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Abstract

Glycerol-based deep eutectic solvents were synthesized and applied as extractive
solvents in oxidation desulfurization of model diesel. Ammonium chloride,
triethylammonium acetate, and choline chloride were used as hydrogen bond acceptors of
DESs. Molar ratios of HBA:HBD were taken 1:6. As the model fuel used n-decane and
hexadecane. Sulfuric components of model diesel fuel were thiophene (5%) and
dibenzothiophene (2%). Hydrogen peroxide (30%) was chosen as an oxidative agent of the
oxidation desulfurization processes. Oxidation desulfurization processes were conducted in 1
and 3 hours of mixing at 60° and 90°C temperatures. The effects of reaction time,
temperatures, the molar ratio of DES/model fuel, and the volume ratio of H>O. were studied.
Thiophene and dibenzothiophene showed better purification efficiencies at 90°C. Thiophene
(5%) was completely separated from model fuel in 1 hour by NH4CIl/6Glycerol and
ChCl/6Glycerol. [TEAH]+[AcO]-/6Glycerol demonstrated the same result in 3 hours. The
high desulfurization rate of dibenzothiophene was 95% by NH4Cl/6Glycerol. All separation
processes were controlled with the help of the NMR method.
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1. Introduction

As we know, one of the major energy sources is crude oil. Crude oil is refined into
transportation fuels such as gasoline, diesel, kerosene, and jet fuel. [1]. The combustion of
fuels causes many toxic gases, such as nitrogen-sulfur oxide and hydrogen sulfide. Growing
attention to air pollution has been laid down to limit the sulfur content in fuel. The sulfur
content in the specification of gasoline and diesel fuels can be 10 parts per million (ppm) [2].
The traditional industry hydro-cleaning method for removing nitrogen, sulfur, and aromatic
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compounds in fuels requires high temperatures, pressure, and costly catalysts [3,4]. On the
other hand, this process reduces the octane (or cetane) number of fuels. Moreover, the low
reaction activity of thiophene, dibenzothiophene, and their derivatives cannot be fully
separated from fuel [5, 6]. Therefore, the development of economical and ecological efficient
cleaning methods is very important.

Hence, alternative methods such as extraction, oxidation, biological separation,
adsorption, and others have been studied [7-11]. Among them, the oxidation desulfurization
process (ODS) needs no hydrogen consumption and mild reaction conditions [12,13]. In this
process, sulfur components oxidized to sulfoxides or sulfones. Generally, H2O2, NO/NOz2, Os,
KMnOg4, and molecular oxygen were used as oxidative agents [14-16]. The most important
factor in ODS is the applying of selective and eco-friendly extractive solvents.

Deep eutectic solvents (DESs), also known as green solvents, were investigated at the
beginning of the 21st century [17]. DESs present low volatility, low vapor, and high thermal
stability. They are non-toxic solvents [18,19]. DESs are applied in different fields, such as
absorption of acidic gases, extraction of bioactive compounds, solvent-catalyst in organic
synthesis and removal of glycerol from biodiesel [20].

In this work, we report a novel series of glycerin-based deep eutectic solvents used as
extractive solvents in the ODS process. Ammonium chloride, triethylammonium acetate, and
choline chloride were chosen as hydrogen bond acceptors of DESs. Hydrogen peroxide was
used as an oxidative agent in the purification of model diesel fuels. Thiophene and
dibenzothiophene were added to the model diesel as sulfur components. As result we can note
that extraction efficiency of investigated DESs was 81-100% in the ODS processes for
thiophene and dibenzothiophene. The separation efficiency was confirmed by NMR methods.

2. Experiments

2.1 Materials

Glycerol, ammonium chloride, n-decane, hexadecane, thiophene (98%),
dibenzothiophene (DBT, 99%) and choline chloride were obtained by Merck (Germany).
Triethylammonium acetate [TEAH]+[AcO]- was synthesized in the laboratory and the
structure was confirmed by NMR.

