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Abstract

Although double salt ionic liquids (DSILs) offer significant advantages over classical two-ion
ionic liquids (ILs) as separation solvents, relevant studies are still scarce and a systematic DSIL
selection method is thus highly desirable. In this contribution, a rational method for designing
DSILs as extraction solvents is proposed and exemplified by the thiophene/n-octane separation.
The effects of additional degrees of freedom for DSIL design (i.e., double cations and/or anions
and the ion ratio) on the thermodynamic properties are first analyzed by COSMO-RS. Then, a
multilevel DSIL design method combining the prediction of infinite dilution thermodynamic
properties, the estimation of physical properties, the evaluation of phase equilibrium behavior,

and the experimental validation is proposed. By applying this method, [C.MIm][OAC]«[NOs];«
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(x=[0, 1]) and [C:MIM][OAC]«[SCN]ix (x=[0.70, 1]) are identified as promising DSIL solvents
for the thiophene/n-octane separation. Correspondingly, the liquid-liquid equilibria of {DSILs +

thiophene + n-octane} with the designed DSILs are experimentally studied.

Keywords: double salt ionic liquids; solvent design; COSMO-RS; thiophene/n-octane separation;

liquid-liquid equilibrium

Introduction

During the past decades, ionic liquids (ILs) have sparked significant interest for application in
various separation processes due to their overwhelming advantages over conventional organic
solvents, such as negligible vapor pressure, broad liquid range, designable and tunable character,
and so on."™® However, as known to all, various cation-anion combinations can lead to very
different physical and thermodynamic properties, making the selection of ILs the most crucial

task for the development of IL-based separation processes.*™*°

A large number of experimental and theoretical studies have been reported on the identification
of suitable ILs for different separation processes.”?* Particularly, several research groups have
employed COSMO-based activity coefficient models***® or the UNIFAC-IL model®®® to
perform computational screening and design of ILs as separation solvents. Because of the
predictive character of these thermodynamic models, the separation performance of ILs that have

not been experimentally covered can be estimated and thus the identification of suitable solvent
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candidates in a large range is possible. Despite the progress made, the selection of practically
attractive IL for a specific process is still challenging since in many cases very few ILs can
satisfy different desirable properties simultaneously. For instance, when screening ILs as
extractive desulfurization solvent, Song et al. found that only 831 of the initial 36260 cation-
anion combinations meet the thermodynamic property requirements, among which only 15
satisfy the physical property constraints.'® Conceivably, if more restrictions such as easy
preparation, commercial availability, low cost, etc. of ILs are considered, the number of feasible
solvents will be further reduced and in some cases even no candidates could retain. This problem
represents a major obstacle in the practical application of ILs for separation processes.*'!"?®

Nevertheless, it should be noted that most of the previous studies focused on classical two-ion

(i.e., one cation and one anion) ILs only.

Moving beyond two-ion ILs, several researchers have recently turned their attention to double
salt ionic liquids (DSILs) which are composed of more than one cation and/or anion.””*’ Since
the most straightforward approach to obtain such DSILs is mixing two different ILs together,
they are treated as ‘IL mixtures’ in many studies (in the following all ILs refer to two-ion ones if
they are not particularly specified).?”* However, through an elaborate review, Rogers and co-
workers suggested the concept of DSILs since they found that the ‘mixture’ of ILs is quite
different from the mixture of molecular solvents: (a) the ionic associations in the individual ILs

are lost and one cannot identify which ion is from which IL; (b) the overall properties of the
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‘mixture’ are derived from the ion identities and ion ratios in it, not necessarily derived from the
individual ILs (also named as IL parents of DSIL) used for its preparation.®’

