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Abstract: From the perspective of pollution, economics, and product quality, it is very important
to find an efficient way to minimize the sulfur content of petroleum products such as gasoline and
diesel. In this work, an effective, inexpensive, and simple oxidative desulfurization system based
on hydrogen peroxide activation by three dicarboxylic acids which have different carbon numbers
(i.e., malonic acid, succinic acid, and glutaric acid) was utilized for the desulfurization of a real diesel
sample with high organic sulfur-containing compounds. The desulfurization process was based on the
oxidation of sulfur compounds in diesel fuel to the corresponding sulfones followed by acetonitrile
extraction of the sulfones. To select the optimal experimental conditions, the effects of several
parameters, including temperature, catalyst HyO, dosages, and treatment time, were investigated.
The results showed that the developed system was effective in desulfurizing real diesel fuel with
high sulfur content. With an initial total sulfur content of about 8104 mg/L, the desulfurization rate
from the diesel sample reached more than 90.9, 88.9, and 93%, using malonic acid, succinic acid,
and glutaric acid, respectively. The optimum parameters such as reaction temperature, reaction
time, HyO, (50 w/w%), and carboxylic acid dosage for oxidative desulfurization were determined
to be 95 °C, 6 h, 10 mL, and 0.6 g, respectively. The conversion of refractory sulfur compounds
into extractable sulfone forms was verified using gas chromatography. Moreover, the kinetic study
confirmed that the designed reaction system follows the pseudo-first-order kinetic model.

Keywords: glutaric acid; hydrogen peroxide; high sulfur diesel; malonic acid; oxidative desulfuriza-
tion; succinic acid

1. Introduction

Energy supply and environmental pollution are now two of the main topics of public
concern due to economic development and population growth. Widespread consumption
of fuel products by various sectors produces a huge variety of pollutants that can pose
a serious threat to human health and the environment [1]. Sulfur dioxide, a toxic gas
produced during the burning of sulfur-containing fuels like coal and diesel, is harmful
to both humans and the ecosystem. Furthermore, sulfur dioxide reacts with moisture,
resulting in acidic rain and low pH fogs. Acid rain causes building erosion, changes the pH
of soil and water, and harms aquatic life [2]. Therefore, the production of green diesel fuel
has shown great potential to ensure the environment remains healthy and free from pollu-
tion [3,4]. Elimination of sulfur-containing compounds is an essential process in petroleum
refining and can be developed through several catalytic oxidative or adsorption processes
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at optimized operational conditions [5]. Desulfurization of fuel oils with high sulfur con-
tent could mitigate the environmental risk of harmful gases in the atmosphere. From the
perspective of environmental pollution, economics, product quality, and stringent environ-
mental regulation, it is very important to develop an efficient desulfurization method for
petroleum products such as gasoline and diesel. Desulfurization processes have been exten-
sively investigated using various techniques such as hydrodesulfurization [6,7], extraction
with deep eutectic solvents [2], oxidative desulfurization [8,9], and adsorptive desulfuriza-
tion [10]. These methods appear to be the most promising for effective desulfurization of
diesel fuel. Numerous studies regarding desulfurization of petroleum products, such as
model and real diesel, have been reported in the literature using methods such as extrac-
tive desulfurization with 1-butyl-3-methylimidazolium tetrafluoroborate [11]; adsorptive
desulfurization of model diesel fuel by selective adsorption on activated carbons [12,13];
desulfurization on various adsorbents including activated alumina [14], zeolites [15], and
Zn-impregnated montmorillonite clay [16]; oxidative desulfurization based on hydrogen
peroxide promoted by formic acid and catalyzed by activated carbon [17]; nanoporous
activated carbons [18]; bimetallic and trimetallic oxides doped on molybdenum oxide [19];
bimetallic nanoparticles loaded on activated carbon [20]; various types of deep eutectic
solvents [21-23]; ionic liquid-based PMoO catalysts and recyclable NaClO oxidant [24];
dual Brensted acidic deep eutectic solvents [25]; and meso/macroporous H3PW1,040/5i0,
catalyst with high specific surface areas at room temperature [26]. Among the studied tech-
niques, oxidative desulfurization processes are considered to be one of the most promising
methods for desulfurization because of characteristics such as simple processing and high
desulfurization efficiency.

