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Conductor-like-screening model for real solvents (COSMO-RS) method was used to analyze the solute-solvent interactions
and to screen Henry’s law constant of toluene over 272 ionic liquids (ILs), to select high-capacity absorbents.
Thermogravimetric experiments were carried out to evaluate the toluene absorption by selected ILs at different
temperatures and atmospheric pressure. Experimental equilibrium data were found in good agreement with COSMO-RS
predictions. Complete desorption of toluene by N2 stripping was achieved, indicating an easy regeneration. The kinetic
curves were described by a phenomenological diffusion model, obtaining effective diffusivities in reasonable concordance
with those calculated by Wilke–Chang correlation. The separation process with selected ILs was modeled by Aspen Plus
and a comparison with organic absorbents was carried out. Equilibrium- and rate-based simulations were used to analyze
the importance of thermodynamics and kinetics in toluene absorption by ILs. Current computational-experimental
research allowed selecting a set of suitable ILs for toluene absorption. VVC 2012 American Institute of Chemical Engineers
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Introduction

Volatile organic compounds (VOCs) are organic substan-
ces characterized by their high-vapor pressure at ambient
temperature.1 They are involved in atmospheric photochemi-
cal reactions and entail one of the most important groups of
air pollutants emitted from chemical, petrochemical, and
allied industries, leading to serious environmental problems
(global warming, acid rain, and health hazard) and economi-
cal losses. Due to this, legislations such as Clean Air Act
Amendments or European Economic Community (EEC)
Directives limit the concentration levels for volatile organic
compound emissions into atmosphere. The current methods
used in VOC abatement (destructive- and recovery-based)
include thermal or catalytic incineration, condensation,
absorption, adsorption, membrane separation, and biological
treatments, each with particular advantages and limitations.2

Selection of an efficient VOC abatement technique depends
on the concentration and the nature of the compound, the
gas-stream flow rate, and other factors such as safety and
economic considerations. Thermal oxidizers, commonly used
for the destruction of VOCs, consume large amounts of natu-
ral gas to heat air and moisture, generating CO2 and NOX

emissions, which have negative implications in global warm-
ing and air quality.3 Catalytic oxidation processes4,5 reduce
the fuel consumption but have the problem of catalyst deacti-
vation. Furthermore, the water vapor present in most of the
gas streams and/or generated from VOCs oxidation frequently

deactivates the inorganic catalytic systems. Biological treat-

ments can represent a cost-effective solution for VOC re-

moval, but they are not suitable when the microbial activity

is limited by the slow VOC transfer from the gas phase to

cell-containing aqueous phase.6,7 It is also necessary to take

into account that any destructive method eliminates the possi-

bility of recovering the VOC. Adsorption of VOCs on differ-

ent porous materials, such as, activated carbons or zeolites

has been extensively studied in the literature8,9 but its appli-

cation may be limited because the moisture in the gas or the

deposition of other compounds could block the adsorption

sites making difficult the regeneration of the adsorbent.
Absorption can provide an effective solution for VOC re-

moval from gas streams with further recovery. The key fac-
tor is the selection of an appropriate liquid absorbent.10 For
hydrophobic components, their low water solubility limits
the absorption capacity in aqueous phase.11 On the other
hand, organic solvents [e.g., hexadecane and di-(2-ethyl)
hexyladipate (DEHA) previously studied for toluene absorp-
tion7) present the disadvantage of their not negligible volatil-
ity. A strategy for improving the solute transfer to the aque-
ous phase is the addition of a nonaqueous solvent with high
affinity for the solute, being silicone oils, n-alkanes, perfluor-
ocarbons, and solid polymers widely used for this purpose.12

Many of the requirements of VOC removal are fulfilled by
an absorption system containing room-temperature ionic
liquids (ILs).3,7 ILs have received much attention in the last
few years as potential candidates to substitute conventional
flammable and volatile organic solvents in industrial proc-
esses.13,14 Interest in ILs comes from their exceptional prop-
erties such as their extremely low-vapor pressure, nonflamm-
ability, and high thermostability.13,15 Moreover, an important
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feature of these solvents is the possibility of designing ILs
with the required properties for a particular application by
tuning the structure of the ions, hence the term ‘‘designer sol-
vents.’’16,17 Owing to these specific properties, ILs have gen-
erated significant interest across a wide variety of engineering
applications, including their use as absorbents in gas separa-
tion processes,18,19 such as CO2 capture,20,21 absorption
of SO2,22,23 NH3,24–26 hydrofluorocarbons,27,28 propylene,29,30

or VOCs as dimethylsulfide, dimethyldisulfide, and toluene.7

In this last reference, the high affinity of conventional imida-
zolium-based ILs for VOCs compounds was confirmed, being
the partition coefficients in [bmim][PF6] and [bmim][NTf2]
comparable or higher than those of typical organic solvents.7