No matter how DSILs are called, they are generally recognized to have two notable advantages
over two-ion ILs. First, DSILs significantly extend the solvent selection space.**%" It is
estimated that the maximal number of possible two-ion ILs are around 10°, and so far only a few
hundreds of them have been commercialized or experimentally synthesized. In contrast, the
number of DSILs resulting from the combinations of two-ion ILs is many orders of magnitude
larger. Even if the commercialized or experimentally synthesized ILs are considered only, a huge
space of DSILs can still be achieved. Second, DSILs offer an easy approach to tune solvent
properties.***” Normally, the properties of two-ion ILs are tailored by altering functional groups
and/or alkyl chains; however, the synthesis and purification of the resultant ILs, in some cases
functional ILs, are always complex, which may greatly limit their interests from application
point of view. By comparison, by changing the identities or the ratios of IL parents for DSIL
preparation, the physical and thermodynamic properties of the obtained solvent can be readily
tuned in a wide range. For instance, Pinto et al. observed that the viscosity of the ‘mixture’ of
[CoMIM][NTF,] and [C4EIM][EtSO,4] varies from 32.6 mPa:-S to 255.2 mPa-S with the molar
fraction of [C4EIm][EtSO.] increasing from 0 to 1;*° Lei et al. found that the solubility of CO, in
the ‘mixture’ of [CsMIM][NTf,] and [C,MIm][BF4] (n=2, 4) can be adjusted by different IL
compositions.?® For these reasons, DSILs open new horizons for the identification of suitable

solvents for separation processes. However, compared to the extensive studies on two-ion ILs,
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the ones on DSILs are still very scarce, among which the ideal or non-ideal ‘mixture’ behaviors
of DSILs are mainly concentrated on.*%"° To the best of our knowledge, until now, there is no

systematic study on the optimal selection of DSILs for separation tasks.

In the present work, the rational design of DSILs as extraction solvents is investigated, where the
separation of the mixture thiophene/n-octane, a typical fuel oil model in extractive
desulfurization studies, is applied as an illustrative example. First, the effects of introducing
double cations and/or anions as well as the effect of different ion ratios on the thermodynamic
properties of DSILs are evaluated in order to identify key degrees of freedom for DSIL design.
Following this, a multilevel DSIL design method is proposed and further applied to the
thiophene/n-octane separation. The practical separation performances of the designed DSILs are

finally validated by liquid-liquid equilibrium (LLE) experiments.
Evaluation of key degrees of freedom for DSILs design

Among the different types of DSILs summarized by Chatel et al.*" namely [CiCalixA,
CIAKAzl  [CIAKCoAL L, [CIMC2[CalinyA, CIATMAZLAclixy, and [Co'llC2"l-
il AT i A2 wyyive the first three are more applicable from practical point of view since they
can be easily prepared by mixing two ILs together (C and A represent cation and anion,
respectively; x and y refer to the molar ion ratio; i, ii, iii, and iv denote valence of ions).
Comparing these three types of DSILs to classical two-ion ILs, one more cation and/or anion, as
well as the ion ratio are introduced as additional degrees of freedom. Therefore, before proposing

the method to design such DSILs, the effects of these novel degrees of freedom on their
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thermodynamic properties are evaluated. For this purpose, in the example of thiophene/n-octane
separation, the infinite dilution capacity and selectivity of different DSILs, i.e., C* and S”, are

calculated by COSMO-RS as follows:

c” :1/ Y thiophene (1)

S = Y oaane |V icphene ()
Where yioonene N 7o Stand for the infinite dilution activity coefficient of thiophene and n-

octane in DSILs, respectively. The C* and S can offer a simple and quick estimation of the
separation performances of DSILs for the extraction of thiophene from n-octane.?'® In the
calculation, 20 common cations of the imidazolium, pyridinium, and pyrrodinium families are
covered together with 25 widely reported anions. Their detailed information is provided in Table
S1 (Supporting Information). An elaborate introduction of the COSMO-RS model and its
applications in calculating different thermodynamic properties can be found in literature.* It has
been widely demonstrated to be able to provide good qualitative and in many cases acceptable

42-48

quantitative predictions on the thermodynamic properties of IL-involved systems, and is thus

also promising for estimating the separation performances of DSILs.?3!4

It should be noted that in COSMO-RS calculations ILs including DSILs are treated as
electroneutral mixtures of dissociated cations and anions with the molar ratio corresponding to
the stoichiometry, whereas in the experimental context they are normally treated as one
compound. Therefore, as demonstrated in the COSMOthermX manual (Version C3.0, Release

16.01), COSMO-RS derived properties that depend on the definition of mole fraction, such as
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the infinite dilution activity coefficients in Egs. 1-2, have to be converted to ensure the same

reference standard as used in experiments.
Effect of introducing double cations and/or anions

When analyzing the effect of double cations and/or anions, the ion ratios in DSILs are fixed at
0.5. Based on the involved 20 cations and 25 anions, there are totally 4750 [C1]os[C2]osA and
6000 C[A1]os[A2]os DSILs. To avoid the combinatorial explosion, a reduced set of 10 cations
and 20 anions (marked in Table S1, Supporting Information) are considered in the
[C1A1]o5[C2A2]0 5 case, which results in 8550 DSILs of this type. The calculated C* and S™ of
these DSILs are tabulated in Table S2 (Supporting Information), together with those of the 500

two-ion ILs based on the same set of cations and anions.