In the oxidative desulfurization system, refractory sulfur compounds in fuel feed-
stocks are sequentially oxidized to produce sulfones (first to the sulfoxide, then to sulfone).
Sulfones are formed when oxidants chemically convert their reactive oxygen species to
sulfone compounds [27], and the produced sulfones are separated by solvent extraction.
Oxidative desulfurization appears to be a promising process because it has many potential
advantages. These include not needing hydrogen, mild operating conditions, and high
reactivity of the most refractory sulfur-containing compounds, such as dibenzothiophene
and its alkylated derivatives, to oxidation [28]. Moreover, because of their high polarity, ox-
idized sulfur-containing compounds such as sulfones and sulfoxides can easily be removed
by solvent extraction or selective adsorption.

Recently, oxidative desulfurization technologies have received increasing attention
for the treatment of diesel fuels. Carbon-supported heteropoly acids have shown effective
catalytic activity for oxidative desulfurization of model diesel fuel containing dibenzoth-
iophene and heptane by 30% H,O; [29,30]. Timbila and coworkers used ionic liquid
(1-butyl-3-methyl imidazolium hydrogen sulfate [BMIM][HSO4]) as a solvent and catalyst
and, in the presence of the oxidant H,O,, for oxidative desulfurization of biodiesel to
achieve a maximum sulfur removal of 43% after two hours [31]. The same ionic liquid
1-butyl-3-methylimidazolium hydrogen sulfate ([BMIM][HSOA4]) with N-butylpyridinium
hydrogen sulfate ([C4Py][HSO4]) as an extractant and catalyst has been investigated for
desulfurization of diesel [32]. A biomimetic catalytic system was developed for aerobic
oxidative desulfurization that couples Mo7 POM with deep eutectic solvents based on
carboxylic acids. It was found that the desulfurization efficiency was closely connected to
the reaction energy barrier of organic acid oxidation in deep eutectic solvents rather than to
conductivity, viscosity, or hydrogen-bonding strength [33]. Andevary and coworkers syn-
thesized the Lewis acidic ionic liquid of 1-octyl-3-methylimidazolium tetrachloroferrates
([Omim]FeCly) and introduced it for extraction/oxidative desulfurization of model and real
diesel fuels by using H,O, as an oxidizing agent. The results revealed that [Omim]FeCly
was able to desulfurize two real diesel fuels containing 590 and 2573 ppm of sulfur with
an efficiency of 85% and 61.2%, respectively. Rafiee et al. [34] synthesized carbon polyox-
ometalate containing HsPMo19V,04g via hydrothermal treatment with an aqueous solvent
from natural potatoes as a green, synthetic method for oxidative desulfurization of diesel.



Processes 2022, 10, 2327

30f12

The catalyst showed a strong ability to remove sulfur from model and real oil. LaVOy,
photocatalyst prepared using the hydrothermal approach was investigated in oxidative
desulfurization of diesel pool fractions and diesel oil blends [9]. Banana-peel-derived
activated carbon was impregnated with copper and nickel to create Cu/AC- and Ni/AC-
supported catalysts. The prepared catalysts were applied in combination with NaClO
oxidant for the oxidative desulfurization of dibenzothiophene under extremely mild oper-
ating conditions [35]. Oxidative desulfurization of real diesel has also been successfully
examined using molybdenum-anchored metal-organic frameworks [36], Nano core-shell
5i0,@V-PIL catalysts [37], Magnetic catalytic composites based on ZiF-8 support [38],
and homogeneous and SBA-15-supported peroxophosphotungstate catalysts [39]. These
procedures are effective and could be used to desulfurize real diesel with great efficiency.
However, most of these catalysts require time-consuming preparation and are expensive,
scarce, and hazardous to the environment, which limits their use in oxidative desulfuriza-
tion. As a result, developing a low-cost, easy-to-use oxidative desulfurization system is
extremely desirable.