However, to the best of our knowledge, no systematic investi-
gations on VOCs affinity toward a wide variety of ILs have
been reported so far. For this purpose, computational methods
to estimate thermodynamic properties are of great utility for
selecting the best cation-anion combinations for a specific IL
application.25 The conductor-like-screening model for real sol-
vents (COSMO-RS) model developed by Klamt et al.31 is
regarded as a valuable method for predicting the thermody-
namic properties of ILs mixtures on the basis of quantum
chemical calculations for the individual molecules,32 provid-
ing an unique a priori computational tool for designing ILs
with specific properties.33–35 In fact, several publications have
demonstrated the general suitability of COSMO-RS method to
predict properties of IL systems, including the solubilities and
Henry’s law constants of several gases in ILs.25,26,36,37 More-
over, an important feature is that the different intermolecular
interactions between the mixture components can be quanti-
fied by COSMO-RS, contributing to the rational selection of
ILs with improved characteristics for specific applications.38,39

Indeed, in previous works released by our research
group,25,26,36,37 ILs with optimum characteristics for CO2 and
NH3 absorption were selected, on the basis of a COSMO-RS
analysis performed for the excess enthalpies of solute-IL mix-
tures and the COSMO-RS description of the intermolecular
solute-IL interactions.

The aim of this work is to propose optimized ILs with
high capacities and adequate properties for absorbing tolu-
ene. To accomplish that, a research strategy based on a
three-step procedure was developed. First, a computational
thermodynamic analysis using COSMO-RS molecular simu-
lation method is performed among 272 ILs to select a set of
solvents with convenient properties as toluene absorbents.
Second, experiments are conducted to evaluate the thermo-
dynamics and kinetics of toluene absorption. Thus, absorp-
tion-desorption rate curves over selected ILs are obtained by
thermogravimetric experiments at different temperatures and
atmospheric pressure. As a result, new thermodynamic and
kinetic experimental data of interest for toluene absorption
by ILs, such as gas-liquid equilibrium data and diffusivities,
have been obtained and compared to the available data and
calculated values. Third, toluene absorption was modeled in
Aspen Plus v 7.3 at the operating conditions experimentally
tested by using equilibrium- and rate-based columns (RAD-
FRAC model).40 Recently, our group showed41,42 that IL
compounds can be successfully created as new (pseudo)com-
ponents in Aspen Plus by transferring COSMO-RS results to
process simulator. In addition, it was demonstrated that
COSMOSAC property model43,44 can support the property
prediction of the pure ILs and their mixtures with organic
compounds in process simulations. This procedure allows
the simulation of separation processes based on new compo-

nents initially not available in the simulator database (as it is
the case of ILs). In this work, the simulation of toluene
absorption in selected ILs and in other conventional toluene
absorbents (as hexadecane and DEHA) using Aspen Plus is
first validated by comparison to our own experimental gas-
liquid equilibrium and kinetic data. Then, rate-based calcula-
tions are performed to estimate the absorption of toluene in
tray and packed columns at fixed gas/liquid mass ratio and
operational conditions. The recovery of toluene achieved
using rate-based approach is compared to the separation
obtained using an ideal single equilibrium stage, which
allows analyzing the importance of kinetics and thermody-
namics in toluene absorption. In this way, a set of optimized
ILs are confidently evaluated as potential candidates in
absorption processes for the removal and recovery of toluene
(a representative aromatic VOC) from gaseous streams.

Procedure

Molecular simulation: Computational details of
COSMO-RS calculations

The molecular geometry of toluene, hexadecane, and cati-
ons and anions of ILs (see IL names and abbreviations in
Supporting Information, Table S1) was optimized at B3LYP/
6-31þþG** computational level in the ideal gas phase using
the quantum chemical Gaussian03 package.45 A molecular
model of independent counterions was applied in COSMO-RS
calculations, where the IL is treated as equimolar mixture of
cation and anion. Vibrational frequency calculations were per-
formed in each case to confirm the presence of an electronic
energy minimum. After that, the standard procedure was
applied for COSMO-RS calculations, which consists of two
steps: first, Gaussian03 was used to compute the COSMO
files. The ideal screening charges on the molecular surface for
each species were calculated by the continuum solvation
COSMO model using BVP86/TZVP/DGA1 level of theory.
Subsequently, COSMO files were used as input in COSMO-
therm statistical thermodynamic calculations. The version
C21_0111 of the COSMOthermX program package46 and its
implicit (BP_TZVP_ C21_0111) parameterization were used
to accomplish the calculations of the r-profiles of pure com-
pounds as well as thermodynamic properties such as Henry’s
law constants for toluene in ILs and detailed contributions to
excess enthalpies in equimolar toluene-IL mixtures.