Figures 1 and 2 show the effect of introducing double cations or anions on the C* and S of
DSILs with the examples of [C4MIm]os[Cation]os[BF4] and [C4MIM][BF4]os[Anion]os. As seen
in Figure 1, with the variation of the second cation in the [C4sMIm]os[Cation]os[BF4] DSILsS, the
C” and S” of them change in a large range and generally follow a reverse trend along the x axis.
For instance, when introducing [CoMIm]", [CsMIm]", [CeMIm]’, and [CiMIm]" into
[CsMIm]os[Cation]os[BF4], the C* of the obtained DSILs are 0.56, 0.66, 0.72, and 0.79 while
their S are 327.30, 136.72, 94.88, and 67.52, respectively. Such a reverse trend of the notably
changing C” and S” can also be roughly observed as the anion changes along the x axis in the
example of [C4,MIM][BFs]os[Anion]os (see Figure 2). These results demonstrate that introducing

different cations or anions into DSILs is an effective approach to adjust and balance their C* and
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S”. Interestingly, the C* and S™ of [C;MIm]os[Cation]os[BF4] can be positively correlated to
those of the corresponding two-ion ILs [Cation][BF,]; this also holds true when comparing the
C” and S” of [CsMIM][BF4]os[Anion]os with those of [CsMIm][Anion] (see Figure S1,
Supporting Information). These findings suggest that one can roughly tune the C* and S of
[C4MIm]gs[Cation]os[BF4] and [C4MIm][BF4]os[Anion]os DSILs according to the knowledge on

their IL parents, i.e., [Cation][BF4] and [CsMIm][Anion].

From Figures 1 and 2, it can be inferred that the introduction of a second cation-anion
combination will also have a remarkable effect on the C* and S™ of the [C1A1]05[C2A2]0s DSILS
(see Table S2c, Supporting Information). Overall, different identities of cation, anion, and

cation-anion combination introduced in DSILs are important degrees of freedom for DSIL design.
Effect of ion ratio

To evaluate the effect of ion ratio (x) of DSILs on their separation performances, the C* and S™
of [C1[C2]1xA, C[A][A2]1x and [CiA1]x[C2Az]1x With varying x from O to 1 are predicted.
According to the COSMO-RS results, the involved DSILs can be classified into three groups
based on the different dependencies of their C* on x (see Figure 3 for the representative DSILs of
each type). For DSILs in Group 1, their C* change monotonically between those of their IL
parents; for DSILs in Group 2 and Group 3, their C* vary parabolically, showing a minimum and
a maximum value at a certain ion ratio, respectively. The number of DSILs in each group is
summarized in Table 1 with their detailed information tabulated in Table S3 (Supporting

Information). As seen, the majority of DSILs belongs to Group 1, accounting for 90.8%, 83.8%,
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and 78.4% of the total number of [C1]x[C2]1-xA, C[A1]x[Az]1x, and [C1A1]x[C2A2]1x, respectively.
In addition, a notable number of DSILs fall into Group 2 while very few DSILs are found in
Group 3. It is clear that the dependencies of C* for DSILs in Group 2 and Group 3 indicate
strong non-ideal ‘mixing’ behaviors of their IL parents; even for DSILs in Group 1, their C* may
deviate noticeably from that averaged for their IL parents. Very recently, such distinct effects of
x were also observed on the solubility of DSILs for paracetamol and CO;, where the different
‘mixing” performances of DSILs were understood by means of the o-profiles of involved
molecules and the thermodynamic analysis of DSIL solvents.**“° A similar interpretation for the
different dependencies of C* of DSILs for thiophene on x is illustrated in Figures S2 - S3

(Supporting Information) with the representative C[A1]x[Az]1x DSILS.

