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nic liquids as extracting agents
systematically: a special case study for extractive
denitrification processes†

Shurong Gao, *abc Jiaxin Jin,ab Masroor Abro,c Ruozhen Song,c Miao Hed

and Xiaochun Chen*c

Extractive denitrification (EDN) of shale oil using ionic liquids (ILs) as the extracting agent has good industrial

prospects. In such processes, ILs with higher selectivity to N-compounds and lower solubility in shale oil are

desired to improve the EDN efficiency, and reduce the loss of ILs and the contamination of shale oil. In the

present study, we employed COSMO-RS to calculate the selectivity of 70 ILs to the typical N-compounds

(pyridine, quinoline and indole). The influence of the IL structural characteristics, composition of shale oil

and properties of N-compounds are investigated from a micro-level view with the s-surface and s-

profile. The selectivity strongly depends on anionic species and it is greatly influenced by hydrogen

bonding (HB) and p–p interaction between N-compounds and ILs. ILs composed of [H2PO4]
� and

[MeSO3]
� with larger HB donor energy show higher selectivity to the basic N-compounds, while ILs

composed of [Ac]� with larger p-electron cloud density show higher selectivity to the non-basic N-

compounds. Anions with stronger polarity have lower solubility in shale oil. Moreover, experimental

determinations of EDN indicated that [C4py][H2PO4]/[C4mim][H2PO4] and [C2mim][Ac]/[C2py][Ac] have

good EDN performance for quinoline/pyridine with efficiency of 100% and for indole with efficiency of

91%, respectively. This work presents a theoretical basis to design and select ILs having higher selectivity

for N-compounds and lower solubility in shale oil for use in denitrification.
1. Introduction

Shale oil, as an important alternative resource to petroleum, has
attracted worldwide attention.1 Considerable amounts of
nitrogenous compounds (N-compounds), which may reduce the
stability of shale oil in storage, increase the production of
pollutants, and inhibit the processes of cracking and hydro-
treating, is a key problem that prevents the development of
shale oil.2–4 Therefore, denitrication of shale oil is an impor-
tant process in oil rening. The traditional hydrodenitrication
(HDN)5–7 is a widely employed technique in industry.
Demanding harsh operating conditions, the ineffectiveness of
HDN to remove heterocyclic N-compounds, and difficulty to
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meet the more stringent demands of N-content in fuel oil have
driven researchers to explore alternative denitrication
methods8–10 to HDN.

Ionic liquids (ILs)11–20 with desirable advantages (such as
high steam pressure and nonvolatility, strong solubility of
inorganic/organic compounds, easy recycling and so on) have
attracted interest in extractive denitrication (EDN). Studies on
EDN of conventional diesel or gasoline by ILs as extracting
agent have been intensively studied, as shown in Table 1.21–27 It
can be observed that EDN employing ILs, which require mild
operating conditions such as low pressure/temperature with no
consumption of catalyst and hydrogen, can effectively remove
N-compounds and have good denitrication effect. In our
previous work,25 we observed that almost 100% N-extraction
efficiency for carbazole-containing fuel oil was obtained aer
a single extraction of <5 min contact time with [BMI][N(CN)2]
and [EMI][N(CN)2] with 1 : 1 (w/w) IL : oil ratio under the
ambient conditions. Therefore, EDN by ILs may offer a new
method to denitrication of oil and present a good industrial
prospect.

However, to our knowledge, EDN of shale oil by ILs has been
rarely taken into account. N-removal efficiency is intensively
studied,21–27 while the systematic and comprehensive study
about inuence of ILs structural characteristics such as anionic
nature on the denitrication performance is rarely reported.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Research on the application of ILs in denitrification of fuel oil

ILs Model oil T/�C IL : oil
N-extraction
efficiency (%) Extraction equilibrium Ref.