Herein, an oxidative desulfurization process following simple solvent extraction has
been developed and investigated for untreated high-sulfur diesel fuel (8104 mg/L of
total sulfur content). It utilizes three dicarboxylic acids (malonic acid, succinic acid, and
glutaric acid) as HyO; activators. The effects of various operating parameters, including
treatment time, reaction temperature, and the oxidant/catalyst dosages, on the oxidative
desulfurization efficiency were studied. Furthermore, the conversion of refractory sulfur
compounds into the corresponding extractable sulfone and sulfoxide compounds during
the treatment processes was confirmed based on the results of gas chromatography analysis.

2. Material and Methods
2.1. Materials

The untreated real diesel fuel (initial sulfur content of 8104 mg/L) used in this study
was obtained from the Petrol station, Sulaymaniyah-Iraq. The selected dicarboxylic acids
(malonic acid (99% purity), succinic acid (99% purity), and glutaric acid (99% purity)),
were purchased from Merck. Liquid hydrogen peroxide (50% w/w) and acetonitrile
(=99% purity) were purchased from Biochem.

2.2. Desulfurization Activity Testing

A lab-scale oxidative desulfurization system was designed as shown in Figure 1. The
process was conducted in a 250 mL round-bottom flask in a batch mode. After heating
the hot plate, untreated diesel oil (50 mL) with an initial total sulfur content of 8104 mg/L
was added to the round-bottom flask, and during the experiment, the temperature was
maintained at 95 °C. The solution of HyO, (10 mL, 50% w/w) and selected dicarboxylic
acid (malonic acid, succinic acid, or glutaric acid) catalyst (0.6 g) were added to the flask
under stirring conditions (1100 rpm) for the desired time. After the completion of the
reaction, the mixture was cooled to room temperature and separated between the catalyst
and water. Separation of sulfone and sulfoxide compounds from the oxidized diesel layer
after oxidation was carried out with acetonitrile via the reflex process in a 1:1 ratio. The gas
oil-solvent mixture was stirred at 1000 rpm for 70 min at 50 °C, after which the two layers
were separated using 250 mL separation funnels. The total sulfur content of gas oil before
and after the ODS treatment was determined using energy disperse X-ray fluorescence and
GC-PFPD. Each test was repeated twice, and the average results were reported.
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Figure 1. Schematic diagram of the reaction setup.

2.3. Analysis of Real Diesel

The total sulfur content of real diesel samples was measured based on the ASTM
D4294 method usingthe Sulfur-in-Oil Analyzer (model NEX QC, Energy Dispersive X-Ray
Fluorescent (ED-XRF) spectrometer). The ED-XRF spectrometer was calibrated with five
liquid calibration standards. The transformation of sulfur compounds into extractable
sulfone products after the oxidative desulfurization process was confirmed using gas
chromatography. An Agilent (GC: 6890, MS: 5975) was equipped with a capillary column
DB-5MS (10 m x 0.25 mm ID x 0.1 um film thickness). The carrier gas was helium at a flow
rate of 6.0 mL/min. The IR spectra were recorded on a Perkin-Elmer FT/IR spectrometer
in the (400-4000 cm ') range using KBr pellets (vmax in cm~!) from the UK.

3. Results and Discussion
3.1. Oxidation Desulfurization of Real Diesel

The oxidative desulfurization reaction is thought to be a two-step process. In the
presence of an oxidant, bivalent sulfur is first oxidized to the hexavalent equivalent sulfone.
It involves adding two oxygen atoms to sulfur without breaking any carbon—sulfur bonds;
a sulfoxide molecule is formed as an intermediate. Under appropriate conditions (i.e.,
excess of oxidant), sulfones are formed, and no sulfoxide remains in the medium. H,O, is
a frequently used oxidant that is both ecologically safe and stable. When H,O; reacts with
carboxylic acid, organic peracids are produced. The —COOH group in the dicarboxylic acid
is easily oxidized into peroxycarboxyl groups by H,O,. Figure 2 shows the mechanism of
the oxidative desulfurization process by dicarboxylic acid. Then a purification step can be
performed using liquid-liquid extraction for the separation of oxidized sulfur compounds.
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Figure 2. Reaction pathway of oxidative desulfurization catalyzed by dicarboxylic acids.