2.2 Preparation of DESs and model diesel fuel

The DESs were prepared via a single-step synthesis process. Ammonium chloride,
choline chloride, and triethylammonium acetate were chosen as HBA, glycerol was taken as
the HBD of DESs. Molar ratios of HBA/ HBD were taken 1:6. The mixing process continued
until a clear homogeneous liquid appeared.

The model diesel fuels containing thiophene (5%) and dibenzothiophene (DBT, 2%)
were prepared by dissolving in n-decane and hexadecane. The components of the model fuel
were n-decane and hexadecane with the volume ratio of 1:1.

2.3 Oxidative desulfurization process
The ODS processes were carried out at 60° and 90°C temperatures in 1- and 3-hours of
mixing times. The DES, 30 wt% H»O2, and model fuel mixture of were added to a 100 mL-
bottomed round flask. The experiments were conducted with the help of a heating magnetic
stirrer. The molar ratios of DES/model fuel/H20. were taken 1:1:2. A white solid was
observed in the DBT oxidative desulfurization system. The following equations define the
desulfurization rate.

Sulfur removal efficiency (%) = (So-St)/Sox100 %

where Sp -total sulfur concentration, Si- residual sulfur concentration after t h.

92



UNEC Journal of Engineering and Applied Sciences, vol.5, No.1, 2025

2.4 NMR analysis

NMR experiments have been performed on a BRUKER FT NMR spectrometer
(UltraShieldTM Magnet) AVANCE 300 (300.130 MHz for *H and 75.468 MHz for *3C) with
a BVT 3200 variable temperature unit in 5 mm sample tubes using Bruker Standard software
(TopSpin 3.1). The *H chemical shifts were referenced to internal tetramethylsilane (TMS);
the experimental parameters for H: digital resolution = 0.23 Hz, SWH = 7530 Hz, TD = 32
K, SI = 16 K, 90° pulse-length = 10 ps, PL1 = 3 dB, ns-= 1, ds= 0, d1 =1 s; for 3C: digital
resolution = 0.27 Hz, SWH = 17985 Hz, TD = 64 K, SI = 32 K, 90° pulse-length = 9 ps, PL1
=1.5dB, ns= 100, ds= 2, d1= 3 s. NMR-grade CDCls was used for the analysis of model fuel
blends.

3. Results and discussion

Oxidation desulfurization process

Thiophene and DBT were selected as sulfuric components to explore the extraction
capacity of DESs in the oxidation desulfurization process. The results are shown in Table 1-5.
In all experiments, the molar ratio of DES/model fuel was taken as 1:1. The volume ratio of
the oxidative agent H20O to the DES/model fuel system was used 2:1:1. ODS processes were
carried out at 60° and 90°C. Liquid-liquid extraction times were chosen as 1 and 3 hours.

Firstly, NH4Cl/6Glycerol, [TEAH]+[AcO]-/6Glycerol, and ChCI/6Glycerol were used
as the extractive solvents in ODS for the separation of thiophene from model diesel fuel. As
can be seen from table 1, the optimal efficiency of thiophene was 63 % by ChCI/6Glycerol in
three hours at 60°C. Analysis of each sample by NMR showed NH4CI/6Glycerol and
ChCI/6Glycerol completely removed thiophene from the model diesel fuel at 1 hour and 90°C
temperature. [TEAH]+[AcO]-/6Glycerol performed high-extraction efficiency in 3 hours of
mixing times.

Model fuel [n-decane+hexadecane+thiophene (5%0)]

Type of DESs DES: fuel: H20: (volume Time (hour) desulfurization rate,
ratio) (%)

60°C 90°C

NH.CI/6Glycerol 1:1:2 1 42 100
NH.CI/6Glycerol 1:1:2 3 58 -
[TEAH]+[AcO]-/6Glycerol 1:1:2 1 47 71

[TEAH]+[AcO]-/6Glycerol 1:1:2 3 60 100

ChCl/6Glycerol 1:1:2 1 51 100
ChCl/6Glycerol 1:1:2 3 63 -

Table 1. Extraction of thiophene by DESs at 60°and 90°C temperatures

Model fuel [n-decane+hexadecane+dibenzothiophene (2%0)]

