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The developed process is based on alternative, green and cheap solvents for efficient desulfurization of fuels. Sev-
eral deep eutectic solvents (DESs) were successfully synthesized and studied as extraction solvents for desulfur-
ization of model fuel containing thiophene (T), benzothiophene (BT) and dibenzothiophene (DBT). The most
important extraction parameters (i.e. kind of DES, DES: fuel volume ratio, hydrogen bond acceptor: hydrogen
bond donor mole ratio, time of extraction and temperature) were optimized using central composite design
model. Furthermore, themutual solubility of DES andmodel fuel and influence ofmultistage extraction, reusabil-
ity, regeneration of DES and content of aromatic groups in fuel are discussed followed by explanation of desulfur-
ization mechanism, by means of density functional theory (DFT) as well as FT-IR analysis. The studies revealed
high desulfurization effectiveness resulting in 91.5%, 95.4% and 99.2% removal of T, BT and DBT respectively in
a single stage extraction. A three stage desulfurization provide N99.99% removal of T, BT and DBT. The research
on the desulfurizationmechanism revealed that π-π interaction is themain driving force for desulfurization pro-
cess based on DES.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The combustion of fuels containing sulfur compounds causes emis-
sion of toxic sulfur oxides (SOx), which are a one of the main air pollut-
ants [1]. Due to this fact,many countries have issued stringent standards
to control the sulfur content of fuel oil (mainly below 10 mg/L) [2,3].

Nowadays, hydrodesulfurization (HDS) is the most popular com-
mercial technology used for removal of sulfur from fuels. HDS can effec-
tively remove sulfur compounds [4,5], however, HDS process is not
effective for removing cyclic organic sulfides such as thiophene (T),
benzothiophene (BT), dibenzothiophene (DBT) and its derivatives [6].
In addition, HDS requires large quantities of hydrogen, a high tempera-
ture and pressure of the process, and expensive Cobalt–Molybdenum
catalysts. This makes HDS a very costly technology for removal of sulfur
compounds from fuels. Therefore, many research groups work on the
development of new technologies for deep desulfurization, such as ad-
sorptive desulfurization [7], bio-desulfurization [8], oxidative desulfuri-
zation [9,10] or extraction [11–13]. Extractive desulfurization is one of
themost popular techniques. It follows from its low cost, high sulfur re-
moval efficiency and simplicity of operation. However, most extraction
), grzegorz.boczkaj@pg.edu.pl,

. This is an open access article under
processes require the use of organic solvents, which are volatile, toxic
and difficult for regeneration such as methanol, acetonitrile, sulfolane,
and N-methyl-2-pyrolidone [13–16].

Since 2001, ionic liquids (ILs) have been widely considered green
solvents because of their properties, such as non-volatility, non-
flammability, high tunability, and high extraction efficiency [17]. How-
ever, ILs possess several major drawbacks: the high cost, difficulties in
their synthesis, high viscosity and in some cases toxicity and related bio-
degradability issues [18–21].

A promising alternatives to ILs, which have similar unique physico-
chemical properties are deep eutectic solvents (DESs). DESs have a
number of advantages such as simplicity and low cost of synthesis,
easy biodegradation, non-toxicity and accessible raw material [22].
DESs are a liquids composed of two or more components, hydrogen
bond acceptors (HBA) typically quarternary ammonium salts and hy-
drogen bond donors (HBD), whose melting points are lower than both
of the individual components [23]. In recent years, DESs have been
widely used in electrochemistry [24,25], catalysis [26], material prepa-
ration [27], nanotechnology [28], analytical chemistry [29–31], separa-
tion processes [32,33] etc. The non-toxic behavior in respect to human
being results in several applications as a so-called therapeutic DESs
[34]. In addition, several successful applications of DESs in desulfuriza-
tion processes have been reported [35–38]. Among the existing litera-
ture, the DESs composed of quaternary ammonium salts as an HBA
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and acids [35,39], glycols [36,40,41] and metal ions [42] as an HBD are
the most used mixtures in desulfurization. The DESs composed of poly-
ethylene glycol (PEG) allows removal of polycyclic organic sulfides from
model fuel up to 85% in a single stage extraction [40,41]. Whereas the
use of DES composed of tetrabutylammonium chloride (TBAC), PEG
and a small addition of FeCl3 (TBAC: PEG: FeCl3 4 : 1: 0.05 M ratio) al-
lows the removal of DBT in 89.5% [36]. The desulfurization processes
in which carboxylic acids were used as HBD, showed a lower efficiency
which does not exceed 65% after one cycle of extraction [35,39]. Due to
the numerous combinations of DES, still many mixtures that can pro-
vide higher desulfurization efficiency have not been studied. In addition,
only a few papers have attempted to explain the mechanism of extrac-
tive desulfurization, which is necessary for farther industrial applica-
tions [42–47].