Materials

Toluene (purity [99.8%) was purchased from Sigma-
Aldrich and used without further purification. The ILs tested as
absorbents were the following [dcmim][NTf2], [omim][NTf2],
[hxmim][NTf2], [bmim][NTf2], [emim][NTf2], [dcmim][Cl],
[dcmim][BF4], [emim][C2H5SO4], and [bmim][BF4] supplied
by Ionic Liquid Technologies, in the highest purity available
(purity [97–98%). All the ILs were used also without fur-
ther purification. Before each experiment, the ILs was dried
under vacuum (10�3 Torr) at 298 K over at least 24 h. This
procedure ensures working with ILs with very low water
content (\250 ppm).25,26 Therefore, the water should not
significantly affect the absorption capacity, as in fact we
have found.25,26 Table 1 collects the density and viscosity
values reported in the literature47–49 for the different ILs
used in this work. As can be seen, the properties measured
by us for the IL used as reference [bmim][BF4]25 are fairly
close to the reported by other authors.50
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Absorption/desorption experiments

Figure 1 shows a scheme of the setup used for toluene
equilibrium and kinetic absorption experiments. They were
carried out in a thermogravimetric analyzer (TGA/
SDTA851e Mettler Toledo International Inc.) at atmospheric
pressure and temperatures of 293, 303, and 313 K using
around 20 mg of IL previously dried as described before.
The balance has a weight range of 0–1000 mg with a resolu-
tion of 0.1 lg. The temperature of the sample was main-
tained constant with an external thermostatized bath (Huber
minisat 125). Toluene inlet concentration was set by satura-
tion of a nitrogen flow through a saturator at a controlled
temperature. Gas-liquid equilibrium data of toluene in ILs
were obtained by setting the partial pressure of toluene in
the toluene/N2 gas flow (100 Ncm3/min) and monitoring the
increment on weight of the sample. Blank experiments were
carried out with neat N2 gas and no weight increase of the
IL samples was detected, consistently with the reported neg-
ligible solubility of N2 in imidazolium-based IL (\10�3

molar fraction at 1 atm and 40�C).51 It was considered that
the IL and the gas have reached equilibrium when at con-
stant pressure no further weight change was observed on
time (weight change rate \0.001 mg h�1).

The absorption–desorption rate curves were also obtained
in the aforementioned thermogravimetric system. Toluene
absorption was performed at an inlet toluene partial pressure
of 2.0 kPa under continuous gas flow (100 Ncm3/min) at 0.1
MPa. The increment of weight was monitored, and once the
IL and the gas seem to have reached equilibrium (weight
change rate \0.001 mg h�1), desorption was carried out at
the absorption temperature with continuous dry nitrogen flow
(100 Ncm3/min).

Process simulation details

In process simulations, IL new components were created as
pseudocomponents through Aspen Plus (v 7.3) specifying
their molecular weights, normal boiling temperatures, and

densities. Additionally, the coefficients of the Andrade’s equa-
tion for the viscosity-to-temperature dependency were speci-
fied. These coefficients were regressed from experimental
data.25,47,48,50 The remainder unknown properties of the IL
pseudocomponents were estimated by the methods and models
implicitly used in Aspen Plus. Toluene and nitrogen were
selected as conventional components from the Aspen Plus
ASPV73 PURE25 database. The COSMOSAC property
model44,52 as implemented by default in Aspen Plus was
selected to estimate the activity coefficients of the components
in the mixtures.44 The molecular volumes and r-profiles of
the ILs, needed for specifying the COSMOSAC model, were
set by the user, whereas those corresponding to the organic
solvents were directly taken from the Aspen Plus’ database.
The information used for both creating IL pseudocomponents
(normal boiling temperature and densities) and specifying the
corresponding COSMOSAC property models were obtained
from the previous COSMO-RS calculations by the COSMO-
thermX (v C21_0111) program package assuming ion-paired
structures (molecular CA model) for the ILs.

