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ABSTRACT: A hierarchical hybrid method combining exper-
imental-database-derived estimation of extraction performance,
quantitative structure�property relationship (QSPR)-based assess-
ment of IL physical and environmental properties, liquid�liquid
extraction (LLE) measurement, and process evaluation is proposed
to screen practically suitable ionic liquid (IL) solvents for di�erent
extractions. From the literature, 47 424 in�nite dilution activity
coe�cient (IDAC) data including 12 IL families (e.g.,
imidazolium, pyridinium, ammonium, etc.) and 13 organic families
(e.g., alkanes, aromatics, alcohols, etc.) are collected. On the basis
of the IDAC data, the extraction performance of ILs for a speci�c separation can be estimated in terms of the distribution ratio and
selectivity at in�nite dilution. The ILs with potentially high extraction performance and meeting the physical and environmental
properties criteria are selected to perform LLE experiments. Subsequently, process simulation and evaluation using the selected IL
solvents are performed by Aspen Plus. To exemplify the proposed method, the extractive desulfurization (EDS) process is taken as a
case study, where [EMIM][MESO3] (1-ethyl-3-methylimidazolium methanesulfonate) and [EIM][NO3] (1-ethylimidazolium
nitrate) are selected after IDAC database searching and QSPR analysis. Experimental LLE with the two ILs are determined,
demonstrating their promising extraction performance with the maximum selectivity (S23

max) for thiophene/heptane of 420 and 281.9,
respectively. By �tting the NRTL model correspondingly, two processes using the screened ILs and sulfolane are developed and
compared using Aspen Plus. It turns out that the two ILs save 66% and 48% in solvent requirements and 54% and 55% in energy
consumption compared to those of sulfolane for the EDS task, respectively.
KEYWORDS: Hierarchical ionic liquids screening, IDAC database, QSPR, Liquid�liquid extraction experiment,
Process simulation and evaluation, Extractive desulfurization

� INTRODUCTION
Due to their favorable thermophysical properties, ionic liquids
(ILs) are widely regarded as promising solvents in various
separation processes, such as gas capture,1�5 extraction,6�8 and
extractive distillation.9,10 Especially in the extraction process,
ILs have been applied in many di�erent areas, e.g., separation
of aromatic and aliphatic hydrocarbons,11�13 puri�cation of
drugs and biomolecules,14,15 and desulfurization and deni-
trogenation of fuel oils.16�19 Compared to traditional organic
solvents, IL solvents have a negligible vapor pressure that
makes them unlikely to evaporate to the environment to cause
pollution and solvent loss as well as ease solvent regener-
ation.20 However, there are approximately 1018 anion�cation
combinations that could be potentially synthesized,21 making
the selection of a suitable IL solvent very di�cult. To avoid the
labor-intensive liquid�liquid equilibrium (LLE) experiments
for the extraction process, the extraction distribution
coe�cient (eq 1) and selectivity (eq 2) at the in�nite dilution
condition are usually employed as the preliminary performance
measure of ILs:22�27
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where �1
� and �2

� represent the in�nite dilution activity
coe�cients of solute 1 and solute 2 in IL, respectively; �1

�

stands for the solute distribution coe�cient of solute 1, and S12
�

denotes the extractive selectivity.
To acquire the in�nite dilution activity coe�cients (IDAC)

for the solutes in ILs, various methods can be adopted. The
classical activity coe�cient models, such as the universal
functional activity coe�cient (UNIFAC),28,29 nonrandom two-
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liquid model (NRTL),30 and models from statistical
associating �uid theory such as perturbed-chain statistical
associating �uid theory (PC-SAFT),31 are often used to predict
the IDAC. However, to enable accurate predictions, these
models need several parameters from the regression of
experimental data. This means that the application domain is
essentially con�ned by the availability of experimental data. In
contrast, as a theoretical approach combining principles of
quantum chemistry and molecular thermodynamics, the
conductor-like screening model (COSMO) based methods,
namely, COSMO-RS32 and COSMO-SAC,33 have been
demonstrated to be powerful tools for a priori selection of IL
solvents in various separation problems. However, for the IL-
involved systems, the accuracy of the COSMO-based models
for the prediction of IDAC is inferior to other models such as
UNIFAC due to its fully predictive character.34 It is worth
mentioning that quantum chemistry (QC) and molecular
dynamics (MD) simulations have also been widely applied to
shed fundamental molecular insights into the extraction
mechanism using ILs.35�37 However, such methods need
intensive computational e�orts and are thus not suitable for
searching solvents in a large candidate space.