[Bmim][BF4] Model oil RT 1 : 1 60 21
[Bmim][OcSO4] Model oil RT 1 : 1 41.2 21
[Emim][EtSO4] Model oil RT 1 : 1 54.5 21
[Bmim]Cl Carbazole 60 1 : 10 48 1 h 22
[OPy]Cl Carbazole 60 1 : 10 58 1 h 22
[Bmim][BF4] Pyridine RT 1 : 2 45 <0.5 h 22
[Bmim][BF4] Pyridine RT 1 : 2 9 <0.5 h 23
[Bmim][BF4] Model oil RT 1 : 1 1.5 15 min 24
[Bmin][OcSO4] Model oil RT 1 : 1 0.7 15 min 24
[Emim][EtSO4] Model oil RT 1 : 1 1.2 15 min 24
[Emim][DCA] Pyridine 25 1 : 1 69.1 25
[EtMe2S][DCA] Pyridine 25 1 : 1 59.8 25
[S2][DCA] Pyridine 25 1 : 1 63.5 25
[Bmim][DCA] Pyridine 25 1 : 1 72.7 25
[Bmim]Ac/ZnAc2 Carbazole 40 1 : 1 100 1 min 26
[Bmim]Cl/ZnAc2 Carbazole 40 1 : 1 94.5 30 min 26
[Bmim]Ac/ZnAc2 Pyridine 40 1 : 1 36 1 min 26
[Bmim]Cl/ZnAc2 Pyridine 40 1 : 1 95.1 30 min 26
[Bmim][N(CN)2] Carbazole 25 1 : 1 100 <5 min 25
[Emim][N(CN)2] Carbazole 25 1 : 1 100 <5 min 25
[S2][N(CN)2] Carbazole 25 1 : 1 96 <5 min 25
[EtMe2S][N(CN)2] Carbazole 25 1 : 1 83 <5 min 25
[Bmim][N(CN)2] Pyridine 25 1 : 1 72.7 5 min 25
[Emim][N(CN)2] Pyridine 25 1 : 1 69.1 5 min 25
[S2][N(CN)2] Pyridine 25 1 : 1 63.5 5 min 25
[EtMe2S][N(CN)2] Pyridine 25 1 : 1 59.8 5 min 25
[Bmim]Cl/ZnCl2 Pyridine 25 1 : 1 >97 <5 min 27
[Bmim]Cl/2ZnCl2 Pyridine 25 1 : 1 >97 <5 min 27
[Bmim][HSO4] Pyridine 25 1 : 1 >97 <5 min 27
[Hmim][HSO4] Pyridine 25 1 : 1 >97 <5 min 27
[Bmim]Cl/ZnCl2 Carbazole 25 1 : 1 93.2 5 min 27
[Bmim]Cl/2ZnCl2 Carbazole 25 1 : 1 90.1 5 min 27
[Bmim][HSO4] Carbazole 25 1 : 1 71.2 5 min 27
[Hmim][HSO4] Carbazole 25 1 : 1 24.2 5 min 27
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Studies on EDN have shown that ILs have good denitrication
effect which varies greatly due to their very different anionic and
cationic structures.25,27,28 Therefore, it is of great importance to
choose appropriate ILs as extraction agents. The typical N-
compounds such as pyridine, quinoline and indole are extrac-
ted into IL phase rst and then removed through extraction in
such new methods. Therefore, a suitable IL employed in deni-
trication technology should have higher selectivity to N-
compounds and less solubility with shale oil, which are
desired to improve the EDN efficiency, minimize the ILs loss
and of shale oil contamination.

The performance of an extraction process greatly depends
upon the suitable choice of solvent. Screening of ILs for
extraction processes by experimental investigation is quite
lengthy and uneconomical due to their availability in an enor-
mous number, which can be overcome through the applications
of thermodynamic models due to they are capable of predicting
the activity coefficient, VLE and LLE data and so all.29 Generally
speaking, the most widely used models for VLE and LLE
prediction in ILs include Wilson,30 universal quasichemical
(UNIQUAC),31 non-random two-liquid (NRTL),32 UNIFAC and
modied UNIFAC models. The modied Flory–Huggins
© 2021 The Author(s). Published by the Royal Society of Chemistry
equation and a lattice model based on polymer solution models
are also adopted to well-describe the phase diagrams.33 The
group contribution methods like UNIFAC and its modied
variants are also employed to correlate the thermodynamic
properties and LLE in ILs.18 However, the key disadvantage of
aforesaid models is their limited applications specically for ILs
due to lack of required parameters for most of ILs.34