Herein, untreated diesel with a total sulfur content of 8104 mg/L was chosen as a
fuel source to appropriately test the performance of the applied oxidative desulfurization
method. The characteristics of tested diesel fuel before and after the oxidative desulfu-
rization process are shown in Table 1. Three dicarboxylic acids were used as hydrogen
peroxide activators in the desulfurization process. The combination of HyO; and the se-
lected dicarboxylic acid produces peracids (RCOOOH), which subsequently react with
the sulfur component in the diesel sample to make the appropriate sulfone and water as a
byproduct [8].

Table 1. Evaluation of diesel oil fractions before and after treatment.

Test Results before Treatment Results after Treatment
Specific gravity@ 15.6 °C 0.826 0.809
API gravity 39.8 43.4
Flashpoint °C 67 68
Pour point °C -11 —13
Vis.@50 °C/Cst 2.18 2.09
%Sulfur content 0.8104 0.057
Distillation
Initial B.P °C 171 180
Vol. at %10 195 209
Vol. at %50 256 252
Vol. at %70 292 282
Vol. at %90 336 320

3.2. Effect of Parameters on Desulfurization Efficiency
3.2.1. Influence of Time on Reaction

To determine the influence of time of reaction, temperature, the dosage of selected
dicarboxylic acids, and H,O, on the oxidative desulfurization efficiency, various desulfur-
ization experiments were carried out on real diesel under different operating conditions.
Figure 3 shows sulfur removal as a function of treatment time. As shown in this figure, the
results are improved by increasing the initial reaction time and then slightly decreasing
it. This can be explained by describing the interaction of oxidants over time. H,O, and
dicarboxylic acid can interact with sulfur compounds to produce sulfoxides and sulfones.
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This reaction, like any other chemical reaction, requires enough time to complete and de-
velop over time. The best results are observed within 6 h of treatment. After this time, the
desulfurization rate does not increase with time, which means that there is an optimal time
for the oxidation system. Although it can be seen that after the optimal value, as the time
before the desulfurization rate decreases, its decrease is not at all obvious. This reduction
in sulfur removal is due to the loss of perdicarboxylic acid and hydrogen peroxide, and
their decomposition accelerate the conversion of the oxidized sulfur compound to sulfone.

-=—Succinic acid -xMalonic acid -o-Glutaric acid

100 -

% Desulfurization

0 T

0 2 4 6 8 10

Reaction time (hours)

Figure 3. Oxidative desulfurization processes of real diesel. Reaction conditions: sulfur content:
8104 mg L~1; dicarboxylic acid loading: 0.6 g; H,O, with 50% w/w: 10 mL.

3.2.2. Effect of Temperature on Desulfurization Efficiency

An important step in reducing operating expenses and improving reaction catalytic
efficiency is optimizing the catalyst, HyO,, and energy usage. The effect of temperature on
the desulfurization rate was evaluated across the range of 50-125 °C, as shown in Figure 4.
The results indicated that the efficiency of the process is strongly dependent on temperature;
the reaction proceeds completely with the increase of oxidation temperature. At low
temperatures, the actions may not have sufficient thermal energy to reach thermodynamic
equilibrium. The results show that the desulfurization rate decreases with a temperature
above 110 °C; this may be due to decomposition of oxidizing components. Furthermore,
the quality of the diesel can also change as the temperature rises due to a streak of valuable
volatile components in the diesel. In addition, as the temperature increases, unsaturated
components can be oxidized and cause the consumption of part of the oxidizing agent.
Therefore, the optimum temperature of the developed system was selected to be 95 °C.
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Figure 4. Effect of reaction temperature on the oxidative desulfurization processes. Reaction condi-
tions: initial sulfur content: 8104 mg L—!; treatment time: 6 h; dicarboxylic acid dosage: 0.6 g; H,O,
(50% w/w): 10 mL.