The S of DSILs in different groups also vary remarkably with increasing x, but their
dependencies seem to be not related to those of C”. For instance, as shown in Figure 3, a
monotonic increase or decrease is observed for the S* of the representative DSILs of Group 1
and Group 3, although their C* change in different trends. For the representative DSILs of Group
2, their S” may have distinct dependencies on x, such as the monotonic decrease of S* for
[CsMIm][OAC]«[Tf2N]1«, and the parabolic evolution of S for [C3sMPyr][CsMPy]1x[MeSQ,]
and {[C.MIM][NOz] h{[C7MIm][B(CN)4]}1x. The irregular dependencies of the S of DSILs on

x could be attributed to the fact that it is a quotient property between y.... and . ... Of DSILs

(as defined in Eq. 2).
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To summarize, the ion ratio of DSILs has a significant effect on their C* and S™, and thus should
also be considered as an important degree of freedom for DSIL design. Moreover, the C* and S™
of DSILs are generally non-ideal ‘mixing’ properties of their IL parents since they always
deviate from the correspondingly parent-averaged values to different extents. In order to screen
suitable DSILs for a specific application, one should first identify the Group of the interesting
candidates. For DSILs of Group 1, only the IL parents with high C* and/or S are worth to be
studied since changing the ion ratio only allows a trade-off between the two parameters. In
contrast, for DSILs belonging to Group 2 and 3, the ion ratios should be optimized to determine

the optimal DSIL.

Description of the DSILs design method

As discussed above, each unique combination of ion identities and ion ratios may constitute a
unique DSIL with specific properties. In other words, even two small sets of cations and anions
can give rise to a huge number of possible DSILs, making the experimental trial-and-error
method unrealistic for DSIL design. Moreover, besides the C* and S™ of DSILs, their physical
and thermodynamic properties at specific conditions of interest should also be evaluated in order
to identify practically attractive extraction solvents.’®? In this context, a systematic DSIL design
method is proposed as illustrated in Figure 4, which consists of four steps. The first three model-
based steps are employed to screen promising DSILs candidates from an enormous number of

combinations of ion identities and ion ratios by setting constraints on their thermodynamic and
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physical properties. The fourth step is the experimental determination of the liquid-liquid
equilibria (LLE) of the systems composed of the screened DSILs and the target mixture to be
separated, thereby finally identifying the optimal DSIL solvent. In the following, the proposed

method is introduced with the example of thiophene/n-octane separation.
COSMO-RS based prediction of infinite dilution thermodynamic properties

In the first step, the same set of DSILs as introduced in Section 2.1, i.e., 4750 [C1]os[C2]osA,
6000 C[A1]os[Az]os, and 8550 [C1A1]o5[C2A2]0 5 are initially investigated to pre-screen potential
ion identities of DSILs. Their infinite dilution capacity and selectivity on the mass basis are

predicted by the COSMO-RS model as follows:

o _ 0 Ilethiophee
Cm - (1/7/thi0phene )X MWDS“_ (3)
MW, .
S;]O = (ygf:tane/j/tar?iophene )X W (4)

octane

where MWiniophene, MWpsiL, and MWoctane refer to the molecular weight of thiophene, DSIL, and
n-octane, respectively. It should be mentioned that the mole based C* and S™ are used in Section
2 so that one can recognize the non-ideal ‘mixing’ properties of DSILs by avoiding the effect of

molecular weights of ions involved in DSILs, and thus analyze the different tendencies of them

from the molecular point of view. However, in our previous study,® the mass based C,and S

have been proven to be more efficient than the molar based C* and S (see Egs. 1 - 2) for

quickly pre-screening promising IL solvents. The reason is that the molecular weights of ILs
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usually vary in a large range and are generally much higher than those of conventional organic
solvents, which also holds for DSILs screening. For a specific separation process, a commonly
used organic solvent could be employed as a benchmark to filter out potential ion identities of

DSILs.
QSPR based estimation of physical properties

For a practical extraction process, the melting point (T,) and viscosity () of the solvent are
important physical properties that need to be considered in addition to its extractive power. Since
the study of DSILs is still in its infancy, there is no available quantitative structure-property
relationship (QSPR) model that can be directly applied to evaluate Tr, and # of them. However,
according to previous reports, DSIL in many cases possesses a lower melting point than its IL
parents, presenting as a eutectic ‘mixture’.*>3"°%2 Meanwhile, as indicated by Table S4
(Supporting Information), the viscosity of DSIL generally shows an acceptable deviation from
the molar average viscosity of its IL parents (with a Ay of 13.80 cP for 2471 data points
involving DSILs with 47 different ion identities and ion ratios from 0 to 1).353% Therefore, in
the second step, Tr, and # of the pre-screened DSILs from the first step are empirically estimated

from those of their IL parents.