The paper describes for the first time an application of DESs com-
posed of choline chloride (ChCl) acting asHBA and phenolic compounds
as HBD, respectively for removal T, BT and DBT frommodel fuel. The ex-
traction desulfurization was optimized in terms of selection of a DES,
temperature, extraction time, HBA: HBD ratio and DES: model fuel
ratio (VDES:VFuel) using central composite design (CCD). The multistage
extraction, reusability and regeneration of DES as well as influence of
content of aromatic fraction in fuel on desulfurization yieldwere also in-
vestigated. For the better understand themechanism of desulfurization,
density functional theory (DFT) as well as FT-IR analysis was employed.

2. Experimental

2.1. Materials

The chemicals used for model liquid fuel preparation such as thio-
phene (purity ≥ 99%), benzothiophene (purity ≥ 95%) and
dibenzothiophene (purity ≥ 98%), α-methylnaphthalene (purity
≥ 95%), n-hexadecane (purity 99%) were purchased from Sigma-
Aldrich (USA), n-heptane (purity ≥ 99.9%) and diethyl ether (purity
≥ 99.9%) were procured fromMerck (Germany). For DES synthesis cho-
line chloride (ChCl), 4-chlorophenol (4CPh), 4-ethylphenol (4EtPh),
phenol (Ph), 2-methylphenol (2MPh), 3-methylphenol (3MPh), 4-
methylphenol (4MPh), and 2,6-dimethylphenol (2,6DMPh) were ob-
tained from Sigma-Aldrich (USA). Compressed gases used for chro-
matographic analysis such as helium (purity N 5.5) (Linde Gas,
Poland), hydrogen (purity N 5.5) generated by a PGXH2 500 Hydrogen
Generator (PerkinElmer, USA) and air (purity N 5.0) generated by a
DK50 compressor with a membrane dryer (Ekkom, Poland) and further
purified by a GC3000 zero air generator (PerkinElmer, USA).

2.2. Apparatus

Gas chromatograph Autosystem XL equipped with an autosampler
and a flame photometric detector (FPD) (PerkinElmer, USA), a DB-1
(60 m × 0.32 mm x 1.0 μm) capillary column (BGB, Switzerland),
TurboChrom 6.1 software (PerkinElmer, USA) were used in the investi-
gations. FT-IR spectra were recorded using a Bruker Tensor 27 spec-
trometer (Bruker, USA) with an ATR accessory and OPUS software
(Bruker, USA). Dynamic viscosity was determined by means of
BROOKFIELD LVDV-II + viscometer (Labo-Plus, Poland).

2.3. Procedures

2.3.1. Preparation of DES and model fuel
DESs were synthesized by mixing ChCl (HBA) and phenolic com-

pounds (HBD) including Ph, 2MPh, 3MPh, 4MPh, 2,6DMPh, 4EtPh, and
4CPh in a mole ratio (HBA:HBD) of 1:2, 1:3, 1.4, 1:5 and 1:6 (Fig. S1).
The mixture was stirred magnetically at 50 °C until a homogeneous liq-
uid was obtained. The liquids were then left to cool spontaneously to
room temperature.
The model fuel was prepared by dissolving T, BT and DBT in n-
heptane. The initial concentration of T, BT and DBT was 500 mg/L.

2.3.2. Extractive desulfurization
The extraction was performed by mixing DES - ChCl: Ph (1: 4 M

ratio) (10 mL) with the model fuel (4 mL) in a 40-mL beaker. The mix-
ture was stirred for 40 min at 600 rpm at 40 °C. Then 1.5 mL of model
fuels were transferred to 2-mL vials, followed by an addition of 10 μL
of internal standard solutions (2-chlorothiophene) in n-heptane at a
concentration of 300 mg/L. Then, the T, BT and DBT content of the
model fuel was determined after each experiment using GC-FPD.

The efficiencies of the extraction were determined using equation
(1):

E½%� ¼ CIN−C Fin

CIN
� 100% ð1Þ

where: CIN – initial concentration of T, BT and DBT in the model fuel
[mg/L], CFin – Final concentration of T, BT and DBT in the model fuel
[mg/L].

The partition coefficients (K) were determined using equation (2):

K ¼ CDES

C Fuel
ð2Þ

where: CDES – concentration of T, BT, DBT in the DES phase, CFuel – con-
centration of T, BT, DBT in the fuel phase after extraction.

2.3.3. Chromatographic analysis
The GC oven temperature program was as follows: 70 °C (1 min) –

ramped at 30 °C/min to 320 °C (3 min). Injection port temperature
was 300 °C. Injection mode: split 25:1.1 μL of the extract was injected
into the GC system. FPD temperature was 320 °C, and detector gases
flow rates were as follows: hydrogen 90 mL/min and air 75 mL/min.

2.3.4. FT-IR analysis
FT-IR spectra of pure DESs and DESs after extraction procedures

were taken using attenuated total reflectance (ATR) with the following
operating parameters: spectral range 4000–600 cm−1, resolution:
4 cm−1, number of sample scans: 256, number of background scans:
256, slit width: 0.5 cm.