Type of DESs DES: fuel: H202 (volume ratio)  Time (hour) desulfurization rate, (%)
60°C 90°C
NH4CI/6Glycerol 1:1:2 1 61 68
NH4Cl/6Glycerol 1:1:2 3 77 95
[TEAH]+[AcO]-/6Glycerol 1:1:2 1 39 69
[TEAH]+[AcO]-/6Glycerol 1:1:2 3 74 75
ChCl/6Glycerol 1:1:2 1 68 84
ChCl/6Glycerol 1:1:2 3 11 70

Table 2. Extraction of dibenzothiophene by DESs at 60 and 90°C temperatures

The above-indicated DESs were also used as the extractive solvents in ODS for the
separation of DBT from model diesel fuel (table 2, figure 1). From table 2, it is obvious that
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the high removal efficiency of DBT was observed in three hours at 60°C temperature by
NH4CI/6Glycerol. The desulfurization rate was 77 %. However, the higher removal efficiency
of DBT was 95% at 90°C temperature by NH4CI/6Glycerol in 3 hours. Beside it, the higher
extraction capacity of ChCIl/6Glycerol is 84% in 1 hour of mixing time. Under the same
conditions, [TEAH]+[AcO]-/6Glycerol showed a higher result in 3 hours.

Figure 1. The white solid after the ODS process of DBT by NH4Cl/6Glycerol at 90°C in 3 hours

DES phase was separated from model fuel by a simple decanting. Then a white solid
phase is filtered from the DES phase.

The separation of thiophene/DBT mixtures by DESs was investigated at 90°C for 1 and
3 hours (table 3). Extraction at 3 hours showed better separation efficiencies. The purification
effect of ChCI/6Glycerol is 81%. The maximum extraction of thiophene/DBT by
NH4CI/6Glycerol and [TEAH]+[AcO]-/6Glycerol was 73 and 63%, respectively.

Model fuel [n-decane+hexadecane+dibenzothiophene (2%6) +thiophene (5%0)]

Type of DESs DES: fuel: H202 Time (hour) desulfurization rate, (%0)
(volume ratio)
NH4Cl/6Glycerol 1:1:2 1 64
NH4Cl/6Glycerol 1:1:2 3 73
[TEAH]+[AcO]-/6Glycerol 1:1:2 1 52
[TEAH]+[AcO]-/6Glycerol 1:1:2 3 63
ChClI/6Glycerol 1:1:2 1 61
ChCI/6Glycerol 1:1:2 3 81

Table 3. Extraction of thiophene/dibenzothiophene by DESs at 90°C temperature

Regeneration of DESs

Regenerating DESs is an essential factor in their large-scale applications. To obtain the
reuse of DESs in ODS, we used diethyl ether for the purification process. The volume ratios
of DES/diethyl ether were 1:1. The purification process was carried out in 3 hours at room
temperature with the help of a magnetic stirrer. The results show that regenerated DESs
extracted thiophene and DBT with 80-85% purification in a single stage. All analyses were
confirmed by 1H NMR.

4. Conclusion

In this study, a new type of green solvent called deep eutectic solvents was synthesized
and investigated in the oxidation desulfurization process. Glycerol is a hydrogen bond donor,
ammonium chloride, [TEAH]+[AcQO]- chloride, and choline chloride are hydrogen bond
acceptors of DESs. Thiophene (5%) and dibenzothiophene (2%) were added as sulfuric
components of model diesel fuel. Oxidation desulfurization processes were carried out in 1

94




UNEC Journal of Engineering and Applied Sciences, vol.5, No.1, 2025

and 3 hours at 60° and 90°C temperatures by taking 30% H2O2. Thiophene was completely
(100%) removed from the model diesel fuel in 3 hours by [TEAH]+[AcO]-/6Glycerol at 90°C
temperature. NH4Cl/6Glycerol and ChCl/6Glycerol showed similar results at the same
temperature in 1 hour. The increasing temperature made better extraction for the sulfuric
components in ODS processes. The higher efficiency of DBT (81%) was shown in 3 hours at
90°C temperature by ChCIl/6Glycerol.
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