The T, of the IL parents of DSILs is predicted by the group contribution model developed by

Lazzus,*®

31 36
T, =288.7+ ) nAt, +> nAt, (5)
1

i=1 i=
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where n; and n; are the numbers of cation group i and anion group j in ILs; At; and At are

the contributions of the cation and anion group to the T, respectively. This model is
parameterized from the experimental T, data of 400 different ILs covering 31 cation groups and
36 anion groups. The mean absolute percentage error (MAPE) between the experimental and
estimated Ty, is less than 7%. The viscosity of the IL parents of DSILs is calculated by a group

contribution based feed-forward artificial neural network model.>’

This model is developed
based on over 13000 data of temperature- and pressure-dependent viscosity of 1484 ILs, giving a
MAPE of 11.1% and 13.8% for the training and testing dataset, respectively. In addition to the
QSPR prediction, the Tr, and # of some common ILs have already been experimentally reported
and can be used instead. Admittedly, the estimations of the T, and » of DSILs based on those of
their IL parents may lead to inevitable deviations in some cases. In the long term, more

experimental studies on the key physical properties of DSILs and reliable models thereon are of

very high interest.
COSMO-RS based prediction of phase equilibrium behaviors

In the third step, the phase equilibrium properties of the DSILs retained from the first two steps
are predicted by COSMO-RS. To begin with, the distribution coefficient (B) and selectivity (S)

of the DSILs at the specific thiophene/n-octane mixture composition of interest are calculated as:

_ E R
ﬁ - mthiophene/mthiophene (6)
E E
S = mthiophene moctane (7)
mf mR
thiophene octane
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Where Miiophene @Nd Moctane refer to the mass fractions of thiophene and n-octane in the liquid-
liquid equilibria (LLE) of the {DSILs + thiophene + n-octane} ternary systems; superscripts E
and R represent the extract and the raffinate phase, respectively. Compared to the infinite dilution
thermodynamic properties, the 3 and S derived from phase equilibrium have been demonstrated
to be more rational for finding practically attractive solvents due to the consideration of the
particular extraction conditions.™

The [CiJos[ColosA, C[A1]os[Az]os, and [CiAi]os[C2Az2)os DSILs presenting high B and S are
screened out for further optimization of the ion ratio x. Specifically, the LLE of {DSILs +
thiophene + n-octane} for these DSILs with different x values are calculated under the same
condition as stated above. The B and S are correspondingly calculated, and the optimal x or x

range for each DSIL can thus be determined.
Experimental validation of practical extraction performances

From the above three model-based steps, promising DSIL candidates with specific ion identities
and ion ratios are identified. However, it is highly desirable that the applicability of the solvents
can be finally validated by experiments. Therefore, for the example of thiophene/n-octane
separation, LLE experiments of {DSILs + thiophene + n-octane} were carried out. The ILs used
for preparing the identified DSILs were purchased from the Monils Chem. Eng. Sci. & Tech. Co.,
Ltd. (Shanghai) with the purities higher than 98.5 wt%, which were confirmed by *H-NMR with
an AVANCE 111 400 MHz digital spectrometer (Bruker, Germany). Before use, these ILs were

dried for 48 h under reduced pressure to remove possible volatile impurities and traces of water.
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After drying, the water content in them was determined to be lower than 1000 ppm with an
AQV-300 Karl-Fischer volumetric titration (Hiranuma, Japan). Thiophene and n-octane were
supplied by Aladdin Chemical Co., Ltd. with purity above 99.0 wt%, and were used without
further purification.

Before performing the LLE experiments, DSILs with different ion ratios were prepared by