Another avenue to acquire IDAC values is by experiment.
Since ILs have negligible vapor pressure, the IDAC of solutes
can be measured using the gas�liquid chromatography (GLC)
method developed by Everett38 and Cruickshank et al.39 This
experiment usually takes several or dozens of minutes
(depending on the retention time of the solutes) to acquire
an IDAC data point, and always consumes a few millimoles of
ILs.40 Although the experimental method is more laborious
than the predictive methods (UNIFAC and COSMO-RS can
generally output an IDAC within one second depending on the
model accessibility), the results are doubtless the most
trustworthy. For instance, Song et al.29 performed a large
extension of the UNIFAC model to IL-solute systems and
found that the average absolute relative deviation (AARD)
between experimental and UNIFAC calculated IDAC ranges
from 8.55% for “�COOH” solutes to 37.88% for “�(C)3N”
solutes; Paduszyn�ski41 reported a comprehensive evaluation of
the COSMO-RS in predicting the IDAC for an IL-solute
system, concluding that the AARD ranges from 34.5% for
cycloalkanes to 122% for alkanes, and the overall AARD is
58.5% for 41 868 IDAC data points. Compared to the ILs
screened from theoretical databases (e.g., COSMO-RS data-
base) that may be hard to buy or synthesize, the ILs that have
been involved in IDAC studies are more practical and easily
obtainable. In recent years, a huge amount of IDAC data
between various organic solutes and ILs has been reported in
the literature, covering typical IL families such as imidazolium,
pyrrolidinium, pyridinium, piperidinium, morpholinium, qui-
nolinium, ammonium, phosphonium, sulfonium, etc. That is to
say, the IDAC database from the literature could already
provide a considerable space to screen practical IL solvents for
extraction tasks.

In addition to the extraction performance measure from
IDAC, pure-component properties of ILs such as melting point
and viscosity are also very important to the extraction
process.42 A suitable IL solvent should possess a low melting
point and viscosity to facilitate the practical application. In
addition, the potential hazards of ILs for the environment and
human beings are being gradually recognized;43 however, this
characteristic was rarely considered in previous IL screening or
design studies.18,44�46 To �nd environmentally friendly ILs, an

estimation of the potential toxicity of them is also of high
value.

Once suitable ILs are selected after preliminarily assessing
the IDAC and pure-component properties, it is necessary to
perform corresponding LLE experiments to validate their
performance under practical extraction conditions. However,
most available IL screening and design works based on IDAC
have neglected the experimental validation. Meanwhile, the
experimental LLE data can also be used to accurately regress
thermodynamic models such as NRTL, which subsequently
allows for reliable process simulation and evaluation. In
previous studies that have involved the process evaluation of
IL performances for solvent screening or design, the common
practice is to directly use the UNIFAC or COSMO-SAC
models as the thermodynamic method in process simulation.
Despite the convenience of this approach, the process
evaluation results may deviate greatly from the real situation
due to high sensitivity to the thermodynamic model accuracy.
In this sense, thermodynamic models speci�cally regressed
from experimental LLE data could essentially overcome this
problem.18

In this work, as shown in Figure 1, a hybrid IL screening
method that combines the extraction performance estimation,

physical property estimation, LLE experimental validation, and
process evaluation is developed. In the beginning, a database
covering the information on IL and solute name, classi�cation,
IDAC, temperature, and corresponding references is built.
Then, promising ILs are searched in the database based on the
IDAC-derived performance measure. Afterward, the physical
properties, namely, melting point, viscosity, and toxicity of the
IL candidates, are evaluated using either experimental data or
semiempirical models. ILs with both potentially good
extraction performance and favorable physical properties are
chosen to perform the LLE experiments. Finally, based on the
NRTL model regressed from the LLE data, the continuous
extraction process using the selected IL solvents is built and
compared with the benchmark process using conventional
solvents. To demonstrate the method, the extractive
desulfurization (EDS) of fuel oils, one of the most extensively

Figure 1. Hybrid IL screening method proposed in this work.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c07866
ACS Sustainable Chem. Eng. 2021, 9, 2705�2716

2706

https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07866?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07866?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07866?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07866?fig=fig1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c07866?ref=pdf


studied IL-based extractions in the literature, is taken as a case
study.