Toluene absorption was simulated with the RADFRAC
model of Aspen Plus.40 In rate-based absorption simulations:
(i) toluene þ IL mixtures were considered as nonreacting
systems, (ii) diffusivities of the toluene in the IL phase were
calculated by the Wilke–Chang equation as implemented in
Aspen Plus (v 7.3), (iii) both trayed and packed columns
were evaluated, (iv) dimensions of the tray and pack section
were previously estimated by the tray- and pack-sizing util-
ities available in Aspen Plus, and (v) correlations used by
default in Aspen Plus (v 7.3) to calculate the mass- and
heat-transfer coefficients and interfacial areas in rate-based
absorption simulations were employed here. Two rate-based
absorption models have been used in this work:

One-Stage Contactor Column. It was considered for eval-
uating the absorptive capacity of different ILs using a gas
feed with inlet toluene partial pressure of 2.0 kPa. In addi-
tion, it allows comparing the separation achieved using rate-
and equilibrium-based approaches, to evaluate how the
kinetics affect to the absorption process. In addition, Mur-
phree tray efficiencies were also evaluated. The feed flows
of the IL and gas were fixed at L ¼ 0.01 and G ¼ 0.35
kmol/h, respectively. A G/L of 35 value was selected
because it allows observing significant deviations of toluene
recovery from ideal equilibrium. The inlet streams were fed
‘‘on stage’’ according to Aspen Plus convention. Sieve tray
dimensions were fixed at 0.3 m diameter and 0.15 m height.

Packed Bed Column. A more realistic absorption model
of packed bed column was also considered in this study for
the selected IL dcmimNTf2 and commonly used conven-
tional absorbents (DEHA and n-hexadecane). For the sake,
comparison in an industrial-like approach, a column size

Figure 1. Schematic diagram of the atmospheric pres-
sure system for toluene absorption.

Table 1. Density and Viscosity of the ILs Reported in
Literature

IL
Temperature

(K)
Density
(kg/m3)

Viscosity
(mPa s) References

[dcmim][NTf2] 293 1282 141 47
303 1278 84
313 1274 54

[omim][NTf2] 293 1327 115 48
303 1320 71
313 1307 46

[hxmim][NTf2] 293 1376 91 47
303 1367 56
313 1358 36

[bmim][NTf2] 293 1441 63 49
303 1432 40
313 1424 27

[emim][NTf2] 293 1524 41 47
303 1514 28
313 1506 20

[dcmim][BF4] 293 1072 928 48
303 1067 456
313 1060 248

[emim][C2H5SO4] 293 1241 111 49
303 1234 75
313 122 53

[bmim][BF4] 293 1203/1208 123/107 25/50
303 �/1201 �/72
313 1189/1195 48/50
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representative of a pilot plant unit (2 m height, 0.25 m diam-
eter, and 15 mm ceramic Raschig rings) was selected. The
G/L molar ratio was chosen taking DEHA as reference sol-
vent for 90% recovery. The obtained G/L molar ratio (17) is
in the range of values value commonly used in aromatics
absorption with conventional organic solvents53 and was
maintained for the other two IL-based systems. The height
equivalent to a theoretical plate (HETP) was calculated at
those different conditions to characterize the packing effi-
ciency, determined by the rate of the absorption process.

Results

COSMO-RS selection of ILs for toluene absorption

COSMO-RS method calculates the thermodynamic proper-
ties of fluid mixtures using the molecular surface polarity
distributions of their individual compounds from quantum
chemical calculations, data easily visualized in the histogram
function r-profile.31 Figure 2 shows the r-profile of toluene,
which is dominated by a series of peaks located at the non-
polar region (�0.0082 \ r \ þ0.0082 e/Å2). This neutral
character of toluene anticipates predominant misfit (electro-
static) intermolecular interactions. Conversely, the r-profile
of conventional toluene absorbents, as DEHA or hexade-
cane7, is also dominated by peaks located at the nonpolar
region (Figure 2), which confirms the well-known solute-sol-
vent affinity. In contrast, the ionic liquid previously used as
toluene absorbent,7 [bmim][PF6], although it yields a signifi-
cant peak at the nonpolar region, not only shows polarized
charge corresponding to hydrogen groups of cation located
at the hydrogen bond donor region r \ �0.0082 e/Å2 but
also shows the anion negative charge density located in the
hydrogen-bond acceptor region r[ 0.0082 e/Å2, which indi-
cates the higher polar character of IL relative to solvents
like DEHA or hexadecane and is consistent with the experi-
mentally measured higher solubility of toluene in those sol-
vents compared to [bmim][PF6].7

In previous studies, COSMO-RS estimations for excess
enthalpy, HE, of solute-IL mixtures was successfully applied
to analyze the gas-liquid equilibrium data in terms of the
misfit, hydrogen bonding, and van der Waals intermolecular
interactions

HE ¼ HEðH-BondÞ þ HEðMisfitÞ þ HEðVdWÞ (1)

Figure 3 shows the values of Henry’s law constants for toluene
in DEHA, n-hexadecane, and [bmim][PF6] at T ¼ 298 K
together with interaction energy contributions to excess molar
enthalpies of toluene-solvent system, both computed by
COSMO-RS. It is observed that a decrease of repulsive
interactions (positive HE values) accompanies an increasing
gas solubility of toluene (decreasing KH values). As can be
seen in that figure, organic solvents present less repulsive
interactions than the ionic liquid [bmim][PF6].