343659 where the mass of each IL

mixing a known amount of one of its parents with the other,
parent was gravimetrically measured by a Sartorius BSA224S-CW balance (Germany) with a
precision of £0.0001 g. After stirring for 3 h, the ‘mixture’ is visually inspected to make sure a
homogenous DSIL is obtained. The prepared DSIL will be stored in a vacuum desiccator for
further experiments. In a typical LLE, the DSIL (1), thiophene (2) and n-octane (3) were
introduced successively into a screw-capped vial, where their masses (M1, M, M3) were
determined gravimetrically. After tightly sealed, the mixture was continuously agitated with a
magnetic stirrer for 3 h and then settled for 6 h to ensure complete thermodynamic equilibrium.
The temperature of the liquid mixture was controlled by an oil bath with a temperature
fluctuation of £0.1 K (Huber Ministat 230, Germany). After settling, samples of the raffinate (R)
and extract (E) phases were carefully withdrawn and analyzed by a gas chromatograph (Agilent
7890 GC, USA) equipped with a flame ionization detector and a PEG-20M column. The non-
volatile DSILs were collected in a pre-column (5 m x 0.250 mm, uncoated fused silica) in order

not to disrupt the analysis. An internal standard method was applied to determine the mass ratio

of thiophene-to-octane in both phases, i.e., mar/msg and mye/mze. The concentration of DSIL in
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the raffinate phase (mjgr) was analyzed by the nitrogen content, which can be determined
precisely with a chemiluminescence nitrogen analyzer (Antek 9000, USA). The detection range
of the nitrogen analyzer is 20 ppb - 17% and different standard calibration lines can be employed
at each small interval within the range to ensure the accuracy of analysis. In summary, the LLE
compositions of both phases can be finally determined by combining the overall mass balance,

the GC analysis results, and the concentration of DSIL in the raffinate phase.

Method application to the thiophene/n-octane separation
Step 1: Pre-screening of DSILs based on C.> and S,

For the separation of thiophene and n-octane, sulfolane is used as benchmark solvent for DSILs
pre-screening because it is regarded as one of the most efficient conventional solvents for this
process.'®?%® |n the first step, 44 [C1]o5[C2losA, 139 C[A1]os[Az]os, and 33 [C1AJos[C2A2]os of
the initially covered ion identities of DSILs are recognized with higher C and S_ than those of

sulfolane (C,; =0.49, S =17.68); in contrast, only 14 two-ion ILs are retained based on the same

requirement (see Figure 5). The pre-screened 216 ion identities of DSILs and 14 ILs are listed in
Table S5 (Supporting Information). The much larger number of satisfying DSILs clearly

demonstrates that DSILs provide more opportunities to find promising solvents for this

separation process. For instance, both the C; and S; of the DSIL [C.MPy][BF.]os[OAC]os

(C, =0.65, S~ =41.22) are notably higher than those of sulfolane, whereas neither [C;MPy][OACc]
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(C; =1.06, S; =12.72) nor [C;MPy][BF4] ( C, =0.37, S, =186.86) can meet the two

requirements simultaneously. It is worth mentioning that more ion identities of DSILs, even
some more promising ones (as indicated in Figure 3), can be found if different ion ratios are
taken into account in this step. Nevertheless, for the sake of computational cost, only the
satisfying ion identities of DSILs at the ion ratio of 0.5 are further considered in the following

steps.
Step 2: Further screening based on Ty, and n

To further screen promising solvent candidates, the upper bound of the T, of DSILs is set to
298.15 K. For this purpose, the T, for one of the IL parents of DSILs is constrained to be lower
than 298.15 K and for the other is limited to be below 323.15 K. 4 [Ci]os[C2losA, 45
C[A1]os[A2]os, and 21 [C1A1]os[C2A]0 s Of the DSILs pre-screened from Step 1 satisfy the T,
constraint, while only 2 two-ion ILs are retained (see Table S6, Supporting Information).
Following this, the # for one of the IL parents of DSILs is confined below 100 cP and for the
other is confined below 200 cP at 298.15 K in order to ensure that the selected DSILs have
relatively low viscosity. Through such # constraints, 23 C[A1]os[A2]os and 11 [C1A1]o5[C2A2]05
are further preserved while only 1 two-ion IL [C,MIm][OPr] survives (see Table S7, Supporting
Information). Of course, the above empirical limitations on Ty, and # can be properly relaxed if

more DSILs are desired for further evaluation.
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Figure 6 compares the C and S’ of the DSILs and two-ion ILs screened after taking account

of the Try and # constraints. As shown, all the selected DSILs have higher C_ and/or S;; than the

survived IL [C,MIm][OPr], indicating their higher potential for the thiophene/n-octane
separation. This comparison demonstrates that DSILs open access to more attractive solvents

compared to two-ion ILs. As highlighted in Figure 6, 5 ion identities of DSILs can be connected

to form a pseudo Pareto front and no DSILs below this front can overwhelm them from both C;

and S° . Among them, only [C,MIm][OAC]os[SCN]os, [C2MPy]J[OAC]os[SCN]os, and
[CoMIM][OAC]os[NOs]os are further considered in the subsequent steps since they can achieve a

better trade-off between C* and S.

