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ABSTRACT: Ionic liquids (ILs) are widely used in the extraction of phenolic
compounds from low-temperature coal tar (LTCT). However, both ILs and
LTCT contain a certain amount of water. The existence of water may have a
remarkable impact on the phenol separation performance of ILs with different
structures. In this work, the capacity and selectivity for m-cresol, as well as the
solubility of cumene and dodecane in different IL—H,O mixtures, were firstly
calculated by the conductor-like screening model for real solvents (COSMO-
RS) at infinite dilution. The calculation covers ILs with different anionic and
anionic structures and different water contents. To explore the effect of water in

M-cresol

[C,mim][Ac]

IL on separation performance, 1-ethyl-3-methyl imidazolium acetate ([C,mim]-

[Ac]) was selected as the representative IL, and then the molecular interactions between the [C,mim][Ac]—H,O mixture solvent
and solute (including m-cresol, camene, and dodecane) were analyzed by COSMO-RS. The results indicated that both water and m-
cresol could form hydrogen bonds with [C,mim][Ac]. The competition between them leads to decreasing separation performance
for m-cresol of the [C,mim][Ac]—H,O mixture with increasing water content. Moreover, through analyses of m-cresol extraction
efficiency, distribution coefficient, selectivity, and entrainment of cumene and dodecane, the experimental results confirmed that the
presence of water in [C,mim][Ac] had a negative effect on the separation of m-cresol. The viscosity and UV—vis spectra of the
[C,mim][Ac]—H,O mixture were also measured. Water in ILs should be removed as much as possible to ensure a better
dephenolization effect and avoid phenol containing wastewater.

1. INTRODUCTION

Low-temperature coal tar (LTCT) is derived from the low-
temperature pyrolysis of coal and contains a large amount of
phenolic compounds, aromatic hydrocarbons, and aliphatic
hydrocarbons." Among them, the content of phenolic
compounds is as high as 20—30% in LTCT.'”* They are
important organic chemicals for producing phenolic resins,
plant protectants, rubber antiagers, explosives, and so on in the
chemical industlry.s_8 Moreover, the existence of phenolic
compounds could reduce the stability of coal tar, increase
hydrogen consumption in the subsequent processing, and
produce phenolic wastewater.”'’ Hence, it is essential to
separate phenolic compounds from LTCT for further refining
or application.

The traditional method to separate phenolic compounds
from LTCT in the industry is the alkali wash method using a
NaOH aqueous solution. Then, inorganic acids (such as
H,SO,) are used to recover phenolic compounds.'"'?
However, this method not only consumes large amounts of
acid and alkali but also causes corrosion to the equipment.
Therefore, it is necessary to find a green separation method for
recovering phenolic compounds from LTCT. In general, the
method of organic solvent extraction has been applied to the
separation of phenols.''* In our previous research, Liu et al.
used the UNIFAC and COSMO-SAC model to determine
ethylene glycol as the suitable extractant for phenol separation
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from aromatic hydrocarbon, and liquid—liquid equilibrium
(LLE) data of ethylene glycol + phenols + toluene were
obtained at different temperatures.”> This method has the
advantages of simple operation and environmental protection.
However, the low extraction efficiency of phenol is a major
drawback of this method.

In recent years, many researchers have used ionic liquids
(ILs) as extractants to solve the above problems. ILs have the
advantages of structural designability, low vapor pressure, and
high thermal stability, which have been applied to synthesis,16
extractive distillation,'”™"” catalysis,”’ and extraction.”"** In
the separation of phenolic compounds, Hou et al. used 1-butyl-
3-methylimidazolium chloride ([C,mim][Cl]) as the extrac-
tant; the extraction efficiency of phenol from hexane was up to
99.1%, and that from real coal liquefaction oil could reach
90%.”* However, [C,mim][Cl] is small in structure, easily
dissolves in coal tar, and has a lower thermal decomposition
temperature (150 °C). To solve this problem, Ji et al
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synthesized six dicationic ionic liquids (DILs) to extract
phenol from model oil. The thermal decomposition temper-
ature of these DILs was higher than 200 °C, and the solubility
in the model oil was less than 50 ppm.”*** Among them, the
best extraction efficiency of N,N,N,N’,N’,N’-hexaethyl-pro-
pane-1,3-diammonium dibromide (HPDBr) could reach 97%.
Nevertheless, these DILs still have two problems. First, the
DILs contain halogen ions, which are corrosive to the
equipment. Second, DILs are not conducive to mass transfer
in industrial production because they are solid at room
temperature. It is significant to find an extractant that has a
high extraction efficiency, is liquid at room temperature, and
has a low equipment loss.

