature

Deff effective diffusion coefficient (cm2 s�1)
D0 pre-exponential factor of diffusion (cm2 s�1)
ED activation energy of diffusion (kJ mol�1)
Ep activation energy of permeation (kJ mol�1)
H Henry's law constant (–)
P0 pre-exponential factor of gas permeability (barrer)
PSILM gas permeability through the membrane (barrer)
PT total pressure (bar)
pfeed pressure in the feed compartment (Pa)
pperm pressure in the permeate compartment (Pa)
R ideal gas constant (bar L mol�1 K�1)
S gas solubility (molar fraction)
S0 pre-exponential factor of gas solubility (molar

fraction)
T temperature (K)
t time (s)
xn liquid molar fraction
yn gas molar fraction in equilibrium with liquid

Greek letters

β geometric factor (m�1)
δ membrane thickness (m)
ρl molar density of the liquid (mol L�1)
ΔHs partial molar enthalpy of absorption (kJ mol�1)
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