Step 3: Further screening based on phase equilibrium properties

From the practical point of view, the separation of a low concentration of thiophene from n-
octane is more interesting since it could simulate the deep extractive desulfurization process of
fuel oils. Therefore, the LLE of {DSILs + thiophene + n-octane} in the low thiophene
concentration range are calculated to better evaluate the separation performances of the 3 DSILs
retained after Step 2. As depicted in Figure 7, the LLE-derived B and S of them are all much
higher than those of sulfolane in the studied concentration range, indicating that they are more
promising solvents for the thiophene/n-octane separation. To be specific, their B follow the
ranking of [Co,MIM][OAC]o5[NOs]os > [C2MPY][OAC]o5[SCN]os > [CoMIM][OAC]05[SCN]os >

sulfolane. Meanwhile, their S are in the ranking of [CoMIm]J[OAC]os[SCN]os >
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[CoMPY][OAC]os[SCN]os =~ [CoMIM][OAC]os[NOslos > sulfolane, where the S of
[CoMIM][OAC]os[NOs]os is very close to that of [C:MPyY][OAC]os[SCN]os with the thiophene

concentration below 0.01 and afterwards becomes slightly higher. The difference between the

LLE-derived S and the S results (see Figure 6) verifies the importance of estimating the

extraction performances of DSILs at practical conditions. Overall, [Co,MIM][OACc]o5[NOs]os and
[CoMIM][OAC]os[SCN]os are further considered because of the highest B and S in the low

thiophene concentration range, respectively.

For the selected ion identities of DSILs, i.e., [Co,MIM][OAC]\NOs]ix and
[CoMIM][OAC]SCN]1x, the LLE of {DSILs + thiophene + n-octane} with different x are
calculated at a fixed global composition of [0.500, 0.005, 0.495] on the mass basis, and the
corresponding B and S are determined. As seen in Figure 8, their p grow whereas their S decline
gradually with x of the DSILs increasing from 0 to 1. The monotonic increase of B for
[CoMIM][OAC][NOs]1x and [CoMIM][OAC]SCN]1x corresponds well to the predictions on
their C, demonstrating that they belong to the Group 1 in Figure 3 (see Table S3, Supporting
Information). Furthermore, in order to ensure that the DSILs have higher 3 and S than sulfolane
at the same extraction condition, the feasible x range is [0, 1] for [C.MIm][OAC]«[NOs].x and
[0.30, 1] for [CoMIM][OAC][SCN]1« (see Figure 8). Such x ranges for the two DSILs will be

validated experimentally in the next step.
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Step 4: Final identification by LLE experiments

From above, [CoMIM][OAC]«[NOs]1x with x of [0, 1] and [C.MIM][OAC]«[SCN]1x with x of
[0.30, 1] are screened out as promising DSILs for thiophene/n-octane separation. Before
experimentally validating the extraction performances of such DSILs, they are prepared
accordingly by the addition of [C,MIm][OAc] into [C;MIM][NOs] and into [Co,MIm][SCN],
respectively. At 298.15 K, a clear homogenous ‘mixture’ is observed for [C,MIm][OAc] and
[CoMIM][NOs] in the whole x range, whereas for [C,MIm][OAc] and [C,MIm][SCN], the
‘mixture’ becomes cloudy with x below 0.70. That is to say, only DSILs of
[CoMIM][OAC]X[NOs]1x (x=[0, 1]) and [CoMIM][OAC][SCN]1«x (x=[0.70, 1]) are available for

experimental validation.