On the other hand, the Continuum Solvation Model known
as conductor-like screening model for real solvents (COSMO-
RS) is an efficient predictive tool for thermodynamics proper-
ties and phase behaviors of ILs based systems such as
enthalpies of vaporization,35 gas solubility,36 liquid–liquid
equilibrium LLE37,38 and capacity of ILs for hydrocarbons.39 It is
a well-established thermodynamic model requiring only the
information on the atoms of the compounds without needing
any experimental data, which can be extrapolated over new
systems to achieve qualitative accuracy.40 There has been
a gradual evolution in variants of COSMO-RS i.e., COSMO-SAC41

and COSMO-RS (OI).42 Over the last two decades, an adequate
number of studies have used COSMO based models with
purpose of LLE and thermodynamic parameters prediction to
screen of ILs.32,37,43 Banerjee et al.44 used a modied variant of
RSC Adv., 2021, 11, 700–710 | 701
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Fig. 2 s-Surface and structure of quinoline, pyridine and indole.
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COSMO-RS known as COSMO_LL to predict the LLE data of
a number of ILs based ternary systems and obtained improved
predictions for ternary systems. Gutiérrez et al.45 performed the
preselection of ILs for extractive distillation process employing
COSMOtherm soware by investigating the effect of anion and
cation on the selectivity and activity coefficient. Zhou et al.46

used COSMO-SAC model to screen ILs for separation of thio-
glycolic acid and water. They investigated the effect of anion
and length of cation alkyl chain on selectivity and capacity. A
few studies have been reported on employing COSMO-RS to
predict the capacities of ILs for TS and DBT, e.g., Kumar et al.47

studied the capacity of 264 ILs for TS. Anantharaj et al.48 re-
ported the capacity of 168 ILs for TS and DBT and Song et al.49

reported the capacity of 216 ILs for TS. These studies reveal that
COSMO-RS and its variant models have great potential to screen
suitable ILs for several separation applications.50

Compared with a very huge pool of ILs (about 1018 potential
ILs exist), a very limited number of ILs was studied experi-
mentally in denitrication shown in Table 1. The aforemen-
tioned theoretical methods can desirably be employed to
calculate selectivity of ILs to N-compounds. To our knowledge,
determination of selectivity of ILs to N-compounds employing
COSMO-RS is still a remainder.

In this work, a new coupled COSMO-RS based theoretical
study and the experimental denitrication research is designed
and achieved as shown in Fig. 1. (1) The selectivity of 70 kinds of
ILs from the combination of 5 anions and 14 cations, (the short
and full names with their chemical structures are summarized
in Tables S1 and S2†) to pyridine, quinoline and indole
(chemical structures are provided in Fig. 2) is computed using
COSMO-RS; then the inuence of ILs structural characteristics,
composition of shale oil, properties of N-compounds are
investigated from micro-level view with s-surface and s-prole.
(2) Based on the selectivity of ILs to N-compounds, we selected
several suitable ILs and studied their solubility with shale oil.
(3) Finally, the selected ILs, which exhibit higher selectivity for
N-components and smaller solubility with shale oil, are inves-
tigated by experiments of EDN. It should be noted that ve
kinds of anions, i.e., [Cl]�, [Ac]�, [Br]�, [MeSO3]

�, and [H2PO4]
�,
Fig. 1 Schematic diagram in this manuscript.

702 | RSC Adv., 2021, 11, 700–710
are selected in this study because the anions are common and
representative species which represent ve types of ionic
liquids, i.e., chloride, acetate, bromide, sulfonate, phosphate
based ILs, respectively. In the other side, pyrrolidinium, pyr-
idinium and imidazolium are three kinds of the common cation
family which are studied widely; therefore, we selected [Cnpyr]

+,
[Cnpy]

+ and [Cnmim]+ based ILs as the representative cations to
perform the following study by COSMO-RS. In order to further
investigate the inuence of cation alkyl chain length, we also
choose different alkyl chain on the base of each kind of cation
family. For example, for the [Cnmim]+ based ILs, we select
[C1mim]+, [C2mim]+, [C3mim]+ and [C4mim]+.
2. Method
2.1 COSMO-RS

2.1.1. COSMO-RS calculations. The selectivity of IL for N-
compounds and the solubility of ILs with shale oil are calcu-
lated by COSMO-RS51–56 in this work. For the specic procedures
of obtaining the anions and cations of different ILs and the
molecular structure of typical N-compounds and the detailed
description of COSMO-RS equations, we have elaborated on this
in ESI.† Herein, the main equations used in this work are
emphasized only.

The selectivity of IL for N-compounds is calculated by eqn
(1),
© 2021 The Author(s). Published by the Royal Society of Chemistry
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S12;max ¼ SN
12 ¼

gN
2

gN
1

(1)

where, gN1 is the activity coefficient of component; N-
compounds (pyridine, quinoline and indole) at innite dilu-
tion in ILs; gN

2 is the activity coefficient of component; N-
compounds at innite dilution in shale oil.