Recently, our group screened 1-ethyl-3-methyl imidazolium
acetate ([C,mim][Ac]) through the conductor-like screening
model for real solvents (COSMO-RS); the IL had the best
extraction efficiency of m-cresol from model oil (98.85%) and
recycling performance.”® We also found that the shorter alkyl
chain length of imidazole cation was favorable for extraction
separation of m-cresol. Li et al. and Xu et al. synthesized 1-
ethyl-3-methyl imidazolium thiocyanate ([C,mim][SCN]) and
1-ethyl-3-methyl imidazolium lactate ([C,mim][LAC]) as
extractants to separate phenolic compounds from coal
tar.'””” They also confirmed that hydrogen bonds are the
main forces between ILs and phenolic compounds. However,
we should note that these ILs easily absorb water, and they
contain a part of water due to the presence of water vapor in
the air. On the other hand, LTCT also contains some water.
The existence of water has a great influence on the physical
properties of ILs, such as density and viscosity.”*”” More
importantly, the existence of water can affect the extraction
efficiency of ILs for phenolic compounds. Ren et al. reported
that the extraction efficiency of choline chloride (ChCl)
decreased from 92.4 to 83.8% when the water content of
model oil increased from 1 to 7%.%° Ji et al. found that when
the water content of tetraethylammonium r-alanine ([Et,N]-
[L-Ala]) is less than 10%, the extraction efficiency of phenol
hardly decreases.”’ The results show that water has different
effects on ILs with different structures. In addition, water also
has a certain solubility in hydrophobic ILs.**** For the
extraction of aromatics from aliphatics, Yao et al. reported that
hydrophobic DIL [Cs(mim),][NTf,], containing less than 2
wt % water not only had a great decrease in viscosity but also
had high distribution coefficient (D) and selectivity (S) at the
same time.”* However, the effect of water in hydrophobic ILs
on the separation process of phenolic compounds is rarely
reported.

Based on the current research status, it is necessary to
investigate the effect of water content in different hydrophilic
and hydrophobic ILs on the separation of phenolic compounds
from LTCT. Furthermore, most studies in the literature mainly
reported the effect of different IL structures on phenol
extraction efficiency, which is not comprehensive,”***~>73%33
There are also other separation indicators to consider, such as
neutral oil entrainment, phenol distribution coefficient, and
selectivity.

In this work, the phenol extraction capacity and selectivity of
ILs with different water contents were calculated by COSMO-
RS, and the solubility of oil in different ILs—H,O mixtures was
also considered. The LTCT system is simplified with m-cresol
as the representative phenolic compound and cumene and
dodecane as model oil components. These ILs contain
different types, chain lengths, and abilities to dissolve water,

which can fully reflect the influence of water contents on the
extraction phenol performance of ILs. After that, the effect of
water on the extraction of phenols was analyzed by COSMO-
RS. Furthermore, [C,mim][Ac] was used as a representative
IL, which was verified by experiments; the viscosity and
ultraviolet—visible (UV—vis) spectra of [C,mim][Ac] with
different water contents were also measured.

2. RESULTS AND DISCUSSION

2.1. COSMO-RS Calculation Results. As previously
reported, the structure and alkyl chain length of ILs can affect
the affinity between ILs and water, and the effect of water
content on the separation of phenolic compounds by different
kinds of ILs is quite different.””*"***° The C%, $%, and S, for
m-cresol and the w; and w, for cumene and dodecane of the
combinations of 15 cations and 8 anions with different water
content were calculated by COSMO-RS, which contains the
most representative cation and anion types as well as different
imidazolium alkyl chain lengths.

First, eight [C,mim]-based ILs combined with the anions of
[AC]_) [Ala]_! [H2P04]_! [DBP]_r [TOS]_r [Buso4]_)
[BF,]”, and [PF¢]~ were selected, which range from strong
hydrophilicity to strong hydrophobicity. The calculation results
of the mass-based capacity, selectivity, and solubility of the IL—
H,0 mixtures with different water contents are shown in
Figures 1-3.
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Figure 1. COSMO-RS calculated capacity for m-cresol (C¥) of
different [C,mim]-based IL—H,O mixtures with different mass
fractions of water in the mixture.

As shown in Figure 1, when ILs contain strong hydrophilic
anions ([Ac], [Ala]~, [H,PO,], and [DBP]"), the capacity
for m-cresol decreases with the increase of water content in the
IL—H,0 mixtures. For example, the capacity for m-cresol
declines evidently from 15,076 of neat [C,mim][Ac] to 7.82 of
the [C,mim][Ac]—H,O mixture when the water content is 55
wt %. Gao et al. reported that the trend of capacity and
extraction efficiency was highly consistent.”” The addition of
water could reduce the extraction efficiency for phenol of ChCl
and [Et,N][L-Ala], which verifies the accuracy of COSMO-
RS.>**! For ILs with moderate hydrophilic anions ([TOS]~
and [BuSO,]”), the capacity for m-cresol decreases slightly
initially in a small range of water concentrations and then
gradually decreases with the further increase of water
concentration. Especially for [C,mim][BuSO,], the capacity
for m-cresol is from 14.37 of neat IL to 14.08 of the IL—H,O
mixture with a water content of 2.4%. These facts indicate that
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Figure 2. COSMO-RS calculated selectivity to m-cresol—cumene (a)

and m-cresol—dodecane (b) of different [C,mim]-based IL—H,O
mixtures with different mass fractions of water in the mixture.

the presence of water in hydrophilic ILs will have adverse
effects on the separation of phenolic compounds. On the
contrary, the capacity for m-cresol of ILs containing hydro-
phobic anions ([BF,]™ and [PF]~) increases when the water
content is small and also decreases with a higher water content.
For instance, the capacity obviously increases from 0.185 of
neat [C,mim][PF;] to 0.617 when increasing the water
content to 10 wt % in the [C,mim][PF4]—H,O mixture and
then decreases to 0.167 with the water content of 55 wt %.
This indicates that the hydrophobic IL containing a small
amount of water is acceptable, and it may be beneficial to the
extraction and separation of phenolic compounds.