To design optimized ILs for toluene absorption, COSMO-
RS method was here applied for predicting Henry’s law con-
stants (KH) for toluene in 272 ILs at 298 K (collected in
Supporting Information, Table S2). Thus, a computational
screening was performed over ILs based on different cations
(imidazolium, pyridinium, pyrrolidinium, phosphonium, and
ammonium) and anions ([C6F18P�], [FeCl4

�], [C8H17SO4
�],

[NTF2
�], [BC4N4

�], [Formate], [CH3CO2
�], [CH3SO3

�],
[CF3CO2

�], [C2H5SO4
�], [C4N3

�], [PF6
�], [CF3SO3

�],
[CH3SO4

�], [DCN�], [NO3
�], [BF4

�]), being the KH values
mapped in Figure 4. It is observed that the toluene absorp-
tion capacity of ILs is determined by the selection of both
cationic and anionic structures. Regarding the cation family
effect, and focusing specially on the white region of the map

Figure 2. r-Profiles and polarized charge surfaces of
toluene and different solvents obtained by
COSMO-RS.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. Description of the solvent effect on Henry’s
law constants of toluene at T 5 298 K by
using the interaction energies contributions
[electrostatic, H(MF); Van der Waals, H(VDW),
and hydrogen-bonding, H(HB)] to excess
molar enthalpies of solute-solvent mixtures
computed by COSMO-RS.

Figure 4. Screening of predicted Henry’s law constants
(102 MPa) for toluene in 272 ILs at T 5 298 K
calculated by COSMO-RS.
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(which corresponds to ILs whose toluene KH values fall in
the order of the benchmark absorbent DEHA), long chain
imidazolium cations and tetra-substituted long chain phos-
phonium or ammonium cations seem to improve the capacity
for absorbing toluene. However, taking into account the
higher viscosity of ILs based on tetra-substituted long chain
ammonium or phosphonium cations,54–56 we decided to
select ILs based on imidazolium cations for this study. On
the other hand, Figure 4 indicates that highly halogenated
hydrophobic anions—such as [C6F18P�], [NTF2

�], and
[FeCl4

�]—also improve the absorption of toluene.
In the following, computational analysis is focused on a

set of commercially available imidazolium-based ILs with
favorable thermodynamics for toluene absorption. Figure 5
compares excess enthalpy, HE, for equimolar toluene-IL
mixtures with Henry’s law constant values for more than
200 different ILs (those with KH vs. \5�10�3 MPa), both
estimated by COSMO-RS. As a general trend, higher solu-
bilities (decreasing KH values) of toluene in ILs are associ-
ated to lower endothermicity (decreasing HE values) of the
mixtures. Analyzing the computational results of Figures 4
and 5, it was able to choose six selected ILs where the pre-
dicted values of toluene Henry’s constant are lower than
those for previously studied ILs in bibliography as toluene
absorbents.7 In addition, we decided to evaluate the suitabil-
ity as toluene absorbent of an IL with relative low cost,
based on ethylsulfate anion [emim][C2H5SO4]. Figure 6

allows analyzing the absorption of toluene in these set of
selected ILs in terms of the contributions of different inter-
molecular interactions to the HE values of toluene-IL mix-
tures. It illustrates that electrostatic (Misfit) forces represent
the main solute-solvent interactions, which enhance the solu-
bility of toluene in IL when increases the length of alkyl
chain, that is, the nonpolar character of the solvent.

Toluene absorption experiments

From COSMO-RS computational analysis, we selected the
commercially available ILs [dcmim][NTf2], [omim][NTf2],
[hxmim][NTf2], [emim][NTf2], [dcmim][BF4], and [emim]
[C2H5SO4] as promising potential solvents to be experimen-
tally tested for toluene absorption. The results will be com-
pared with those reported with [bmim][NTf2]7 and the
obtained with [bmim][BF4] as reference conventional
IL. Figure 7 shows the results of absorption equilibrium
experiments performed using toluene/N2 gas mixtures and
[dcmim][NTf2] (the IL with higher toluene solubility
predicted by COSMO-RS) at atmospheric pressure and
temperatures of 293, 303, and 313 K. For a initial toluene
concentration of 20000 ppmv, [dcmim][NTf2] absorbs at
equilibrium a significant amount of 0.34 g of toluene per
gram of IL at 293 K and 1 atm. Figure 7 confirms that, as
expected, toluene solubilities increase with decreasing tem-
perature and increasing toluene partial pressure. The Henry’s
law constant, KH, could be calculated using the mole fraction
of toluene in the IL and the equilibrium pressure, P, by

