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Abstract
An ultrasound-assisted heterogeneous catalytic oxidation process was applied to eliminate sulfur from commercial diesel 
fuel oil. The studied variables were catalyst concentration, type of catalyst (homogeneous or heterogeneous), oxidizing agent 
concentration, and the application of ultrasound energy. Supported catalysts were prepared by impregnation of coal fly ash 
with an iron(II) sulfate aqueous solution using ultrasound energy. After drying, the catalyst was calcined at 500 °C for 4 h. 
The oxidizing agent was hydrogen peroxide. Ultrasound energy was applied with a frequency of 47 kHz and an intensity 
of 147 W. Ethanol was employed for extracting the oxidized compounds from the hydrocarbon mixture. Coal fly ash and 
ethanol were used with the purpose of applying low-cost raw materials in chemical processes. It was found that under the 
studied conditions, increasing oxidizing agent concentration and the application of ultrasound energy can enhance the sulfur 
removal from commercial diesel fuel oil. Catalyst concentration did not play a significant role in the process. Similar results 
were obtained using homogeneous or heterogeneous catalyst, which is important since the heterogeneous catalyst could be 
recovered, reactivated, and used in many cycles.

Keywords Oxidative desulfurization · Diesel · Ultrasound energy · Supported catalyst · Low-cost raw materials

1 Introduction

Diesel fuel fraction is a complex mixture of hydrocarbons 
comprising a carbon number range of  C9–C28, with a boiling 
point between 150 and 450 °C, which is specially used in 
heavy transportation. The presence of sulfur in transporta-
tion fuels is a severe environmental concern. Once burned, 
the emissions not only inhibit the three-way catalyst used 
in the automotive industry, but also are precursors of acid 
rain and produce particulate matter of 2.5 micron  (PM2.5) 
among other sizes. The trend in environmental regulation 
worldwide is to cut sulfur content in diesel less than 10–15 

 ppmw depending on the country (Hao et al. 2016; Margeta 
et al. 2016a, b).

The traditional method for eliminating sulfur from fuel 
is the hydrodesulfurization process, where light sulfur 
compounds (such as sulfides, thiols, and thiophenes) react 
with hydrogen at high pressure (> 3 MPa) and temperature 
(300–500 °C) to form hydrogen sulfide and reduce the sulfur 
content in the fuel. Nevertheless, recalcitrant compounds, 
such as dibenzothiophenes (particularly with alkyl substitu-
ents at 4 and 6 positions), barely react with hydrogen under 
these operating conditions and remain in the fuel. Thus, 
alternative technologies have been proposed, for exam-
ple oxidative desulfurization, selective sulfur compound 
adsorption, and biological treatment (with Rhodococcus 
and Psuedomonas strains, or peroxidase enzymes, such as 
laccase, manganese, or horseradish peroxidase) among oth-
ers (Bhasarkar et al. 2013, 2015a, b; Margeta et al. 2016a, 
b; Wu et al. 2018).

The oxidative desulfurization process proceeds at 
mild conditions (near atmospheric pressure and tem-
peratures below 100 °C) in the presence of an oxidizing 
agent (mainly  H2O2) and different kinds of catalyst (ace-
tic acid, formic acid, metal peroxocomplexes, amphiphilic 
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catalysts, phosphotungstic acid,  K2FeO4,  Na2MoO4, 
[(C4H9)4N]6Mo7O24, dialkylpiperidinium tetrachloroferrate). 
In this way, dibenzothiophene-like compounds are oxidized 
to sulfones and sulfoxides as is illustrated for dibenzothio-
phene and 4,6-dimethyl dibenzothiophene in Scheme 1. Due 
to their higher polar characteristics, they are separated from 
the fuel by extraction or adsorption processes, with either 
liquid or solid agents (Bhasarkar et al. 2013; Farzin-Nejad 
and Miran-Beigi 2015; Hao et al. 2016; Jiang et al. 2014; 
Julião et al. 2015; Kairbekov et al. 2018; Margeta et al. 
2016a, b; Liu et al. 2008; Lü et al. 2014a, b). In the liq-
uid–liquid extraction process, different kinds of solvent, such 
as acetone, acetonitrile, dimethyl sulfoxide, N-methyl-2-pyr-
rolidone, N,N-dimethylformamide, deep eutectic solvents, 
and ionic liquids (with an asymmetrically substituted cation, 
e.g., imidazolium, pyrrolidinium, ammonium, phosphonium, 
and a halogen-based anion, such as octyl-3-methylimidazo-
lium hydrogen sulfate, 1-butyl-3-methylimidazolium hex-
afluorophosphate, and 1-n-octyl-3-methylimidazolium tetra-
fluoroborate), are used with different results (Bhasarkar et al. 
2013; Hao et al. 2016; Jiang et al. 2014; Julião et al. 2015; 
Lü et al. 2014a, b; Safa et al. 2017).