2.3.5. Density and viscosity analysis
Dynamic viscosity was determined using 5 mL of DESs at RT (25 °C)

and atmospheric pressure. Density wasmeasured gravimetrically using
5 mL of DESs.

2.3.6. Mutual solubility of DES and model fuel and studies of fuel water
washing

Themutual solubility of the model fuel (n-heptane) and DES as well
as removal of DES traces from fuel by water washing was measured by
gravimetricmethods coupledwith vacuumdrying, according to a previ-
ously published method [3].

2.3.7. Theoretical study
The Orca 4.1.0 software packagewas used to optimize themolecular

geometries and energy interaction between DES and sulfur compounds
with density functional theory (DFT) using M06-2x/6–31++G** level
of theory. This level of theory is recommended to study ionic liquids as
well as deep eutectic solvents [44–46]. All the configurations were
tested to be local minima by frequency calculations. The interaction en-
ergy was therefore determined from (3):

Eint ¼ EDES�S � ðEDES þ ESÞ ð3Þ

where: Ecomplex-total energy of the complex formed by DES and sulfur
compounds, EDES- total energy of DES, ES - total energy of sulfur

http://mostwiedzy.pl


Fig. 1. The effect of kind of HBD in DESs on the desulfurization yield.
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compounds. Lastly, counterpoisemethod has also been implemented to
estimate the effects of the basis set superposition error (BSSE) on the in-
teraction energy. The Multiwfn [48] and VMD software were used to
perform Electrostatic potential (ESP) [49] and Reduced density gradient
(RDG) analysis [50] to interpret the interaction nature in desulfurization
process.

3. Results and discussion

3.1. Synthesis and physicochemical properties of DESs

Deep eutectic solvents composed of ChCl and phenols were synthe-
sized according to the procedure described in our previous paper [31].
The most important physicochemical properties affecting extraction ef-
ficiencies such as density and viscosity were measured. The average
molar masses of the deep eutectic solvents were also calculated. All
properties of DESs are compiled in Table 1. The dynamic viscosity of
the DESs for the same mole ratio can be approximately arranged in
the following order: ChCl:4CPh N ChCl:2,6DMPh ≈ ChCl:4EtPh N

ChCl:4MPh ≈ ChCl:3MPh ≈ ChCl:2MPh N ChCl:Ph. Densities of all
DESs are higher than the model fuel (ρ=683.8 kg/m3) which is an ad-
vantage in the case of industrial applications. In all DESs, with the in-
crease of HBD content in DES, viscosity and density values decreased.

3.2. Optimization of desulfurization conditions

3.2.1. Kind of HBD in DES
Kind of extraction solvent has a major effect on the desulfurization

efficiency. Several deep eutectic solvents consisting of ChCl (HBA) and
various HBDs, including Ph, 2MPh, 3MPh, 4MPh, 4EtPh, 2,6-DMPh and
Table 1
Compilation of physicochemical properties of DESs.

DES Mole ratio (HBA: HBD) XHBA XH

ChCl: Ph 1 : 2 0.33 0.6
1 : 3 0.25 0.7
1 : 4 0.20 0.8
1 : 5 0.17 0.8
1 : 6 0.14 0.8

ChCl: 2MPh 1 : 2 0.33 0.6
1 : 3 0.25 0.7
1 : 4 0.20 0.8
1 : 5 0.17 0.8
1 : 6 0.14 0.8

ChCl: 3MPh 1 : 2 0.33 0.6
1 : 3 0.25 0.7
1 : 4 0.20 0.8
1 : 5 0.17 0.8
1 : 6 0.14 0.8

ChCl: 4MPh 1 : 2 0.33 0.6
1 : 3 0.25 0.7
1 : 4 0.20 0.8
1 : 5 0.17 0.8
1 : 6 0.14 0.8

ChCl: 4EtPh 1 : 2 0.33 0.6
1 : 3 0.25 0.7
1 : 4 0.20 0.8
1 : 5 0.17 0.8
1 : 6 0.14 0.8

ChCl: 2,6DMPh 1 : 2 0.33 0.6
1 : 3 0.25 0.7
1 : 4 0.20 0.8
1 : 5 0.17 0.8
1 : 6 0.14 0.8

ChCl: 4CPh 1 : 2 0.33 0.6
1 : 3 0.25 0.7
1 : 4 0.20 0.8
1 : 5 0.17 0.8
1 : 6 0.14 0.8