The effect of different water contents in the IL—H,O
mixture on the selectivity to m-cresol is also related to the
hydrophilic ability of anions, and the influence of water
content change on different separation systems is also
dissimilar. In Figure 2a, for the m-cresol—cumene system, the
selectivity to m-cresol decreases with the increase in water
content from 0 to 70 wt % in the IL—H,O mixtures with
strong hydrophilic anions. The main reason is that the capacity
for m-cresol of IL—H,0O mixtures decreases faster than
cumene. Water content change has little effect on the
selectivity to m-cresol of ILs containing moderate hydrophilic
anions. For hydrophobic anions, the selectivity to m-cresol
increases at first and then tends to be gently with the increase
of water content. In Figure 2b, for the m-cresol—dodecane
system, the selectivity to m-cresol is much higher than that of
the m-cresol—cumene system; the results show that m-cresol is
more easily separated from dodecane than cumene. For anions

0.0 0.2 0.4 0.6 0.8
Mass fraction of H,O in IL-H,O mixture

Figure 3. COSMO-RS calculated solubility to cumene (a) and
dodecane (b) of different [C,mim]-based IL—H,O mixtures with
different mass fractions of water in the mixture.

of [Ac]7, [Ala]7, and [DBP]7, the selectivity to m-cresol
decreases at first and then increases with the increase of water
content in the IL—H,O mixtures. For other anions, the
selectivity of IL—H,O mixtures increases quickly with the
higher water content; it is indicated that the existence of water
is beneficial to the separation of these ILs.

As can be seen in Figure 3, the solubility to cumene and
dodecane in all IL—H,O mixtures has a downward trend with
higher water content, and the solubility of hydrophilic ILs is
larger and decreases faster than that of hydrophobic ILs.
Combining all the capacity, selectivity, and solubility, the effect
of water on the separation performance is obviously different in
IL—H,0 mixtures with hydrophilic and hydrophobic anions.
Therefore, [Ac]™ and [PF4]~ were selected as two
representative anions to investigate the influence of water
content on separation indexes with cations of different alkyl
chain length, type, and functional group substitution.

The effect of different water content on the chain length of
cationic alkyl with [C,mim][Ac] and [C,mim][PF] IL—H,0
mixtures (n =2, 3, 4, 6, 8, and 12) is shown in Figures 4 and §
and Figures S1—S3 (Supporting Information). In Figure 4a,
the capacity for m-cresol of [C,mim][Ac]—H,0 mixtures (n =
2, 3,4, 6,8, and 12) has an obvious downward trend from neat
[C,mim][Ac] to 30 wt % water content, and the decreasing
tendency is faster with higher water content, while the length
of alkyl side chain is shorter. At the same water content, the
capacity decreases with the increase of alkyl side chain length.
In Figure 4b, for [C,mim][PF4]—H,O mixtures (n = 2, 3, 4, 6,
8, and 12), the capacity with different alkyl chain lengths has

the same trend with rising water content; it increases within
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Figure 4. COSMO-RS calculated capacity for m-cresol (CY) of different [C,mim][Ac] (a) and [C,mim][PF] (b) IL—H,O mixtures with different

mass fractions of water in the mixture.
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10% of water content and then decreases with further increase
in water content. Unlike [C mim][Ac], the capacity increases
with increasing alkyl side chain length for [C,mim][PF4]. The
S decreases with increasing water content for [C,mim]-
[Ac]-H,0 mixtures but increases for [C,mim][PFs;]—H,O
mixtures (see Figure S), and the effect of water content on S5
is shown in Figure S1. Both S} and S;;, decrease with
increasing alkyl chain length; it is indicated that the cation with
a shorter alkyl side chain has a better separation effect. The
solubility to cumene and dodecane of different [C mim]-based
IL—H,O mixtures decreases with growing water concentration
(Figures S2 and S3, Supporting Information). The effect of
water content on different cations with type and functional
group substitution was also investigated in Figures S4 and SS.
Along with the growth of water content, the capacity,
selectivity, and solubility of IL—H,O mixtures have a similar
changing law with different cations for the same anion. In
summary, the effect of water on the separation performance for
phenolic compounds of IL—H,O mixtures mainly depends on
the structure of anions rather than cations in ILs by COSMO-
RS calculation.