� METHOD DETAILS
IDAC Database Collection. The database covering 47 424

IDAC data points, and the detailed information including the
name of the IL and solute, classi�cation, IDAC value,
temperature, and references are compiled in Table S2 of the
Supporting Information. The combinations of involved organic
solutes and ILs as well as the number of data points are shown
in Figure 2. As only 11 out of 156 combinations are unavailable
in the database, it can be used for screening ILs for many
typical extraction tasks such as alcohols/alkanes, aromatics/
cycloalkanes, desulfurization of fuel oils, and so on. The
imidazolium family is the most extensively studied since it
accounts for a large portion of the data points while other IL
families have a quite even distribution. It is worth noticing that
the database can be easily expanded in the future when more
IDAC data are available.

Searching for Suitable ILs. Because the distribution
coe�cient is always inversely related to the selectivity, the
overall performance of solvents could be evaluated by the
performance index (PI�), which is the product of the
selectivity and the distribution coe�cient at in�nite dilution
(eq 3). PI� has been used in many IL screening problems and
proved to be a suitable, balanced performance meas-
ure.20,26,47�49

SPI 1 12�= ×� � �
(3)

To identify the optimal IL solvents for a speci�c separation
problem from the large database, a program in Matlab
(R2019b) is developed to sort the PI� of ILs in the IDAC
database for a given separation task. Because many experiments
are not performed at exactly the same temperature, the
tolerance for the temperature is set to ±1 K.

In addition to the thermodynamic performance measure, the
desired IL solvents should possess a melting point lower than
the operation temperature and possess a relatively low viscosity
(e.g., < 150 cP). Moreover, the half-maximal e�ective
concentration (EC50) of the biological end points of the
Leukemia Rat Cell Line (IPC-81), which is frequently
considered in cytotoxicity assessments,50�52 is employed to
estimate the toxicity of ILs in this work. In order to predict the
EC50 value of ILs, a quantitative structure�property relation-
ship (QSPR) model53 is used, which is derived from the group
contribution based COSMO (GC�COSMO) and the multi-
layer perceptron technique (MLP). On the basis of the �-
pro�le calculated by the GC�COSMO method, the EC50
value of ILs can be predicted by the MLP model. According to
the UFT research center (center for environmental research
and sustainable technology), log EC50 < 2 means the ILs have
high toxicity, hence the constraint for toxicity is set as log
EC50 > 2. It should be noted that in order to ensure the
accuracy of these properties, the experimental data are used
whenever possible; otherwise, the QSPR methods53�55 from
the literature are applied.

LLE Experiments and NRTL Correlation. A mixture
containing 5 wt % thiophene, 45 wt % heptane/octane, and 50
wt % IL is weighted and added to a 10 mL round-bottom �ask
with a cap covered in para�lm to avoid chemical loss. The
measurements are performed in grams, and the total
composition is set to 4 g using an analytical balance (Mettler
AE200) with the readability of ±0.0001 g. The same procedure
is carried for higher concentrations of thiophene (i.e., 10, 15,
20, 25, and 30 wt %) in the feed while keeping 50 wt % of the
ionic liquid. To ensure complete mixing, the samples are put in
an incubator shaker and shaken for 6 h at 200 strokes per
minute. For reaching thermodynamic equilibrium at 298.15 K,
the vials are left to settle overnight under isothermal conditions
in a water bath equipped with Julabo F25-ED refrigerated and
heating circulator, which has a stability of ±0.03 K.

Figure 2. Number of data points among organic solutes and ILs in the database.
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Figure 4. Tie-lines of the ternary mixture on a molar fraction basis at 298.15 K (black solid line for experimental data, red dashed line for NRTL
correlation): (a) [EMIM][MESO3] + thiophene + heptane, (b) [EMIM][MESO3] + thiophene + octane, (c) [EIM][NO3] + thiophene + heptane,
and (d) [EIM][NO3] + thiophene + octane.

Figure 5. Comparison of the S23
max and �2

max of di�erent ILs for the
extraction of thiophene from heptane.

Figure 6. Comparison of experimental maximum thiophene/heptane
selectivity S23

max calculated based on LLE data reported in the literature
for di�erent ILs.
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