MW–molarmass, calculated fromMW=xHBA·MHBA+xHBD·MHBD, where: xHBA-mole fraction o
HBD [g/mol], η – dynamic viscosity, ρ – density [kg/m3].
4CPh in mole ratios (HBA:HBD) 1:2 were synthesized and their desul-
furization capabilitieswere investigated. In the first experiment, the fol-
lowing pre-selected desulfurization conditions were used: extraction
time 40 min, extraction temperature 20 °C and VDES:VFuel 1 : 1. As indi-
cated in Fig. 1, the desulfurization efficiencies followed the sequence for
HBD of Ph N 2,6MPh N2MPh ≈ 3MPh ≈ 4MPhN 4EtPh N 4CPh. The ob-
tained results indicate the relationship between polarity of DESs and ex-
traction efficiency. It can be observed that along with a decrease in
hydrophobicity of derivatives phenol in DESs the desulfurization effi-
ciency increase.
BD Mw [g/mol] ρ [kg/m3] η [mPa·s]

7 109.28 1098.9 ± 4.2 122.51 ± 5.27
5 105.49 1094.1 ± 4.3 56.11 ± 2.13
0 103.21 1091.5 ± 4.9 39.28 ± 1.41
3 101.70 1089.1 ± 5.3 30.65 ± 1.20
6 100.61 1088.1 ± 4.6 26.18 ± 0.79
7 118.63 1071.2 ± 4.7 137.12 ± 5.61
5 116.01 1065.1 ± 4.3 73.25 ± 3.22
0 114.44 1062.1 ± 4.7 56.18 ± 2.58
3 113.39 1060.1 ± 5.8 47.22 ± 2.31
6 112.64 1059.0 ± 6.3 38.19 ± 1.82
7 118.63 1071.8 ± 5.9 138.07 ± 6.63
5 116.01 1065.9 ± 5.6 74.18 ± 3.41
0 114.44 1062.8 ± 5.7 56.16 ± 2.59
3 113.39 1061.1 ± 5.3 49.24 ± 2.22
6 112.64 1059.1 ± 4.1 39.12 ± 1.56
7 118.63 1072.1 ± 4.3 138.69 ± 3.45
5 116.01 1066.6 ± 5.2 75.19 ± 2.82
0 114.44 1063.4 ± 4.2 55.19 ± 1.99
3 113.39 1061.1 ± 4.5 47.26 ± 1.44
6 112.64 1059.9 ± 4.4 41.11 ± 1.23
7 127.98 1129.9 ± 5.1 143.25 ± 4.87
5 126.53 1120.2 ± 5.2 84.18 ± 2.78
0 125.65 1119.1 ± 5.5 62.12 ± 1.99
3 125.07 1117.1 ± 5.8 53.08 ± 2.18
6 124.65 1111.2 ± 5.4 49.12 ± 1.97
7 127.98 1130.9 ± 4.7 151.18 ± 6.96
5 126.53 1127.9 ± 6.3 86.79 ± 3.04
0 125.65 1125.8 ± 6.2 61.87 ± 1.92
3 125.07 1123.9 ± 5.6 54.12 ± 2.06
6 124.65 1122.4 ± 4.7 50.22 ± 1.62
7 132.25 1203.1 ± 6.1 180.25 ± 5.59
5 131.33 1199.8 ± 6.2 108.18 ± 3.25
0 130.77 1198.2 ± 5.9 77.89 ± 2.96
3 130.40 1197.6 ± 5.0 66.12 ± 2.52
6 130.14 1196.5 ± 5.2 61.06 ± 2.02

fHBA,MHBA–molarmass of HBA [g/mol], xDHB–mole fraction of HBD,MHBD–molarmass of
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Table 2
Experimental ranges and levels of two variables in CCD.

Variables Coded Name Ranges and levels (star points =
(2k)1/4 = 2) a)

-α −1 0 +1 +α

VDES:VFuel X1 0.5 : 1 1 : 1 1.5 : 1 2 : 1 2.5 : 1
ChCl: Ph mole ratio X2 1 : 2 1 : 3 1 : 4 1 : 5 1 : 6
Time of desulfurization [min] X3 10 20 30 40 50
Temperature [°C] X4 20 30 40 50 60

a k – number of variables = 3.
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3.2.2. Central composite design
In the next step, four parameters were used to plan a subsequent

higher order 22 design bymeans of Central Composite Design. CCD con-
sists of selection of five experimental points: edge points (+1 and−1)
corresponding to the upper and lower limits of the investigated factor,
star points (-α and +α) and zero levels. The variables evaluated were
VDES:VFuel from 0.5:1 to 2.5:1, ChCl: Ph mole ratio (1:2–1:6), time of ex-
traction (10–50 min) and temperature (20–60 °C). Table 2 demon-
strated extended values for all parameters in five levels and the design
matrix and responses for the percentage of removal of sulfur com-
pounds from model fuel are given in Table S1.