2.2. Molecular Interaction Analysis by COSMO-RS.
The separation performance of IL—H,O mixtures can be
analyzed from molecular interactions, which contain their o-
profile, o-potential, and interaction energy between the solute
and solvent. This analytical method has been successfully used
to explain the separation mechanism of complex solvents.*>*”

27371

In the o-profile, when o exceeds +0.0084 e-A72 the
molecule is supposed to have enough polarity to form
hydrogen bonds. A molecule has hydrogen bond donor ability
with 6 < —0.0084 e-A™* and hydrogen bond acceptor ability
with 6 > 0.0084 e-A™% The region of —0.0084 e-:A™* < ¢ <
0.0084 e-A™* is named the nonpolar region.*

As shown in Figure 6, the o-profile of m-cresol is majorly
spread within the range of —0.021 e-A™ < 6 < 0.016 e-A™2, and

Hydrogen bond donor E Nonpolar E Hydrogen bond acceptor
501 E E m-cresol
m i i cumene
H ' dodecane
40 : | o
—_ 30 H E —[AcI
S
~ 1
“u| W\ &3
10 | Q‘
0 ‘ ‘
-0.03  -0.02 -0.01 0.00 0.01 0.02 0.03
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Figure 6. The o-profiles of m-cresol, cumene, dodecane, H,O,
[C,mim]*, and [Ac]™. Vertical dashed lines represent the threshold
value for the hydrogen bonding interaction (oy, = +0.0084 e-A™2).
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m-cresol has two obvious peaks in the hydrogen bond donor
region (6 = —0.016 e-A™2) and hydrogen bond acceptor region
(6 = 0013 e-A™?), indicating its intense ability to form
hydrogen bond as a donor and an acceptor. This mainly
depends on the hydrogen and oxygen atoms in the hydroxyl
group. The o-profile of the benzene ring in m-cresol and
cumene is mainly concentrated in the nonpolar region. More
notably, cumene also has a weak hydrogen bond donor and
acceptor ability due to the distribution of o-profile outside
—0.0084 e-A™* < 6 < 0.0084 e-A™% For dodecane, the o-profile
is narrowly distributed within the range of —0.006 e-A™> < ¢ <
0.006 e-A™* and has an obvious peak at 6 = 0 e-A™2 It is
indicated that the polarity of dodecane is weaker than that of
cumene. According to the theory of similar dissolve mutually,
m-cresol is more easily dissolved in IL—H,O mixtures with
strong polarity and more easily separated from dodecane than
cumene.

For the IL—H,0 mixture, with [C,mim][Ac] taken as an
example, [Ac]™ has a strong peak at ¢ = 0.02 e-A™?, suggesting
its strong hydrogen acceptor donor ability. [C,mim]* is less
distributed in the hydrogen bond donor region. It is suggested
that it is easier for [Ac]™ than [C,mim]* to form a hydrogen
bond with m-cresol. Both [C,mim]* and [Ac]™ present strong
peaks in the negative nonpolar region, indicating that
[C,mim][Ac] can also dissolve a certain amount of cumene
and dodecane. Compared with m-cresol, water as a solvent has
a wider distribution in the hydrogen bond donor and acceptor
region, which can interact with [C,mim][Ac] to form a
stronger hydrogen bond than that between m-cresol and
[C,mim][Ac]. The competitive relationship between water
and m-cresol leads to the decrease of capacity for m-cresol with
higher water content (see Figure 1). Furthermore, the o-profile
of H,O has almost no distribution in the nonpolar region,
which causes decreasing solubility for cumene and dodecane
with increasing water content (see Figure 3).

The o-profiles of different anions and cations are shown in
Figure S6 (Supporting Information). The hydrophilic ability of
ILs enhances with the increasing hydrogen bond acceptor
ability of anions. The IL—H,O mixture with a strong hydrogen
bond acceptor ability anion has better separation performance
for m-cresol, which can also be explained by the HB-acc3 of
anions (see Table S4). For example, the HB-acc3 of [Ac]™ is
38.9278, which is the largest among all anions, and the IL—
H,O mixture containing [Ac]™ has the highest capacity and
selectivity for m-cresol. The o-profiles of different cations are
similar, which lead to the same effect of water content on IL—
H,O mixtures with different cations.

The chemical potential of a surface segment (also called o-
potential) is calculated from statistical thermodynamics with
molecular interactions according to the calculated o-profile.*’
The whole o-potential range is also divided into three regions
by the hydrogen bond threshold (o1, = + 0.0084 e-A™?). The
nonpolar region (—0.0084 e-A™ < o < 0.0084 e-A7?)
represents nonpolar interaction. Unlike the o-profile, the
electronic basicity region (6 < —0.0084 e-A™®) and the
electronic acidity region (¢ > 0.0084 e-A™*) show hydrogen
bond acceptor and hydrogen bond donor intensity, respec-
tively.Ar2 In each region of the o-potential, a solvent has a
stronger molecular interaction with other compounds while
having a higher negative value of y(c). On the contrary, a
higher positive value represents a higher repulsive force. The o-
potentials of m-cresol, camene, dodecane, H,0, and [C,mim]-
[Ac] are shown in Figure 7.
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Figure 7. The o-potentials of m-cresol, cumene, dodecane, H,0O, and
[C,mim][Ac].