3.2.3. Effect of Dicarboxylic Acid Dosage

Figure 5 shows the effect of dicarboxylic acid dosage on the desulfurization process
whenthe reaction temperature and time were kept constant at values of 95 °C and 6 h,
respectively. As expected, the conversion of organosulfur compounds was greatly promoted
by increasing the amount of catalyst. The results showed an improvement in sulfur
reduction by increasing the catalyst dosage from 0.1 to 0.6 g, increasing the desulfurization
rate from 68.5, 67.5, and 84% to 90.3, 87.39, and 90.2% by weight, using malonic, succinic
and glutaric acid, respectively. Further increasing the dicarboxylic acid dosage did not
remarkably increase the conversion rate.

==-Succinic acid =+-Malonic acid -e-Glutaric acid

100 -
95 -

90 -

80 -

75 4

% Desulfurization

60 T T T T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Weight (gram), Carboxylic acids

Figure 5. Optimization of dicarboxylic acid loading for oxidative desulfurization. Reaction conditions:
sulfur content: 8104 mg L1 temperature: 95 °C, reaction time: 6 h.
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3.2.4. Effect of Hydrogen Peroxide Dosage

The effect of hydrogen peroxide (H,O,) on sulfur removal is shown in Figure 6. Sulfur
removal initially increases as the ratio of oxidant to sulfur-containing compound increases
(i.e., the ratio of hydrogen peroxide to organic sulfur compound). Beyond a certain value,
the quantity of oxidant no longer has a significant influence on desulfurization, which
could be attributed to excessive oxidant, i.e., hydroperoxide adsorption for H,O molecules
on the accessible active sites of the carboxylic acids, consequently dropping the adsorption
of organosulfur compounds [40,41]. The best desulfurization results were obtained with
20 mL of the oxidant for glutaric acid, which produced a desulfurization rate of 92.3 wt%.
Increasing the oxidant level above 20 mL did not affect the desulfurization rate.

-=-Succinic acid -+-Malonic acid -o-Glutaric acid
100 -
95 -
=
S 90 -
-
&
X
ot 85 -
=
& 80 -
a
=
75
70 -
65 T T T T T 1
0 5 10 15 20 25 30
Volume H,0,, mL

Figure 6. Optimization of HyO, (50 w/w%) addition for oxidative desulfurization. Reaction condi-
tions: sulfur contents: 8104 mg L~; dicarboxylic acid loading: 0.6 g; reaction temperature: 95 °C;
reaction time: 6 h.

3.3. Characterizations of Treated Diesel

Gas chromatography was used to confirm the transformation of refractory sulfur com-
pounds into extractable sulfones. Some of the sulfur compounds have been identified by
comparing the real diesel chromatogram with standard common sulfur-containing organic
compounds. As shown in the chromatogram in Figure 7, the identified sulfur compounds
significantly decreased after oxidation (Figure 7A,B) and completely disappeared after
extraction with acetonitrile (Figure 7C). These chromatographs show that virtually all the
sulfur-containing compounds in the real diesel sample were oxidized to their corresponding
sulfones after oxidative/extractive treatment.