The data obtained were evaluated by analysis of variance (ANOVA)
and regression in order to create an appropriatemodel and select statis-
tically important and effective factors. In ANOVA, the statistical F- and p-
values were adopted as criteria at a 95% confidence level. The p-value
reveals the significance of each coefficient and explains the interaction
pattern of independent variables. The parameters with p-value less
than 0.05 were considered as statistically significant and influential on
the statistic model. According to the analysis of variance, the p-value
Fig. 2. Response surface plots for T surface area dependence on: A) VDES:VFuel and ChCl: Phmole
ratio and time of extraction, E) ChCl: Ph mole ratio and temperature, F) time of extraction and
of the models was found to be statistically significant due to the p-
value b0.0001 for T, BT and DBT and F-values equal to 72.46, 73.52
and 27.79 for T, BT and DBT respectively. The p-values (N0.38) of lack
of fit relative to the pure error were considered insignificant.

Tables S2–S4 present the ANOVA results for response surface qua-
dratic model.

The response equations obtained for experimental results can be
expressed as follow:

YðTÞ ¼ 86:54þ 5:02 X1 þ 1:66 X2 þ 4:91 X3 � 2:81 X2
1 � 1:22 X2

2

� 2:96 X2
3 � 6:92 X2

4 � 1:12X1�X3 ð4Þ

YðBTÞ ¼ 93:64þ 9:76 X1 þ 3:62 X2 þ 10:05 X3 þ 1:69 X4 � 11:74 X2
1

� 5:42 X2
2 � 11:82 X2

3 � 28:23 X2
4 � 3:74 X1�X3 � 3:97 X3�X4 ð5Þ

YðDBTÞ ¼ 96:56þ 4:60 X1 þ 4:48 X2 þ 3:64 X3 � 2:07 X2
1 � 3:33 X2

2

� 3:22 X2
3 � 16:07 X2

4 þ 3:25 X2�X3 ð6Þ

where Y is the percentage removal of T, BT and DBT; X1, X2, X3, X4 are
the independent variables. These equations explain the influence of
the tested parameters on the desulfurization efficiency of T, BT and
DBT. The developed models presented a high determination coefficient
(R2 = 98.54, 98.56 and 96.01% for T, BT and DBT respectively) along
with the values of predicted (Rpred2 = 93.41, 93.39 and 85.12%) and ad-
justed determination coefficient (Radj2 = 97.18, 97.22 and 92.29%). The
obtained results indicate a good fit of the model to the experimental
values and the possibility of prediction of responses for new data.
ratio, B) VDES:VFuel and time of extraction, C) VDES:VFuel and temperature, D) ChCl: Phmole
temperature.
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Fig. 3.Response surface plots for BT surface area dependence on: A)VDES:VFuel and ChCl: Phmole ratio, B) VDES:VFuel and time of extraction, C)VDES:VFuel and temperature, D) ChCl: Phmole
ratio and time of extraction, E) ChCl: Ph mole ratio and temperature, F) time of extraction and temperature.
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3.2.3. Interaction effect
In order to note the effect of independent variable interactions, sur-

face plots were illustrated that revealed several trends in response to
the studied variables in relation to T, BT and DBT removal (Figs. 2–4).
The results indicate that themost pronounced effect on the desulfuriza-
tion of T, BT andDBT yield have VDES:VFuel, ChCl:Phmolar ratio aswell as
time of extraction (p-value b 0.012).

From the economical aspect, the volume of DES should be as low as
possible while achieving high extraction efficiency. On the other hand,
the experimental results revealed that along with the increase VDES:
VFuel the desulfurization efficiency increases (Figs. 2–4 A,B,C).This is re-
lated to the fact that increase of VDES:VFuel provide to increase ratio of
the active hydrogen ratio to model fuel, which plays a dominant role
in the desulfurization process based on DES [39].

ChCl:Ph molar ratio is also an important factor for desulfurization of
T, BT and DBT. The results indicated that the increase of HBD content in
DES leads to increase in extraction efficiency. Themaximumof desulfur-
ization yield was observed for 1:4 ChCl:Ph molar ratio. Further increase
in phenol content inDES did not improved thedesulfurization efficiency
(Figs. 2–4 A,D,E). This could be explained by a significant decrease in
viscosity with increasing HBA:HBD molar ratio from 1:2 to 1:4. Further
increase in the phenol content in DES only slightly lowers the viscosity
values.

The experimental results revealed that along with the increase of
extraction time, the desulfurization efficiency increases, probably
due to the increasing solubility of sulfur compounds in DES during
mixing, which increased the mass transfer of T, BT and DBT from
fuel to DES phase. In all cases, the maximum extraction efficiency
was achieved after 40 min (Figs. 2–4 B,D,F). Further extension of
time did not improved the extraction yield due to the fact that the
extraction process have reached equilibrium.
From the economical point of view, lower temperature is beneficial
because of a lower energy consumption. In Figs. 2–4 C,E,F, it can be
seen that with the increase of extraction temperature from 20 to 40
°C, the extraction efficiencies increases. Further increasing of tempera-
ture from 40 to 60 °C results in decrease of desulfurization yield. Too
high temperature is not favorable due to the fact that the interactions
between DES and sulfur compounds are based on an exothermic reac-
tion and are described by Van't Hoff law, which describes that for an
exothermic reaction heat is released, making the net enthalpy change
negative, which has a direct impact of the partition coefficient value be-
tween DES and fuel [32,39,51]. On the other hand, too low temperature
results in insufficient extraction efficiency.