The o-potentials of m-cresol and [C,mim][Ac] present a
negative value in the electronic acidity and basicity region,
respectively. It is indicated that a strong hydrogen bond
interaction can be formed between [C,mim][Ac] and m-
cresol. The o-potentials of cumene, dodecane, and [C,mim]-
[Ac] all have negative values in the nonpolar region, suggesting
their nonpolar interaction. H,O has almost no negative value
in the nonpolar region, which has a higher negative value in
both the electronic acidity and basicity regions. This fully
proves that H,O has a strong hydrogen bond acceptor and
donor ability at the same time. The o-potentials for
[C,mim][Ac]—H,O mixtures with different water contents
are plotted in Figure 8.
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Figure 8. The o-potentials of [C,mim][Ac]—H,0O mixtures with
different water contents.

[C,mim][Ac]—H,0 mixtures have lower negative values in
the electronic basicity region and nonpolar region but higher
negative values in the electronic acidity region with increasing
water content. In the process of forming a hydrogen bond, m-
cresol and the [C,mim][Ac]—H,O mixture act as the
hydrogen bond donor and acceptor, respectively. The strength
of the hydrogen bond interaction between the [C,mim][Ac]—
H,O mixture and m-cresol decreases with higher water content
due to the decreasing hydrogen bond acceptor ability of the
[C,mim][Ac]-H,O mixture. The strength of the nonpolar
interaction between the [C,mim][Ac]—H,O mixture and
cumene as well as dodecane also decreases with the increase
of water content. The o-potential of ILs containing different
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anions varies widely especially in the electronic basicity region.
On the contrary, the o-potential distribution containing
different cations is similar (see Figure S7, Supporting
Information). These are consistent with the results of the
calculated capacity for m-cresol as well as solubility for cumene
and dodecane (see Figures 1—3).

In the COSMO-RS theory, the intermolecular interaction
energy included the misfit energy, the hydrogen bond (HB)
energy, and the van der Waals (vdW) energy. The significance
and calculation details can be found in the previous
literature.**** To further investigate the effect of water content
in IL—H,O mixtures on the separation of m-cresol, three types
of the intermolecular interaction energies between m-cresol
and the [C,mim][Ac]—H,0O mixture with different water
contents are calculated in Figure 9.

4 - misfit energy - HB energy - vdW energy

24
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-6

Interaction energy (kcal-mol™)

-8

T T T T T T
1234567 891011121314151617181920

[C,mim][Ac]-H,0 + m-cresol complex

Figure 9. Intermolecular interaction energies of m-cresol with the
[C,mim][Ac]—H,0 mixture calculated by COSMO-RS at 25 °C
(abscissas 1—20 represent a gradually increasing water content from 0
to 80 wt %).

The HB energy and vdW energy have lower negative values,
while the misfit energy shows lower positive values, between
m-cresol and the [C,mim][Ac]—H,0 mixture with increasing
water content in the [C,mim][Ac]—H,O mixture. Compared
with the misfit and vdW energy, the decreasing trend of HB
energy is more obvious. For instance, the misfit, HB, and vdW
energy for neat [C,mim][Ac] is 3.623, —8.227, and —7.480
keal-mol ™}, respectively. The energy declines to 2.683, —5.415,
and —6.663 kcal-mol™! when the water content is 80 wt %,
respectively. The hydrogen bond interaction plays a leading
role in the extraction process, and the capacity for m-cresol of
the [C,mim][Ac]—H,0O mixture decreases from 15,076 to
0.323 with decreasing HB energy from —8.227 to —5.415 kcal-
mol™".*® The same trend for the misfit and vdW energy change
between cumene, dodecane, and the [C,mim][Ac]—H,0
mixture is shown in Figure S8. The HB interactions can be
neglected due to the strong nonpolarity of cumene and
dodecane. The misfit energy and vdW energy are used to
measure the electrostatic interaction and vdW interaction,
respectively. Lower vdW energy and higher misfit energy can
reduce the solubility of oil in the IL—H,O mixture. For
instance, the vdW energies between the [C,mim][Ac]-H,0
mixture and cumene gradually decrease from —9.012 to
—8.868 kcal-mol ™}, and the misfit energies increase from 3.395
to 3.496 kcallmol™; meanwhile, and the corresponding
solubilities of cumene in [C,mim][Ac]—H,O decrease from
0.296 to 0.108. Compared with the electrostatic interaction,

the vdW interaction plays a major role in oil in IL—H,O
mixture systems. This was confirmed by the lower solubility of
cumene and dodecane in the IL—H,O mixture with higher
water content.

In conclusion, the effect of different water contents for IL—
H,O mixtures on separation performance indexes such as
capacity and solubility can be reasonably explained by the
molecular interactions.

2.3. Experimentally Determined Effect of Water on
Phenol Separation of IL-H,0O Mixtures. Based on the
results of the COSMO-RS calculation, ILs have a higher
separation performance for phenols with the increase of
hydrophilicity. This has been confirmed on the phenol
separation performance of ILs with hydrophilic and hydro-
phobic anions ([Ac]™, [Cl], [Br]~, [BF,]”, and [PE¢]7). 2%
Therefore, the easily obtained strong hydrophilic [C,mim]-
[Ac] was selected as the representative to research the effect of
water content on the extraction of phenolic compounds from
model oil.