The solubility of IL in shale oil is calculated by eqn (2),

log10(c
sol
IL ) ¼ [m(P)IL � m(oil)IL � max(0,DGfus)]/(RT ln(10)) (2)

where m(oil)IL and m(p)IL denote the chemical potential of the IL in
shale oil and pure solute, respectively; DGfus stands for Gibbs
free energy of fusion.

2.1.2. s theory. The theory of s-prole is given in our
published articles,11,12 herein, we just emphasize on the theory
of s-surface used in this manuscript. s-Surface indicates the
shielding charge density of the molecular surface in the form of
3D structure through different colors, which can be used to
analyze the polarity, hydrogen-bonding (HB) energies and p

electron cloud of molecules. For example, the red part repre-
sents the negative surface shielding charge generated by the
positive charge inside the molecule, the blue part represents the
positive surface shielding charge region, the green part repre-
sents the neutral surface shielding charge region which means
the molecules are non-polar, and the yellow part represents the
p electron cloud density according to Klamt et al.57 The s-
surface diagram of pyridine, quinoline and indole is shown in
Fig. 2. For the basic N-compounds, i.e., quinoline and pyridine,
the negative shielding charge density near the nitrogen atom is
large and it is red. Therefore, quinoline and pyridine can be
used as HB receptors and they have high HB receptor energy. In
contrast, indole, as a non-basic N-compound, has a high posi-
tive shielding charge density and it is blue, which means that
indole can be used as HB donor and it has high HB donor
energy. It also can be seen from Fig. 2 that the molecules of
pyridine, quinoline and indole contain the p electron cloud
density, which correspond to the yellow part in the diagram.
However, the yellow area of indole molecule is the largest, that
is, the p electron cloud density of indole is the largest. In
a summary, pyridine and quinoline can be used as HB recep-
tors, which are easy to be combined with HB donors; while
indole can be used as a HB donor, which is easy to be combined
with HB receptors.
2.2 Experiments

2.2.1. Chemicals. The information of chemicals used in
this work is as follows: bromine ethane (>99.0%), bromobutane
(>99.0%), Aladdin Reagent Co. Ltd; N-methylimidazole
(>99.0%), Shanghai SenHao Fine Chemical; ethyl acetate
($99.5%), acetone ($99.5%), dichloromethane ($99.5%), ace-
tic acid ($99.5%), n-octane ($99.0%), cyclohexane (AR), n-
octene ($98.0%), cyclohexene ($99.0%), toluene ($99.5%),
Beijing Chemical Works; nitrogen ($99.9%), Beijing Yanan Gas
Plant; quinoline (AR), pyridine ($99.5%), indole ($99.0%),
Tianjin Fuchen Chemical.

2.2.2. Synthesis of ILs and shale oil
© 2021 The Author(s). Published by the Royal Society of Chemistry
Synthesis of ILs. The synthesis method of [C4py][H2PO4],
[C4mim][H2PO4], [C2mim][Ac] and [C2py][Ac] is as follows and
the FT-IR spectrum of ILs is shown in Fig. S1–S4.† (1) [C4py]
[H2PO4]: 0.5 mol pyridine was poured into a 100 ml round-
bottom ask, then 0.55 mol bromobutane was poured slowly
drop by drop through a constant pressure titration funnel and
stirred vigorously at 70 �C for 24 h in inert atmosphere. The
obtained liquid was washed using ethyl acetate for three times,
later, through rotary evaporation, it was removed under vacuum
at 60 �C for 60 min to get [C4py]Br as white solid. 0.1 mol [C4py]
Br and 0.1 mol H2PO4 were put into a 100 ml round-bottom
ask, then dichloromethane was used as the solvent and stir-
red vigorously at 25 �C for 9 h in inert atmosphere to get [C4py]
[H2PO4] as yellow oily viscous liquid. (2) [C4mim][H2PO4]:
0.5 mol 1-methylimidazole was added into a 100 ml round-
bottom ask, then 0.55 mol bromobutane was poured slowly
drop by drop through a constant pressure titration funnel and
vigorously stirred at 70 �C for 24 h under an inert atmosphere.
The obtained liquid was washed using ethyl acetate for three
times, similarly, the rotary evaporation was conducted to
remove it under vacuum at 60 �C for 60 min to get [C4mim]Br as
white solid. 0.1 mol [C4mim]Br and 0.1 mol H2PO4 were put into
a 100 ml round-bottom ask, then dichloromethane was used
as the solvent and stirred vigorously at 25 �C for 9 h under an
inert atmosphere to get [C4mim][H2PO4] as yellow oily viscous
liquid. (3) [C2mim][Ac]: 0.5 mol 1-methylimidazole was added
into a 100 ml round-bottom ask, then 0.55 mol bromine
ethane was poured slowly drop by drop through a constant
pressure titration funnel and stirred vigorously at 30 �C for 9 h
in inert atmosphere. The obtained liquid was washed using
ethyl acetate for three times, similarly, the rotary evaporation
was conducted to remove it under vacuum at 60 �C for 60 min to
get [C2mim][Br]. 0.1 mol [C2mim][Br] and 0.1 mol acetic acid
were put into a 100 ml round-bottom ask, then acetone was
used as the solvent and stirred vigorously at 25 �C for 24 h in
inert atmosphere to get [C2mim][Ac] as colorless transparent
oily liquid. (4) [C2py][Ac]: 0.5 mol pyridine was added into
a 100ml round-bottom ask, then 0.55mol bromine ethane was
poured slowly drop by drop through a constant pressure titra-
tion funnel and stirred vigorously at 30 �C for 9 h in inert
atmosphere. The obtained liquid was washed using ethyl
acetate for three times, which was removed by rotary evapora-
tion under vacuum at 60 �C for 50 min to get [C2py][Br]. 0.1 mol
[C2py][Br] and 0.1 mol acetic acid were put into a 100 ml round-
bottom ask, then acetone was used as the solvent and stirred
vigorously at 25 �C for 24 h in inert atmosphere to get [C2py][Br]
as dark yellow oily liquid.