Among the interaction of parameters, statistically the highest impact
on the desulfurization efficiency has the ratio of VDES:VFuel and time of
desulfurization (p value b 0.042) for T and BT as well as temperature
and time of desulfurization (p value = 0.031) for BT and ChCl:Ph
mole ratio and time of desulfurization (p value = 0.024) for DBT.

The desulfurization efficiency in all experiments followed the trend
of DBT N BT N T. This is related to the increase of electron density of
the sulfur atom in the order of TH b BT b DBT [40,42,52].

Overall, summarizing the results of optimization yields, the follow-
ing optimum desulfurization conditions: ChCl: Ph (1 : 4 M ratio);
VDES:VFuel 2.5 : 1; extraction time 40 min and temperature 40 °C.

3.2.4. Multistage extraction
The desulfurization with multiple cycles was also investigated to

find the number of needed extraction stages for achieving ultra-low sul-
fur content fuels. In the investigations, at the end of each cycle of extrac-
tion, the phase of raffinate was transferred to a clean beaker then fresh
DES was added to the next extraction cycle. All extraction stages were
carried out under the same conditions. For DES as extractant, the
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Fig. 4. Response surface plots for DBT surface area dependence on: A) VDES: VFuel and ChCl: Phmole ratio, B) VDES: VFuel and time of extraction, C) VDES:VFuel and temperature, D) ChCl: Ph
mole ratio and time of extraction, E) ChCl: Ph mole ratio and temperature, F) time of extraction and temperature.
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desulfurization efficiency was 91.5% (42.9mg/L), 95.4% (23.1mg/L) and
99.2% (3.9mg/L) for T, BT andDBT respectively at one step of extraction.
The partition coefficients were as follow 10.7, 20.65 and 127.21 for T, BT
and DBT. The concentrations of T, BT and DBT in model fuel after two
stepswere 3.73, 0.55 and 0.1mg/L respectively. After three steps, the re-
moval of T, BT and DBT reaches up to 99.99% (Fig. S2).
3.2.5. Reusability of DES
From an industrial point of view, solvent consumption should be

minimized. According to this aspect, the capacity of DES without regen-
eration was also examined. The results indicate gradual decrease in ex-
traction efficiency after the next extraction stage (Fig. S3). After five
cycles of repeated extraction without regeneration, the desulfurization
efficiency was lower than 52%, 55% and 61% for T, BT and DBT respec-
tively, due to the saturation of DES with sulfur compounds.
3.2.6. Regeneration of DES
From the economic aspect, the recycling and reuse of extraction

solvents is after the desulfurization process is highly desirable. For-
tunately, DESs could be successfully recycled with traditional sol-
vents [35,53]. In the investigation, DES was recycled by washing
with diethyl ether (DES: diethyl ether 1:1), because of its ease of re-
generation and purification [54,55]. The saturated DES was stirred
for 1 h and then diethyl ether was removed from beaker. As
shown in Fig. S4, DES can be recycled 15 times without noticeable
decrease in extraction efficiency. On average, after regeneration,
DES contained 47.5, 27.9 and 10.3 mg/L of T, BT and DBT,
respectively.
3.2.7. Extractive desulfurization of different model fuels
Seven kinds of model fuels with different content from 0 to 60% of

aromatic compounds (α-methylnaphthalene in n-hexadecane) were
prepared to investigate the extractive performance of the DES. Com-
pounds selected for the preparation of model fuel mixtures corre-
spond to the components used in the reference fuels for
determination of the cetane number [56]. The results indicate only
a slight decrease in extraction efficiency with increasing of α-
methylnaphthalene concentration in fuel (Fig. S5). Thus, extraction
with DES as extractants may be a promising technology for desulfur-
ization of different fuel fractions. The effect of fuel composition will
not affect the purification effectiveness.
3.2.8. Mutual solubility of DES and model fuel and final fuel treatment by
water washing

Mutual solubility of DES and fuel is an important parameter
due to the fact that the solubility of DES in fuel would cause its
contamination as well as loss of DES during the extraction pro-
cess. Same aspect relates to the loss of fuel in case of its solubility
in DES. Therefore, the extraction system should have minimum
cross-solubility. The research indicates after extraction process
DES contained 0.52% of n-heptane while n-heptane contained
0.37% of DES. These values suggest that model fuel and DES
have low mutual solubility. The results are comparable with
other DES [3,35,40,42]. However, due to the hydrophilic character
of DES used in these studies, it should be possible to remove it
from fuel by washing with clean water. This concept is widely
used in fuel processing – a MEROX process is a one of most
widely known examples. Our studies revealed that application of
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clean water is effective for quantitative removal of the amounts of
DES remaining in the fuel after extraction process.