In our previous research, the experimental conditions of
extracting m-cresol from model oil by [C,mim][Ac] have been
optimized.26 The effect of water content on the m-cresol
separation performance of the [C,mim][Ac]—H,O mixture
was researched under optimal conditions (the stirring time,
settling time, temperature, and mass ratio of [C,mim][Ac]/
model oil were 30 min, 30 min, 25 °C, and 0.5:1, respectively).

As seen in Figure 10a, the m-cresol extraction efliciency
decreases from 99.8% for neat [C,mim][Ac] to 95.9% for the
[C,mim][Ac]—H,O mixture with the water content of 50.1%.
It is consistent with the decreasing capacity for m-cresol with
increasing water content in the [C,mim][Ac]—H,O mixture.
The entrainment of cumene increases from 21.4 to 27.9%
when the water content in [C,mim][Ac] increases from 0.1 to
7.7 wt %. Then, a decreasing cumene entrainment is
discovered with further increasing water content to 19.9 wt
%, and it continued to rise as the water content increased. The
variation of dodecane entrainment is the same as cumene, and
the amount of dodecane entrainment is less than cumene. To
further comprehend the phase equilibrium relationship
between the IL—H,O mixture + m-cresol + cumene +
dodecane in the extraction process, the liquid—liquid phase
equilibrium data and pseudo ternary phase diagram of this
system are shown in Table S5 and Figure S9, respectively. The
pseudo ternary phase diagram indicates that m-cresol has a
higher affinity toward [C,mim][Ac]—H,O than cumene and
dodecane. With the increase of water content in [C,mim][Ac],
the content of m-cresol is increased gradually in the upper
phase; the variation of cumene and dodecane content in the
lower phase is in good agreement with the variation of cumene
and dodecane entrainment in the extraction process. A certain
amount of cumene and dodecane could be also dissolved in the
[C,mim][Ac]—H,O phase. Because the polarity of water is
weaker than that of [C,mim][Ac] (see Figures 6 and 7), the
polarity of the [C,mim][Ac]—H,O mixture decreases with less
water content, resulting in the increase of neutral oil
entrainment. The solubility of neutral oil in water is very
small, and the neutral oil entrainment in the [C,mim][Ac]—
H,O phase decreases with the further increase in water
content.

It is worth noting that the three-phase system was formed
and led to a more complex effect on the m-cresol separation
process when the water content increased to 20.0 wt %. This is
mainly because water and m-cresol are immiscible. When the
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Figure 10. Experimentally determined effect of water content in the
[C,mim][Ac]—H,O mixture on phenol separation performance of (a)
m-cresol extraction efficiency (E) and entrainment of cumene (N;)
and dodecane (N,) and (b) m-cresol distribution coefficient (D) and
selectivity to cumene (S;) and dodecane (S,).

water content of [C,mim][Ac] is high, m-cresol cannot be
completely dissolved in [C,mim][Ac]—H,O, and then part of
the mixture of m-cresol and water could precipitate as the third
phase. The broad absorption peak of the [C,mim][Ac]—H,0
mixture also shows obvious shifts leftward with water content
over 20% in the UV—vis spectra (Figure S10, Supporting
Information), indicating the leading role of water in the IL—
H,O mixtures at this moment.

To further evaluate the separation effect, the effect of water
content in the [C,mim][Ac]—H,O mixture on the distribution
coefficient and selectivity of m-cresol is shown in Figure 10b.
The m-cresol distribution coefficient decreases from 1810.8 to
92.9 with water content from neat [C,mim][Ac] to 50.1%,
which has the same trend as the extraction efficiency. The
selectivity of m-cresol to both cumene and dodecane decreases
with increasing water content, except for the mutation when
the water content is 10%. This is because the entrainment of
cumene and dodecane in the IL—H,O phase is less, and the
extraction efficiency of m-cresol is still higher at 10% moisture
content. In conclusion, the presence of water has an adverse
effect on the separation of phenolic compounds for hydrophilic
ILs.

In addition, viscosity is an important physical property of
ILs. ILs with high viscosity are not conducive to mass transfer
and cause high energy consumption. The viscosity change of
the [C,mim][Ac]—H,O mixture with different water contents
is shown in Figure 11.

Mass fraction of H,O in [C,mim][Ac]-H,O mixture/%

Figure 11. Viscosity of the [C,mim][Ac]—H,O mixture with different
water contents.

The viscosity of [C,mim][Ac] gradually decreases with
increasing water content from neat [C,mim][Ac] to 50.1%.
The experimental and previous literature viscosities of the
[C,mim][Ac]-H,0 mixture are compared in Figure S11
(Supporting Information). *9*7 It is noteworthy that the
viscosity is only 128.3 mPa-s of neat [C,mim][Ac], which is
much smaller than that of DILs and ILs containing halogen
anions.”****” Combined with the separation performance, ILs
should be dried to remove water as much as possible before
use so as to ensure the separation effect of phenols and avoid
the production of phenol containing wastewater.