The composition of the diesel oil before oxidation was characterized by IR spectroscopy,
and the result is shown in Figure 8A. The aliphatic CH tract is between 2956 cm~! and
2855 cm~! due to the extension of the CH3 groups. While the CH, bands appear at
2924 cm~!, the bending vibration of the symmetrical methyl appears at 1377 cm~!, and
the methylene bending occurs at 1463 cm~!. Figure 8C shows the IR spectrum of gas oil
after oxidation. In these spectra, the sulphone bands with symmetrical and asymmetric
elongation were observed at 1158 cm ™! and 1307 cm ™!, respectively. This indicated that the
organic sulfur compound was converted to the corresponding sulfone, which has higher
polarity. It also indicated that these sulfones were effectively removed from the oxidized
diesel layer by acetonitrile after solvent extraction, as shown in Figure 8C.
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Figure 7. GC-PFPD for real diesel. (A) untreated diesel, (B) after oxidative treatment, (C) after
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Figure 8. FTIR spectrum for diesel oil. (A) before oxidation, (B) after oxidation, and (C) after
extraction by acetonitrile.
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3.4. Kinetic Study

The real diesel comprising 8104 mg L~! of sulfur contents, usually contains a range
of refractory stringent organosulfur compounds and their derivatives that are difficult to
eradicate through traditionally used hydrodesulfurization processes. Figure 7 indicated that
the key constituents of the studied diesel oil were diphenyl sulfide and dibenzothiophene.
In order to achieve a clear picture of the oxidative desulfurization process, the chemical
kinetics were examined based on the attained desulfurization outcomes by simulating the
results against a pseudo-first-order kinetics prototype. As shown in Figure 9, the oxidative
desulfurization process for real diesel comprising diphenyl sulfide and dibenzothiophene
in the presence of carboxylic acid is depicted with the reaction proceeding according to
trends that are well in agreement with a pseudo-first-order kinetic model, as indicated by
the fact that results for the linear regression correlation coefficient (R?) remained adjacent
to 0.9-1. The kinetic equation of this specific model could be derived as follows:

In (Co/Cy) = _kappt 1)

where C, is the initial organosulfur compound concentration, C; is the instantaneous
organosulfur compound concentration, kapp is the apparent reaction rate coefficient, and
t is the reaction time. For the desulfurization of real diesel, the incidence of oxidative
outcomes within the pseudo-first-order reaction kinetics with the reaction time is indicated
by the graph of —In(C,/C;) and that of the reaction time (t). The conforming apparent
reaction rate coefficients (kapp) for the succinic acid, malonic acid, and glutaric acid were
792 x 1071,7.11 x 1071, and 8.36 x 10~ h1, respectively. The kapp of glutaric acid was
the highest and gave a significant lead to the other carboxylic acids.

-2.5 - y = 0.83619 x + 0.27627
R2=0.91629 & e
Y | |
204 y=0.71102 x + 0.70502
R2=0.91892 ©
—_
S y = 0.79280 x + 0.13908
< -1.5- R?=0.92083
@)
e’
=
'o1.0 1
e m  Succinic acid
) e Malonic acid
A  Glutaric acid
0-0 " N 1 N 1 v 1 N 1 v 1 4 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Reaction Time (h)

Figure 9. Kinetic study for oxidative desulfurization of real diesel.

4. Conclusions

In summary, an oxidative desulfurization system has been successfully developed and
applied to remove total sulfur compounds from real untreated diesel fuel (8104 mg/L of to-
tal sulfur content). This system relied on HyO, activation using three different dicarboxylic
acids. The proposed oxidative—-extraction coupling system has a novel, low-cost, facile,
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and excellent desulfurization efficiency, making it potentially applicable in the commercial
desulfurization process for untreated high-sulfur diesel fuels. The developed system has
successfully removed about 92% of all sulfur compounds from the high-sulfur diesel sample
(8104 mg/L). It was found that the reaction temperature, reaction time, H,O, (50 w/w%),
and carboxylic acid dosage for optimal oxidative desulfurization are 95 °C, 6 h, 10 mL, and
0.6 g, respectively. The results suggested that the investigated dicarboxylic acids (malonic
acid, succinic acid, and glutaric acid) have promising potential for the activation of HyO,
as an effective oxidative desulfurization system. The developed oxidative desulfurization
system offers the advantages of using low-cost oxidants and mild operating conditions.
The designed system has excellent desulfurization efficiency for high-sulfur diesel fuels
with simple and affordable operation, giving it the potential to be applied in industrial
oxidative desulfurization processes for real untreated diesel fuels.
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