3.3. Mechanism of desulfurization

The results of theoretical studies indicated that non-bonded interac-
tion exist between Ch+ and Cl−and such as O–H⋯Cl (2.35 Å) and be-
tween Cl− and three Ph molecules such as Cl⋯H–O (2.27 Å), Cl⋯H–O
(2.30Å) andCl⋯H–O (2.27Å)which can be identified as a strong hydro-
gen bonds due to short distance between atoms (below 2.5 Å) [57].
However, there is no hydrogen bonds between Cl- and the fourth Ph
molecule. On the basis of distance, it can be concluded that there is
weak electrostatic bond between Cl⋯H–O (3.77 Å) (Fig. 5). In the desul-
furization process, the S atom can act as an acceptor in O–H⋯S and C–
H⋯S as well as a donor in S–H···π interaction [58–63]. However, the
optimized configurations of DES-T, DES-BT, and DES-DBT indicated,
that between DES and sulfur compounds there are no hydrogen
bonds. This is probably due to steric hindrance. Therefore, other interac-
tionsmust play a key role on the desulfurization effect. The length of hy-
drogen bonds in DES did not change significantly after the introduction
of T, BT, and DBT, which indicates that the structure of DES is stable dur-
ing the desulfurization process (Fig. 5).

Electrostatic potential analysis (ESP) is very important for
non-covalent systems in extraction or separation systems. For
non-covalent interaction hydrogen bonding, van der Waals
Fig. 5. Optimized configurations of A) DE
interactions and other interactions may coexist, and all of these
may play important roles in weak interactions for non-covalent
systems. The ESP analysis was adopted to qualitatively under-
stand the configurations of DES as well as DES-T, DES-BT and
DES-DBT systems. The ESP are mapped onto their electron densi-
ties in Fig. 6. The results demonstrated that the negative electro-
static potential region is around Cl and O atoms in HBA, while the
positive electrostatic potential region is around H and N atoms.
The electropositive areas of HBDs which are located around the
H atom in the OH groups are attracted to the electronegative
areas of HBDs during the formation of the DES. The stable config-
uration of DES is in accordance with monomer models of ChCl
and Ph as well as in accordance with ESP analysis. The ESP anal-
ysis results of T, BT and DBT indicated that the electropositive
area is around sulfur compounds while the negative area is at
the inner cycle of these molecules. When T, BT or DBT molecules
interacts with DES, the electropositive region located inside the
benzene ring in HBD is attracted to the electronegative area in in-
side the rings of sulfur compounds, forming π-π interactions. Sim-
ilar results were also observed in previous studies [42].

Reduced density gradient analysis (RDG) is a useful tool reveals the
underlying chemistry that compliments the covalent structure and pro-
vides a rich representation of hydrogen bonds, van der Waals interac-
tions, and steric repulsion among others in molecular complexes i.e.
ILs or DES [42]. The RDG analysis was used to visualized weak non-
S, B) DES-T, C) DES-BT, D) DES-DBT.
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Fig. 6.ESPmapped on electron total densitywith an isovalue 0.001 for A) T, B), BT), C), DBT, D)DES, E) DES-T, F)DES-BT, G)DES-DBT. The corresponding electrostatic potential surfaces are
depicted, with blue and red colors indicating the regions with positive and negative charges, respectively.
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covalent interactions, by plotting the RDG versus the electron density
multiplied by sign of the second Hessian eigenvalue [50]. Figs. S5–S7
and Fig. 7 and indicate that, hydrogen bonds, as well as van der Waals
interactions and the steric effect, occur in the DES molecule and DES-
T, DES-BT and DES-DBT complexes. Fig. S5 demonstrated that the hy-
drogen bonds are found between the Cl atom in HBA and the three H
atoms in HBD (blue circle), in turn, the fourth phenol interacts with
the HBA by the van der Waals interaction (green surface). The coexis-
tence of both type of interactions in the monomer structure of the
DES, which are responsible for the decrease in melting points and for-
mation of DES. The result is consistent with previous considerations.
The main interactions affecting the desulfurization process are van der
Waals surfaces, between DES and sulfur compounds. The surfaces of
these interactions increase follow the order of T b BT b DBT (Figs. S7–
S8 and Fig. 7).

The value of interaction energy in the gas phase between DES
and sulfur compounds is usually negative. A more negative value
of Eint stands for stronger interaction between DES and T, BT and
DBT. The calculated Eint values were – 4.9, −6.3, −8.7 kcaL/mol
for T, BT and DBT respectively. The interactions energy followed a
similar trend to that of experimental desulfurization efficiency (T
b BT b DBT).