3. CONCLUSIONS

The effect of water in ILs on the separation performance of
phenols was studied by COSMO-RS calculation and experi-
ments. The results of COSMO-RS calculation show that water
has a great influence on the phenol separation performance
with different anions in ILs, while it has little effect on different
cations. The ILs containing hydrophilic anions demonstrate a
negative effect on the phenol separation with increasing water
content and show a positive effect with hydrophobic anions in
a small amount of water content. The phenol separation effect
of hydrophilic ILs is much better than that of hydrophobic ILs.
[C,mim][Ac] with strong hydrophilicity is used as a
representative IL, and the molecular interaction analysis results
indicate that the hydrogen bond interaction is the main
interaction between [C,mim][Ac] and m-cresol. The com-
petition between water and m-cresol leads to the decrease of
the hydrogen bond interaction energy between the [C,mim]-
[Ac]-H,O mixture and m-cresol with increasing water
content. The experimental results show that the presence of
water can reduce the separation performance of [C,mim][Ac]
for m-cresol. ILs should be dried and dehydrated before using
to ensure the separation effect of phenols from LTCT.

4. SIMULATION AND EXPERIMENTAL DESCRIPTION

4.1. COSMO-RS Calculation. The COSMO-RS model can
directly and quickly predict the thermodynamic properties of
liquids without relying on experimental data. The relevant
calculation details of COSMO-RS model have been given in
the previous literature.””*"*° The calculation process is mainly
divided into two steps. First, the screening charge density (also
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called o-profile) of the compounds should be obtained by
quantum chemical calculation, and this process is usually time-
consuming. The good news is that the current COSMO
database contains the o-profiles of common organic com-
pounds and hundreds of cations and anions of ILs. In this
work, all the o-profiles of the representative compounds from
LTCT, involved cations and anions of ILs were selected from
the database of the COSMOthermX software (Version 18.0.0).
The COSMO-RS calculations were carried out with the
BP_TZVP_18 parameterization. The information of cations,
anions, and representative compounds is tabulated in Tables
S1—S3 (Supporting Information).

Then, the thermodynamic properties can be predicted by
calculating the chemical potential of representative compound
i in different solvents with the COSMO-RS model. For
example, the activity coefficient at an arbitrary concentration
can be calculated by eq 1:

In(y) = (' — p")/RT 1)

where !

i and p°™ represent the chemical potential of the
compound i in the solvent and in the pure compound,
respectively. The mole-based capacity (C®) and selectivity
(S%) of the solvent can be obtained by calculating the activity
coefficient at infinite dilution through eqs 2 and 3. These two

indexes are extensively used to evaluate the separation effect of

m

a solvent in the literature.””>">*
o0 00 1
e @)
o _ (00, ocoysol
T 3)

where y{° and y;° represent the infinite dilution activity
coefficient of solute i and diluent j in the solvent phase,
respectively. Song et al. further reported that some solvents
showed only better mole-based, but not mass-based, separation
performance due to the larger molecular weight.”>>* To solve
this problem, the mass-based capacity (CY) and selectivity
(Sg and S;%) of the IL—H,O mixtures are calculated using eqs
4—6:

C:lo = (I/YOOILAB 1) X (Mwm—cresol/M‘/vIL-HZO) (4)

m-—cCreso.

SOO = (yOO,LAB/yOO,LAB 1) X (Mwm—cresol/MVVCumene) (5)

ml cumene / /m—creso

 LAB  LAB
Srflol = ( o /yOO 1) X (Mwm—cresol/M“]dodecane) (6)

ydodecane m—creso

where C] refers to the mass-based capacity of IL—H,0
mixtures to m-cresol and S, and S;5 refer to the mass-based
selectivity of IL—H,O mixtures to m-cresol against cumene and
dodecane, respectively. MW, _ oo MWir_11, 0 MW nene and

MW 4, decane refer to the molecular weight of m-cresol, IL—H,O
mixtures, cumene, and dodecane, respectively. Significantly,
the electro-neutral approach is carried out in this work to
describe IL—H,O mixtures in COSMO-RS. Therefore, it is
necessary to correct the infinite dilution activity coeflicient
calculated by COSMO-RS. The correction method is the same
as deep eutectic solvents (DESs) in the literature.”>® ySLAB
yOLAB - and yPIAB  refer to the modified infinite dilution
activity coefficients of m-cresol, cumene, and dodecane.

To investigate the effect of different water contents in IL—
H,O mixtures on neutral oil entrainment in the extraction
process, the mole-based solubility of oil in IL—H,O mixtures
solvent is calculated by eq 7:

loglo(xi) = (yi"ﬂ - yiSOI — AG, y5i0n) /RTIn 10 7)

where AG; fon is the Gibbs free energy of fusion. All of the
ILs—H,O mixture solvents involved in this work are assumed
to be liquids at room temperature, so their AG; g, can be set
to zero. The solubility (x;) calculated by eq 7 is a zero-order
approximation; x; can be improved by iterative calculation

using eq 8:

)/RTIn 10
(8)
Similarly, it is necessary to modify the solubility calculated
by COSMO-RS in the same way as the infinite dilution activity
coefficient. The mass-based solubility (w;, and w,) can be

calculated from the modified mole-based solubility («}*® and
«5™P) by egs 9 and 10:

loglo(xi(n+l)) — (/’tl‘Oil _ ﬂiSOI(n) — AG

i,fusion

w = (leAB X Mvvcumene)/[(l - leAB) X I\/[VVIL—HZO] (9)

w, = (x;AB X M‘N;lodecane)/[(l - x;‘AB) X I\/[‘/\"IL—HZO]