Model shale oil preparation. Model shale oil with N-content of
2000 ppm, contained a mixture of n-octane, cyclohexane, n-
octene, cyclohexene, toluene with the mass ratio of
3 : 1 : 2 : 1.5 : 2.5. Quinoline and pyridine as representative
basic N-compounds and indole as representative non-basic N-
compound (structures are given in Fig. 2) were investigated in
the EDN.

2.2.3. Extractive denitrication and analysis
RSC Adv., 2021, 11, 700–710 | 703
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General procedure. In a typical EDN experiment, ILs and shale
oil were poured into round-bottom ask where, these under-
went reaction by stirring with a magnetic stirrer under certain
temperature for a given time. Themixture was settled for 30min
to achieve phase-segregation and the oil (upper phase) was
investigated.

Analysis of N-content in shale oil. The N-content of quinoline,
pyridine and indole were analyzed by GC-112A gas chromato-
graph equipped with SGE-AC 20 60 m � 0.32 mm � 0.5 mm
column. The gas chromatography (99.999% N2) was pressurized
at 50 �C and increased to 250 �C, the temperature at inlet was set
to 250 �C, the injection volume was 0.2 mL and split ratio was
20 : 1. EDN efficiency E (%) and distribution coefficients KN

were calculated by eqn (3) and (4)

E ð%Þ ¼ Ci � Cf

Ci

� 100 (3)

KN ¼
�
Ci � Cf

��
mIL

Cf

�
moil

(4)

where Ci and Cf are initial and nal N-content and mIL and moil

are mass of ILs and shale oil, respectively.
3. Results and discussion
3.1 Validation of COSMO-RS prediction

Presently, we compared the COSMO-RS predicted liquid–liquid
equilibrium data of the [C2mim]MeSO3 + pyridine/indole + n-
hexadecane based system against the previously reported
experimental data.32 Fig. 3 shows a good agreement between
COSMO-RS prediction of liquid–liquid equilibrium results and
those obtained experimentally. The root-mean-square error for
the system of [C2mim]MeSO3 + pyridine/indole + n-hexadecane
between experimental results and COSMO-RS calculations is
2.06%/4.41%, respectively. Some studies also have proved the
reliability of COSMO-RS for prediction of LLE data of IL-based
systems qualitatively, also acceptable quantitatively in many
cases.11,12,51,56 Therefore, COSMO-RS is an effective tool to be
Fig. 3 Tie-lines for the ternary systems [C2mim]MeSO3 + pyridine/ind
experimental tie-lines, full triangle and dashed lines indicate COSMO-RS

704 | RSC Adv., 2021, 11, 700–710
employed in qualitative screening of ILs with regard to their
liquid–liquid equilibrium data, components of shale oil and N-
compounds.