In order to verify the theoretical considerations of the desulfuri-
zation mechanism, FT-IR analysis were prepared. The spectrum of
pure DES was compared with DES containing T, BT and DBT in differ-
ent molar ratios (DES: S-compound 1 : 0.05 and 1 : 0.15). Figs. S9–
S11 indicates the peak corresponding to stretching vibrations of
the O–H (3270.5 cm−1) stays in the same position after addition T,
BT or DBT to DES. The peak shifts towards lower values in this region
indicate the formation of hydrogen bonds in the studied complex
[31,64]. However, FT-IR spectra after extraction indicate appearance
of new peak at the 1420.8 and 708 cm−1 energy bands, which were
absent in pure DES spectrum. This indicates the occurrence of the
π–π interactions between unsaturated bonds of T, BT and DBT and
OH–Cl association in ChCl:Ph. Similar results were also observed in
previous research [42,65].
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Fig. 7.A)Plots of electron density and its reduced density gradient for DES-DBT, B)Gradient isosurfaces (s=0.5 a.u.) forDES-DBT (green surfaces indicate van derWaals interaction, blue –
H-bond).

Table 3
Comparison of the developed procedure of desulfurization with other extractive desulfurization procedures based on DES.

Deep eutectic solvent (HBA: HBD) Price of DESa) VDES:VFuel Extractiontime [min] Temp. [°C] S-compound S-content [mg/L] Desulfurizationyield [%]b) Ref.

TBAB: FA (1 : 1) 170 $ 1 : 1 30 30 T 500 55.8 [35]
DBT 500 60

TBAC: PEG:FeCl3
(4 : 1: 0.05)

1500 $ 1 : 1 15 25 DBT 1600 89.5 [36]

ChCl: Pr (1 : 3) 45 $ 3 : 1 10 37 DBT 1600 65 [39]
TBAC:PEG (1 : 2) 600 $ 1:1 15 RT T 500 68 [40]

DBT 500 85
TBAB: PEG (1 : 2) 120 $ 1:1 30 RT T 500 62.2 [41]

DBT 500 82.4
TBPB: FeCl3(1 : 2) 250 $ 1 : 1 163 30 T 500 44 [42]

DBT 500 64
ChCl:Ph (1:4) 20 $ 2.5 : 1 40 40 T 500 91.5 This work

BT 500 95.4
DBT 500 99.2

a Price per 1 kg of DES.
b Desulfurization yield in one stage of extraction.
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Therefore, it can be concluded that van der Waals interactions are
the main driving force for desulfurization process.
3.4. Comparison of the developed DES for desulfurization with literature
procedures

A comparison of the developed desulfurization method based
on ChCl:Ph (1:4) with other procedures for removal of sulfur
compounds from model fuel revealed that the proposed proce-
dure has higher desulfurization yield in single stage extraction.
One of the most important parameters in industrial desulfuriza-
tion applications is a price of organic solvents. DESs are consid-
ered as cheap solvents, but their price can vary significantly
depending on the compounds used to synthesize them. DESs
price can vary from 20 $ to 1500 $ per 1 kg. The price is mainly
influenced by the type of HBA. Among available HBA based on
quaternary ammonium salts, the cheapest is ChCl, which makes
the price of ChCl:Ph competitive to the other DESs.

A comparison of the available extraction desulfurization procedures
based on DES is provided in Table 3.
FA - formic acid, Pr - Propionic acid, TBAB -
tetrabutylammonium bromide, TBAC - tetrabutylammonium
chloride, TBPB - tetrabutylphosphonium bromide.

4. Conclusions

The environmentally friendly deep eutectic solvent ChCl:Ph was
successfully applied for desulfurization of model liquid fuel. Effect
of some extraction parameters including kind of DES, VDES:VFuel,
HBA:HBD mole ratio, time of extraction and temperature were also
investigated. It was found that the optimum parameters of desulfur-
ization were extraction solvent ChCl:Ph (1 : 4 M ratio), VDES:VFuel 2.5
: 1; extraction time 40 min and temperature 40 °C. In optimal condi-
tions, T, BT and DBT was removal in 91.5, 95.4 and 99.2% respectively
via a one-step process. After three cycles, extractive desulfurization
yield achieved as high as 99.99%. Compared with DESs described in
the literature, the sulfur removal ability of ChCl:Ph is improved and
its price is lower.

From the economic and industrial point of view, it's impor-
tant to recycling of the solvent stream without regeneration.
The results indicate that after five cycles of recycling, the
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efficiency of desulfurization is reduced to around 50–60%, and
DES needs to be regenerated. Fortunately, DES can successfully
be regenerated by means of back-extraction with cheap diethyl
ether and even after fifteen recycled times decrease in activity
is not observed.

The research on the desulfurizationmechanism revealed thatπ-π in-
teraction is the main driving force for desulfurization process based on
DES.

The ChCl:Ph (1:4) can be regarded as promising cheap non-
toxic solvents for highly efficient desulfurization of liquid fuels
and have potential for “green” industrial applications.
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