(10)
where w; and w, refer to the mass-based solubility of cumene
and dodecane in the IL—H,O mixture solvent, respectively.
The accuracy of COSMO-RS calculated infinite dilution
activity coefficient and solubility has been verified in the
previous literature,>**»°19%57759

4.2. Experimental Section. The IL [C,mim][Ac], m-
cresol, cumene, dodecane, and o-nitrotoluene were purchased
from Shanghai Macklin Biochemical Co., Ltd., with a purity
above 99.0 wt %. Absolute alcohol (>99.5 wt %) was
purchased from Modern Oriental (Beijing) Technology
Development Co., Ltd. Except for [C,mim][Ac], all the
chemicals in the experiments were used without further
purification. Before use, [C,mim][Ac] was dried for 60 h at 80
°C under reduced pressure to remove the moisture as much as
possible. After the removal of water, the water content in
[C,mim][Ac] was not more than 1000 mg-kg™" with a 870 KF
Titrino plus Karl Fischer Moisture Titrator (Switzerland).

Twenty grams of dried [C,mim][Ac] was added to a SO mL
screw-capped glass bottle, and a specific amount of water was
added gravimetrically to obtain the [C,mim][Ac]-H,0
mixture solvents with a water content of 2.5, 5.0, 7.5, 10.0,
15.0, 20.0, 30.0, 40.0, and 50.0 wt %, respectively. The
viscosities of [C,mim][Ac]—H,O mixture solvents with
different water contents were measured by a viscometer with
a Brookfield DVESLVTJO0 within +0.5% (USA) at 25 °C with
a DCOS06N thermostatic bath within +0.1 °C (China). The
absorbance of these solvents was also determined by a UV-
1100 Spectrophotometer with Mapapa (China).

In the extraction experiments, the model oil consisted of 30
wt % m-cresol, SO wt % cumene, and 20 wt % dodecane. Ten
grams of the model oil was first added to a 25 mL screw-
capped glass bottle, and then S g of the prepared [C,mim]-
[Ac]-H,O mixture solvent was added into this bottle. After
sealing, the mixture was stirred with a magnetic stirrer for 30
min at 25 °C. The speed of revolution was set to 600 rpm.
After stirring, the mixture was stood for 1 h; the liquid—liquid
stratification could be clearly observed. During the experi-
ments, the mixture temperature was controlled by an HWCL-3
constant temperature water bath within +0.1 °C (China). All
weighing was performed with a AE224C analytical balance
within +0.0001 g (China).

https://doi.org/10.1021/acsomega.1c04247
ACS Omega 2021, 6, 27368—27378


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04247/suppl_file/ao1c04247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04247/suppl_file/ao1c04247_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

After that, the upper dephenol oil phase was carefully
removed from the lower IL—H,O mixture phase by a
separating funnel, and the mass of the upper phase was
measured carefully. The upper phase oil (0.5 mL) and o-
nitrotoluene (0.5 mL, internal standard) were added into a 10
mL screw-capped glass bottle with a pipette gun, and the mass
of the transferred liquids was accurately weighed. The mixture
was diluted five times with anhydrous ethanol to obtain the
sample. The composition of sample was analyzed by a GC-
SP3420 gas chromatograph (China) equipped with a flame
ionization detector (FID) and a KB-WAX (50 m X 0.25 mm X
0.25 pm) column. The column temperature program of the
GC was started at 80 °C, settled for 2 min, increased at a rate
of 3 °C-min~"! until the temperature reached 120 °C, settled for
1 min, increased at a rate of 10 °C-min ™" until the temperature
reached 200 °C, and settled for 15 min. The total analysis time
was 39.33 min. The temperature of the injection port and FID
was set at 230 °C. The injection volume of the sample was 0.6
uL. The extraction separation indexes such as m-cresol
extraction efficiency (E (%)), distribution coefficient (D),
selectivity of m-cresol—cumene (S;) and m-cresol—dodecane
(S,), and entrainment of cumene (N, (%)) and dodecane (N,
(%)) were calculated according to eqs 11—16:

E(%) = (My_cresol — Wn—cresol ™Mu)/ My cresol X 100%

(11)
D = Wy, _cresol/ Wn—cresol (12)
81 = (W cresol/ Wn—cresol) / (Weumene/ Waumene) (13)
Sy = (Wi cresol/ Win—cresol)/ (Wiodecane/ Wiodecane) (14)

Nl(%) = (mcumene - Wcumene‘mU)/mcumene X 100% (15)

0, — —_ . [V
NZ( A’) - (mdodecane Wdodecane mU)/mdodecane X 100%

(16)
where M,,, _ cresob Meumenes Mdodecaney a0 71y refer to the mass of
m-cresol, cumene, and dodecane in the model oil and upper

. . ’
phase 0111 respeCtlveIY' Wiy — cresob Weumener Wdodecaner Wi — cresoly
Wamener A0d Wjogecane refer to the mass fraction of m-cresol,
cumene, and dodecane in the upper phase and lower phase,
respectively.
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