It should bementioned that (1) the selectivity is only valid for
small concentrations of the N-compounds, i.e. the molecular
solutes in their innitely diluted solution with ILs. (2) In the
COSMO-RS calculation, ILs are treated as electro-neutral
mixtures of separated cations and anions, leading to the
simulation is qualitatively accurate in some cases. (3) We only
pay attention to the changing trend of the selectivity and the
solubility values in order to nd some regulars and provide the
theoretical basis for designing and selecting of ILs used in the
denitrication process of shale oil used in the follow-up
experimental study.
3.2 Selectivity of ILs for N-component

The selectivity of ILs for N-components has great importance in
EDN process. The higher the selectivity of ILs to N-compounds,
the higher the N-removal efficiency can be obtained. In this
study, toluene and octane, which represent aliphatic and
aromatic hydrocarbons in shale oil respectively, were selected to
investigate the selectivity of ILs to N-compounds. The selectivity
of 70 kinds of ILs (from the combination of 5 anions and 14
cations) to pyridine, quinoline and indole was computed by
COSMO-RS as presented in Fig. 4, 8 and 9, respectively.

3.2.1. Selectivity of ILs for pyridine. According to Fig. 4,
comparing to cations, anions are more inuential towards the
selectivity of ILs to pyridine, because of their stronger polarity
and hydrogen bonding than those of cations as shown in Fig. 5.
For the same cation, the selectivity of ILs to quinoline in
toluene/octane roughly increased as [Cl]� < [Ac]� < [Br]� <
[MeSO3]

� < [H2PO4]
�. The inuence of anions is explained with

the help of s theory23,27 in Fig. 5. The peaks of [Cl]�, [Ac]�, [Br]�,
[MeSO3]

� and [H2PO4]
� existing in the polar region of s >

+0.0082 e Å�2, correspond to the red part in the s-surface
diagram and they can be used as HB receptors. While for
[MeSO3]

� and [H2PO4]
�, several peaks are existed in the polar

region of s < �0.0082 e Å�2, which correspond to the blue part
ole + n-hexadecane at 25 �C (empty circle and solid lines indicate
calculated tie-lines).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Selectivity of ILs for pyridine in (a) toluene and (b) octane.
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in the s-surface diagram and they can also be used as HB
donors. As a result, [MeSO3]

� and [H2PO4]
� (as HB donors),

which have hydrogen bonding with pyridine (as HB receptor) as
seen in Fig. 6, result in higher selectivity of [MeSO3]

� and
[H2PO4]

� based ILs to pyridine.
In addition, the selectivity is also signicantly affected by the

composition of shale oil. As shown in Fig. 4, the selectivity of ILs
to pyridine in octane (0.24–68.65) is larger than that in toluene
(0.49–3.75). This is consistent with the experimental results of
Anugwom et al.,58 which indicated that for the model oil
composed of aromatic hydrocarbon, ILs exhibited poor selective
removal effect on pyridine. This might be related to the p–p

interaction between p-electron on pyridine molecule (as seen in
the yellow part of the s-surface diagram in Fig. 6) and aromatic
toluene ring. The s prole results in Fig. 7 show that toluene is
more polar than octane, where the main peaks of the s prole of
toluene are located in the polar region while those of octane are
existed in the non-polar region. Based on the rule of “like
dissolves like”, polar N-compounds are more soluble in the
more polar toluene. Therefore, ILs have higher selectivity to
pyridine in the shale oil containing the less polar compounds
such as octane.
Fig. 5 s-Surface and s-profile of studied anions and cations.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2.2. Selectivity of ILs for quinoline. As shown in Fig. 8,
the anionic nature and composition in shale oil also exhibited
considerable effect on the selectivity of ILs to quinoline.
[MeSO3]

� and [H2PO4]
� (with higher HB donor energy) have

strong hydrogen bonding with quinoline (with lager HB
receptor energy), resulting in higher selectivity of the ILs
composed of [MeSO3]

� and [H2PO4]
� to quinoline. The selec-

tivity of ILs to quinoline in octane (5.25–45.16) is higher than
that in toluene (2.50–3.75).

In summary, ILs composed of anions as [H2PO4]
� and

[MeSO3]
�, show higher selectivity to quinoline and pyridine in

weaker polar compounds such as octane in shale oil. From
Fig. 4 and 8, [C4py][H2PO4], [C4mim][H2PO4], [C4py][MeSO3] and
[C4mim][MeSO3] are selected to remove the basic N-compounds
in shale oil.