After preparing the DSILs, the LLE experiments of {DSILs + thiophene + n-octane} are
performed at the same global composition of [0.500, 0.005, 0.495] on the mass basis. The
obtained LLE compositions are listed in Table S8 (Supporting Information) together with the
corresponding COSMO-RS predictions. The root mean square deviations (RMSD) between them

are calculated as:
i

RMSD = {Zzz(mﬁﬁp —m /6n} )

where m is the component mass fraction; the subscripts i, I, and k represent the component, the
phase, and the tie-line, respectively; n denotes the total number of tie-lines (obtained at different

x values of DSILs). For the ternary systems based on [CoMIm][OACc]x[NOs]:x (x=[0, 1]) and
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[CoMIM][OAC]«[SCN]1« (x=[0.7, 1]), the estimated RMSDs are 0.0178 and 0.0210, respectively,
which demonstrate the acceptable accuracy of COSMO-RS predictions for the studied DSIL
systems. Figure 9 shows the B and S derived from the experimental LLE as a function of x. As
seen, the B of [C:MIM][OAC]«[NOs]1x gradually increases from 0.58 at x=0 (i.e., [C;MIM][NO3])
to 0.74 at x=1 (i.e., [C,MIm][OAc]), while the S decreases from 305.87 to 138.77 along the x
axis. For [CoMIm][OAC]«[SCN]i, the increasing of B from 0.64 to 0.74 and the decreasing of S
from 258.00 to 138.78 are also observed as x increases from 0.70 to 1. Compared with Figure 8,
COSMO-RS overestimates the B of [CoMIM][OAC]NOs]ix (x=[0, 1]) and
[CoMIM][OAC]ASCN]1x (x=[0.7, 1]) due to a higher prediction of the very low thiophene
concentration in the extract phase (see Table S8, Supporting Information). Nevertheless, the
dependencies of B and S of DSILs on x are well captured, which validates the suitability of
COSMO-RS for DSILs screening. Moreover, comparing to the recently reported ILs for similar
separation systems, the S of the identified DSILs are much higher and their 3 are also satisfying,

indicating their great potential for the thiophene/n-octane separation.*®*°

Conclusions

In this work, a multilevel DSILs design method is proposed and applied to select extraction
solvents for the thiophene/n-octane separation. From the basis set of 20 cations and 25 anions,
[CoMIM][OAC][NOs]1x (x=[0, 1]) and [Co,MIM][OAC][SCN]:1-x (x=[0.70, 1]) are identified as

promising DSILs, which are shown to be more attractive compared to the correspondingly
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screened two-ion ILs. The experimental liquid-liquid equilibria of {DSILs + thiophene + n-
octane} demonstrate the high extraction performances of the selected DSILs, which validate the

reliability of the proposed method.

The concept of DSILs opens access to another way of designing IL-type solvents for specific
applications, by choosing not only the ion identity but also the ion ratio. Due to the fact that the
proposed DSIL design method can be easily adapted to other separation systems, we believe it

can play an essential role in the development of DSIL-based separation processes.
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Table 1.

Classification of DSILs based on the different dependencies of their C” on the ion ratio x.

Number of DSILs

Groups

[Cilx[Co]ixA ClALI[A2]1x [C1A1[CoA2] 1
Group 1 4314 5025 6706
Group 2 416 939 1773
Group 3 20 36 71
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Figure 9. Experimentally determined f and S of [Co,MIM][OAC]NOs]ix (a) and
[CoMIM][OAC]«[SCN]1« (b) at a mass-based global composition of [0.5, 0.005, 0.495]

for {DSIL + thiophene + n-octane}.
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Figure 1. C” (blue column) and S” (red column) of [C4MIm]os[Cation]os[BF4] calculated by

COSMO-RS.
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Figure 2. C* (blue column) and S (red column) of [C4sMIm][BF4]os[Anion]os calculated by

COSMO-RS.
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Figure 3. C” and S™ of the representative DSILs of each group as a function of the ion ratio x.
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Figure 4. Scheme of the proposed DSILs design method.
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Figure 5. Prescreened ion identities of DSILs and two-ion ILs by applying the C~ and S~

constraints (sulfolane as the benchmark solvent).
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Figure 6. Further screened ion identities of DSILs and two-ion ILs by applying the Tr, and #

constraints.
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Figure 7. COSMO-RS predicted B and S of the DSILs screened after Step 2 as a function of the

thiophene concentration in the raffinate phase (in comparison to sulfolane).
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Figure 8. COSMO-RS  predicted p and S of [CoMIM][OAC]NOslix and
[C.MIM][OAC]«[SCN]1« as a function of x at a mass-based global composition of [0.5,

0.005, 0.495] for {DSIL + thiophene + n-octane}.
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Figure 9. Experimentally determined f and S of [Co,MIM][OAC]NOs]ix (a) and
[CoMIM][OAC]«[SCN]1« (b) at a mass-based global composition of [0.5, 0.005, 0.495]

for {DSIL + thiophene + n-octane}.
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