KH ¼ lim
xTol!0

p

xTol

� �
(2)

This expression is rigorously applied to a pure toluene gas phase
in contact with the IL. In our experimental conditions, we use a
binary gas phase mixture of nitrogen and toluene. However,
taking into account the low solubility of N2 in imidazolium-
based IL (\10�3 molar fraction at 1 atm and 313 K)51 and
assuming a very low interaction between nitrogen and toluene
molecules, the effect of nitrogen in the toluene absorption
process can be neglected. Furthermore, the relation between the
equilibrium pressure and the mole fraction of toluene is linear in
the entire toluene mole fraction (Figure 7) at all the
temperatures tested, despite the high values of toluene mole
fraction reached in the IL. Considering these assumptions,57,58

the slopes of linear fits of Figure 7 provide representative values
of Henry’s law constant (KH) for toluene absorption in the
selected IL [dcmim][NTf2]. The resulting KH values from

Figure 5. Excess molar enthalpies (HE) of equimolar
toluene-IL mixtures versus Henry’s law con-
stants (KH) for toluene in >200 different ILs,
both computed by COSMO-RS at 298 K.

Figure 6. Henry’s law constants for toluene in ILs vs.
the excess molar enthalpies of toluene-IL mix-
tures at T 5 298 K obtained by COSMO-RS.

Figure 7. Equilibrium curves of toluene absorption on
[dcmim][NTf2] ILs measured at 293, 303, and
313 K and total 0.1 MPa.
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experiments at different temperatures are in very good
agreement with the predicted by COSMO-RS (see Table 2).

Figure 8 shows the absorption-desorption curves of tolu-
ene in (a) ILs with [NTf2] anion and (b) other ILs, obtained
by thermogravimetric measurements at 293 K and atmos-
pheric pressure and a toluene partial pressure of 2.0 kPa.
Similar curves were obtained at 303 and 313 K (Supporting
Information, Figures S1 and S2), decreasing the absorption
toluene with increasing temperatures for all the ILs analyzed,
as expected. Figure 8a clearly shows a decrease in the
amount of toluene absorbed at saturation as the length of
the alkyl chain length of the imidazolium cation decreases.
The lowest toluene absorption capacities correspond to ILs
with less hydrophobic anions and shorter alkyl chains,
[emim][C2H5SO4] and [bmim][BF4] ILs (Figure 8b), which
show also the highest values of the predicted Henry’s con-
stant (Figure 6). As can be seen, the good correlation
between the COSMO-RS predictions and the experimental
toluene absorption capacities as can be seen in Figure 9,
indicating the validity of KH as thermodynamic parameter of
reference to select ILs for toluene absorption processes.

Desorption of toluene from the saturated IL is a key issue
regarding potential applications. The desorption curves under
continuous bare N2 flow are included in Figure 8. Desorption
of toluene was complete in all the cases, that is, all the tolu-
ene absorbed was desorbed at the absorption temperature,
without the need of heating or vacuum which has been
reported with other ILs.59 Thus, complete regeneration
would be possible by simple stripping at the same ambient-
like absorption temperature.

To quantify the kinetics of toluene absorption in the dif-
ferent ILs, diffusion coefficients were estimated by applying
a simplified mass diffusion model previously used for CO2

absorption in ILs.60–62 The process may be described by
one-dimensional mass diffusion due to the local concentra-
tion difference. The toluene mass balance can be written as

@C

@t
¼ D � @

2C

@z2
(3)

with an initial condition C ¼ 0 when t ¼ 0 and 0\ z\L and
boundary conditions (i) C ¼ Cs when t [ 0 and z ¼ 0 and (ii)
qC/qz ¼ 0 at z ¼ L. C is the concentration of toluene
dissolving in the IL as a function of time, t, and vertical
location, z, L is the depth of IL in the container (estimated for
each case using the weight of IL in the sample pot and the
corresponding density value of IL reported in Table 1). D is
the diffusion coefficient that is assumed constant and in this
case must be taken as an ‘‘effective diffusion coefficient’’
because the toluene-IL liquid mixtures cannot be considered
diluted solutions. The simplification of assuming diluted
solutions has been previously used by other authors working
with CO2-ILs systems reaching even higher solute concentra-
tion than ours.60 The experimentally measured toluene
concentration (mass per unit volume) in IL at a given time
corresponds to the space-averaged concentration, C, at that
time, which can be calculated from the equation

C ¼ 1

L

Z L

0

Cdz (4)

C ¼ Cs 1 � 2
X1
n¼0

expð�k2
nDtÞ

L2k2
n

" #
(5)