3.2.3. Selectivity of ILs for indole. Fig. 9 shows different ILs
have different selectivity to the non-basic N-compounds, i.e.,
indole, and the selectivity is ranged from 109.41 to 5379.38.
Obviously, the selectivity of ILs to indole is much higher than
that to pyridine and quinoline. It can be seen from Fig. 5 that
the peaks of [Cl]�, [Ac]�, [Br]�, [MeSO3]

� and [H2PO4]
� are

located in the polar region of s > +0.0082 e Å�2, which
RSC Adv., 2021, 11, 700–710 | 705
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Fig. 6 s-Surface and s-profile of quinoline, pyridine and indole.

Fig. 7 s-Surface and s-profile of toluene and octane.
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correspond to the red part in the s-surface diagram and they
can be used as HB receptors and have HB receptor energy. The
peaks of indole are located in the polar region of s < �0.0082 e
Å�2, which correspond to the blue part in Fig. 6 indicating that
indole can be used as HB donor and has high HB donor energy.
Therefore, strong hydrogen bond can be formed between the
studied anions and indole, making the ILs highly selective to
indole than to pyridine and quinoline.
Fig. 8 Selectivity of ILs for quinoline in (a) toluene and (b) octane.

706 | RSC Adv., 2021, 11, 700–710
The selectivity of ILs to indole in octane is still higher than
that in toluene. As shown in Fig. 9, ILs composed of [Ac]�,
showed higher selectivity to indole. This can be explained with
the aid of s theory.23,27 As depicted in Fig. 5, [Ac]�, [MeSO3]

� and
[H2PO4]

� show the p electron cloud density, which correspond
to the yellow part. However, the yellow area of [Ac]� is the
largest, revealing that thep electron cloud density of [Ac]� is the
highest. As discussed above, the p electron cloud density of
indole is also the higher than pyridine and quinoline. This can
lead to a strong p–p interaction between [Ac]� and indole,
which further lead to higher selectivity to indole. This is
consistent with the observations reported by of Hizaddin et al.,59

and they found that the electronegativity of [Ac]� is strong,
which can easily form hydrogen bond with indole molecules.
Therefore, [Ac]� based ILs have higher selectivity to indole.

In a summary, [Ac]� (as HB receptor) have hydrogen bonding
and p–p interaction with indole (as HB donor), results in higher
selectivity of ILs to indole. From Fig. 9, [C2py][Ac] and [C2mim]
[Ac] are nally selected to remove the non-basic N-compounds
in shale oil.

3.2.4. Mechanism of EDN by ILs. In a word, IL, as extract-
ing agent in EDN, can extract N-compounds from oil-phase to
IL-phase because ILs have big selectivity for N-components.
This is mainly ascribed to the hydrogen bond and p–p inter-
action formed between the anions of ILs and the N-compounds
in shale oil.
3.3 Solubility of ILs in shale oil

In addition to the selectivity of ILs for N-components, the
solubility of ILs with shale oil also has great importance in the
denitrication process since this can lead to the loss of ILs and
the contamination of shale oil. The solubility of ILs, i.e., [C4py]
[H2PO4], [C4mim][H2PO4], [C4py][MeSO3], [C4mim][MeSO3],
[C2py][Ac] and [C2mim][Ac], with shale oil is computed by
COSMO-RS which is shown in Fig. 10. According to Fig. 10, the
solubility of ILs in shale oil is low in whole, ranging from 10�7

(ref. 38) to 10�3 (ref. 43). It is also observed that the solubility of
ILs follows the trend: [C4py][H2PO4] < [C4mim][H2PO4] <
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09316e


Fig. 9 Selectivity of ILs for indole in (a) toluene and (b) octane.

Fig. 10 Solubility of ILs with shale oil.
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[C2mim][Ac] < [C2py][Ac] < [C4py][MeSO3] < [C4mim][MeSO3].
These results reveal that the solubility strongly depends on the
structure of anions, also, the stronger is the polarity of anions,
less is the solubility of ILs, as depicted in Fig. 5 and 10.
Therefore, [C4py][H2PO4], [C4mim][H2PO4], [C2mim][Ac] and
[C2py][Ac], exhibiting larger selectivity for N-components and
smaller solubility with shale oil, are nally selected as suitable
candidate solvents in denitrication of shale oil.
Fig. 11 N-removal efficiency of different ILs for different N-
compounds in model shale oil (time 1 h, mass ration of IL/oil 1 : 2,
temperature 40 �C).
3.4 Extractive denitrication of shale oil