Although this equation contains an infinite summation, only
the first four terms are sufficient in practical applications.
Fitting the experimental data to this equation, we obtained the

Table 2. Henry’s Law Constant (KH) for Toluene Absorption
in [dcmim][NTf2] Estimated from Equilibrium Experiments

and Predicted by COSMO-RS

Temperature
Experimental

KH (MPa)
COSMO-RS

KH (MPa)

293 0.0032 0.0031
303 0.0050 0.0049
313 0.0066 0.0078

Figure 8. Toluene absorption-desorption curves at 293
K and atmospheric pressure in (a) ILs with
[NTf2] anion and (b) other ILs (toluene partial
pressure of 2.0 kPa for absorption).

Figure 9. COSMO-RS predicted KH values at 298 K vs.
experimental toluene absorption capacities
(molar fraction) obtained at 293 K, atmos-
pheric pressure and 2 kPa toluene partial
pressure.
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saturation concentration (Cs) and the diffusion coefficient (D)
at given T and P. The fitting was performed by nonlinear
regression. Table 3 summarizes the values of the effective
diffusion coefficient of toluene in different ILs at the three
absorption temperatures tested. The correlation coefficients
(R2) show fairly good values in all the cases (R2 [ 0.99). For
comparison purposes, the values of D were tentatively
estimated by the Wilke–Chang correlation, widely applied in
bibliography to predict diffusion coefficients63

D ¼ 7:4 � 10�8 ð/ � MILÞ0:5 � T

lIL � VToluene
0:6

(6)

where T is temperature (K), lIL and VToluene are, respectively,
the viscosity of IL (Table 1) and the molar volume of toluene
at the corresponding temperature, MIL is the molar mass of IL
and / is the association parameter (with value of 1,
considering in this case IL as unassociated solvent). As can
be seen in Table 3, there is a good agreement between the D
values obtained from the absorption experiments and those
estimated by Wilke–Chang correlation. The diffusion coeffi-

cients increase with the absorption temperature consistently
with the decrease of the ILs viscosities (Table 1). It is also
worth mentioning that, as a general trend, the effective
diffusion coefficients increase when decreasing the length of
the imidazolium cation alkyl chain of ILs containing the
common anion [NTf2], again, in agreement with the lower
viscosity of the IL with shorter alkyl chain (Table 1). It should
be indicated that the D values obtained in this work for the
absorption of toluene in [bmim][BF4] are in the order of
magnitude of those previously reported for CO2 with this IL.60

Process simulation results

In this section, the process simulator Aspen Plus v 7.3 was
used for modeling and evaluating the absorption of toluene by
ILs (favorable series with common anion NTf2

�) in separation
columns of different types. First, the eventual inclusion of ILs
as new components in Aspen Plus was checked by comparing
the experimental values of density, viscosity, toluene diffusiv-
ity, and toluene absorption equilibrium data for the IL tested
to those predicted by Aspen Plus software using COSMOSAC
property model. Supporting Information, Table S3 shows the
good agreement between experimental and simulated property
values for the five IL-toluene systems evaluated, demonstrat-
ing both the confidence of ILs implementation as pseudocom-
ponents in Aspen Plus and the capacity of the COSMOSAC
property model for estimating thermophysical and equilibrium
properties of the mixtures (ILs þ toluene).

The recovery of toluene at given operating conditions
(CToluene in gas: 2000 ppmv; G/L ¼ 35 in mol, 298 K and 1
atm) was simulated in a single-stage contactor using both equi-
librium- and rate-based approaches by RADFRAC in Aspen
Plus. The results for rate-based one-stage absorption (Table 4)
show that toluene recovery follows the general trend of
gas-liquid equilibrium data reported before: DEHA [ [dcmim]
[NTf2] [ [omim][NTf2] [ n-hexadecane [ [hxmim][NTf2]
[ [bmim][NTf2] [ [emim][NTf2]. In addition, toluene separa-
tion in rate-based simulation is significantly enhanced at
lower-temperatures for all the solvents considered, in spite of
the lower diffusion coefficients (see Table 3). These results
suggest that thermodynamics prevails over kinetics, thus being
the determining factor in toluene absorption by the ILs tested
under experimental conditions of this work.

Nevertheless, Figure 10a, which compares the percentage
of recovered toluene by using rate- and equilibrium-based
models for the IL series, suggests that the kinetics also influ-
ences toluene absorption by ILs. Remarkably, the more
effective IL absorbents present the less favorable mass trans-
fer properties and, as consequence, lower Murphree tray effi-
ciencies (Figure 10b). This clearly points to the convenience
of taking into account kinetic considerations in the selection

Table 3. Effective Diffusion Coefficients of Toluene in ILs at
Different Temperatures Obtained from Absorption

Measurements and Estimated by Wilke–Chang Correlation

IL
Temperature

(K)
D � 1011

(m2/s) R2

D � 1011

(m2/s)
(Wilke–Chang)

[dcmim][NTf2] 293 3.9 0.994 2.2
303 7.5 0.996 3.8
313 8.9 0.998 6.1

[omim][NTf2] 293 3.8 0.994 2.6
303 7.2 0.998 4.3
313 9.0 0.992 6.8

[hxmim][NTf2] 293 3.9 0.992 3.1
303 7.1 0.995 5.2
313 10.1 0.998 8.1

[bmim][NTf2] 293 4.6 0.998 4.3
303 7.8 0.995 7.0
313 10.6 0.993 10.5

[emim][NTf2] 293 5.5 0.996 6.3
303 8.1 0.996 9.5
313 10.7 0.992 13.6

[dcmim][BF4] 293 3.76 0.999 2.5
303 6.13 0.998 5.3
313 9.86 1.000 10.0

[emim][C2H5SO4] 293 6.50 0.998 1.8
303 10.2 0.999 2.8
313 11.0 0.995 4.1

[bmim][BF4] 293 7.10 0.992 1.6
303 8.97 0.998 2.9
313 10.8 0.998 4.4

Table 4. Toluene Recoveries (%) and Murphree Tray Efficiencies for the Separation of Toluene by Absorption With ILs and
Organic Solvents in a One-stage Contactor, Using Equilibrium and Rate-Based Models for Separation Column

IL

% Toluene Recovery

Murphree Tray EfficiencyRate-Based Model Equilibrium Model

293 K 303 K 313 K 293 K 303 K 313 K 293 K 303 K 313 K

[dcmim][NTf2] 52.3 40.0 29.6 67.0 50.1 35.4 0.78 0.80 0.84
[omim][NTf2] 48.3 36.3 26.5 61.9 45.0 31.2 0.78 0.81 0.85
[hxmim][NTf2] 44.7 33.0 23.7 57.0 40.4 27.5 0.78 0.82 0.86
[bmim][NTf2] 40.7 29.5 20.9 51.5 35.6 23.8 0.79 0.83 0.87
[emim][NTf2] 35.4 25.1 17.5 44.1 29.5 19.5 0.80 0.85 0.90
n-Hexadecane 45.8 34.4 25.1 56.8 40.8 28.2 0.80 0.84 0.89
DEHA 64.7 52.6 41.0 81.0 66.3 50.2 0.78 0.80 0.82
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of both the IL solvent and the operating conditions. On the
other hand, the one-stage absorption results (Table 4 and
Figure 10) indicate that the selected IL [dcmim][NTf2] could
be a promising alternative to conventional organic absorb-
ents, as n-hexadecane or DEHA.7

To evaluate this point, the absorption of toluene gas has
been simulated in a packed column using [dcmim][NTf2], n-
heaxadecane and DEHA as absorbents, operating at 293 K and
1 atm with a molar G/L ratio of 17 and with the column
dimensions described in the section Process simulation details.
The main results are summarized in Table 5. As can be seen,
toluene recovery and concentration in the exit gas stream when
using [dcmim][NTf2] as solvent present intermediate values to
the conventional organic solvents, DEHA and n-hexadecane. It
should be pointed out that the mass transfer efficiency of the
packed column simultaneously depends on gas and liquid flow
rate, density, viscosity, and diffusivity (see Supporting Informa-
tion, Scheme 1S and Table 4S). Aspen Plus simulations pro-
vide lower HETP values, that is, higher mass transfer efficiency
in this packed column, for the selected IL [dcmim][NTf2] than
for the organic solvents DEHA and n-hexadecane.

Conclusions

A computational-experimental strategy research was
developed to select ILs with favorable properties for toluene
absorption. First, COSMO-RS method was used to analyze
the solute-solvent intermolecular interactions and to screen
[200 ILs, for selecting a set of optimum cation-anion com-
binations for toluene absorption. Absorption experiments
confirmed that the selected ILs present high absorption
capacities for toluene and absorption rates close to other sol-
utes as CO2 in ILs. The results obtained for experimental
thermodynamic and kinetic data were in good agreement
with theoretical predictions. Process simulation by Aspen
Plus allowed concluding that thermodynamics considerations
prevail in toluene absorption, but evidenced the need of con-
sidering also kinetics in the selection of the IL selection and

the design of IL-based separation processes. Imidazolium-
based ILs with [NTf2] anion and high length of the cation
alkyl chain are found suitable ILs for toluene absorption,
considering both kinetic and thermodynamic aspects.
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