3.4.1. Extractive denitrication by ILs. As shown in Fig. 11,
the EDN efficiency of shale oil by ILs, i.e., [C4py][H2PO4],
[C4mim][H2PO4], [C2mim][Ac] and [C2py][Ac], are investigated.
The results show that [C4py][H2PO4] and [C4mim][H2PO4]
exhibited the highest EDN efficiency of 100% for quinoline and
pyridine; while [C2mim][Ac] and [C2py][Ac] have the highest
EDN efficiency about 91% for indole, which indicates that ILs
selected from COSMO-RS prediction have good denitrication
performance. The regeneration and recycling of ILs are very
important in their industrial applications. In this work, we
chose [C4mim][H2PO4] as a representative to study its
© 2021 The Author(s). Published by the Royal Society of Chemistry
reusability in EDN process and the results are shown in Fig. 12.
It is indicated that, aer regeneration of four cycles, [C4mim]
[H2PO4] behaves similarly as fresh ILs, with a minute loss of N-
removal efficiency of only <5% at the same experimental
conditions. Therefore, the IL has proven to serve as a good
extractant as well as a suitable candidate for the industrial
application.

3.4.2. Revisit experimental results to COSMO-RS predic-
tion. The experimentally determined EDN efficiency of shale oil
is shown in Fig. 11. The removal efficiency for pyridine, quin-
oline and indole by different ILs follows [C4py][H2PO4] ¼
[C4mim][H2PO4] > [C2mim][Ac] > [C2py][Ac], [C4py][H2PO4] ¼
[C4mim][H2PO4] > [C2py][Ac] > [C2mim][Ac], [C2mim][Ac] >
[C2py][Ac] > [C4mim][H2PO4] > [C4py][H2PO4], respectively.
These results are in agreement with the COSMO-RS prediction
that ILs composed of [H2PO4]

� showed higher selectivity to the
basic N-compounds quinoline and pyridine, while ILs
composed of [Ac]� showed higher selectivity to the non-basic N-
compounds indole.
RSC Adv., 2021, 11, 700–710 | 707
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Fig. 12 The N-extraction efficiency vs. recycling time in extracting
nitrides from shale oil by [C4mim][H2PO4] (extraction time 1 h, mass
ration of IL/oil 1 : 2, temperature 40 �C).
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4. Conclusion

In present work, the selectivity of 70 ILs to pyridine, quinoline
and indole was determined employing COSMO-RS. The inu-
ence of ILs structural characteristics, composition of shale oil
and properties of N-compounds are investigated from micro-
level view with s-surface and s-prole. On the basis of the
selectivity, we selected 6 ILs and studied their solubility with
shale oil. Finally, we selected ILs exhibiting higher selectivity to
N-components and lower solubility with shale oil, as suitable
candidate solvents in the EDN experiment. The present study
has drawn the conclusions as: (1) the selectivity has strong
dependence on anion species, and it is greatly inuenced by
hydrogen bonding (HB) and p–p interaction between ILs and N-
compounds. (2) ILs composed [H2PO4]

� and [MeSO3]
� with

higher HB donor energy showed higher selectivity to the basic
N-compounds quinoline and pyridine; ILs composed of [Ac]�

with larger p electron cloud density, showed higher selectivity
to the non-basic N-compounds indole. (3) ILs composed of
anions that with stronger polarity, exhibited less solubility with
shale oil. (4) The four selected ILs ([C4py][H2PO4], [C4mim]
[H2PO4], [C4py][MeSO3] and [C4mim][MeSO3]) are investigated
experimentally. The COSMO-RS prediction are obtained in good
agreement with experimental results. This work presents
a theoretical basis to design and select the desirable ILs with
higher selectivity to N-compounds and smaller solubility with
shale oil for use in denitrication of shale oil.
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33 U. Domanska, M. Królikowski, D. Ramjugernath,
T. M. Letcher and K. Tumba, Phase equilibria and
modeling of pyridinium-based ionic liquid solutions, J.
Phys. Chem. B, 2010, 114, 15011–15017.

34 M. G. Freire, L. M. N. B. F. Santos, I. M. Marrucho and
J. A. P. Coutinho, Evaluation of COSMO-RS for the
prediction of LLE and VLE of alcohols + ionic liquids,
Fluid Phase Equilib., 2007, 255, 167–178.
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