Since mass transfer of the reactants between phases lim-
its these systems, phase transfer agents such as quaternary 
ammonium salts are added to enhance the rate of reac-
tion (Bhasarkar et al. 2013; de Luna et al. 2018). Another 
alternative is to apply ultrasound energy in the process in 
order to improve its overall efficiency. Ultrasound favors 
the generation of oxidizing radicals due to the dissociation 
of gas and vapor molecules during the transient collapse 
of the cavitation bubbles, and enhances the mass trans-
fer between the two liquid phases due to strong cavita-
tion activity, derived from the implosion of microbubbles 
which creates strong convection through microstreaming, 
microturbulence, and microjets. Cavitation is mainly the 

nucleation, growth, and implosive collapse of tiny gas 
bubbles that creates intense energy concentration on an 
extremely small spatial and temporal scale (Bhasarkar 
et al. 2013, 2015a, b; Margeta et al. 2016a, b).

Catalytic oxidation of sulfur compounds is tradition-
ally achieved with Fenton-like reagents, such as phospho-
tungstic acid and copper/iron salts. These compounds are 
dissolved in water and then mixed with the hydrocarbon. 
After the reaction, the aqueous phase is separated and the 
homogeneous catalyst is lost in this solution. Recently, in 
order to avoid this lost, supported catalysts have been pre-
pared and tested in the sulfur compound oxidation process. 
In this way, the catalyst is easily recovered by filtration 
and, if necessary, reactivated by calcination (Jiang et al. 
2018; Julião et al. 2015; Liu et al. 2008; Rafiee et al. 2016; 
Sun et al. 2018; Tomskii et al. 2017; Yang et al. 2017; Yu 
et al. 2018a, b).

In the present work, supported Fenton-like catalysts 
were prepared by impregnating an iron salt onto coal fly 
ash. After calcination, iron species  (Fe2+ and  Fe3+) are 
formed over the surface of the support. In addition, dis-
tilled ethanol, bought in a local drugstore (obtained from 
a sugar mill without further purification), was used to 
remove the oxidized species from the hydrocarbon mix-
ture. The reason of applying coal fly ash and distilled etha-
nol is to use low-cost raw materials in chemical processes. 
Low-cost raw materials must be abundant and require little 
processing, or being a by-product from a waste industry 
(Bailey et al. 1999). Coal fly ash is unwanted mineral resi-
due coming from coal power plants during the generation 
of steam. The production of these ashes is very extensive, 
and there is a worldwide environmental concern related to 
their final disposal.
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2  Experimental

2.1  Materials and reactants

Hydrogen peroxide solution (30 wt%) and iron(II) sulfate 
 (FeSO4·7H2O, reactive grade) were purchased from J. T. 
Baker and used as received. Distilled ethanol (from sugar-
cane) was bought in a local drugstore and used as received. 
Diesel fuel oil was purchased in a gas station and used as 
received. Coal fly ash was obtained from a coal thermal 
power station located in the North of Mexico that operates 
with subbituminous Mexican coal; it was washed several 
times with distilled water to remove all soluble compounds, 
and then, it was dried at 120 °C overnight and stored at 
70 °C to avoid humidification.

2.2  Ultrasonic energy generator

The ultrasonic energy was applied at different experimen-
tal stages using a Cole Parmer 8890R-MTH ultrasonic bath 
with a frequency of 47 kHz and an intensity of 147 W.

2.3  Catalyst preparation

Catalysts were prepared through supporting the metal ions 
by the incipient impregnation method and applying ultra-
sonic energy. In this process, 6.0 g of  FeSO4·7H2O was 
dissolved in a beaker containing 20 mL of distilled water. 
Next, 10 g of fly ash was added to the aqueous solution, 
and ultrasonic energy was applied for an hour. Then, the 
beaker was agitated at 120 rpm and 70 °C until the water was 
evaporated. After the impregnation, the sample was dried at 
110 °C overnight, and then, it was calcined at 500 °C for 4 h. 
The objective of applying ultrasonic energy was to reduce 
the particle size and enhance the catalytic activity as has 
been demonstrated in other studies (Flores et al. 2018a, b).

2.4  Experimental procedure

The experimental procedure consisted of preparing aqueous 
solutions of distilled ethanol with  H2O2, at ethanol concen-
trations of 3 wt% and 10 wt%, and catalyst (homogeneous 
or heterogeneous), at concentrations of 20 and 40 mM. For 
the experiments with homogeneous catalyst,  FeSO4·7H2O 
was used as catalyst, which is easily dissolved in the aque-
ous solution. Twenty milliliters of this solution was added to 
20 mL of diesel fuel oil and homogenized using a mechani-
cal stirrer. Then, the reactant mixture was placed inside 
the ultrasonic bath, and ultrasonic energy was applied for 
20 min. Also, other experiments were performed without 
using ultrasonic energy, and the mixture was mechanically 

mixed during the same period of time. After the reaction 
stage, separation into polar and nonpolar phases occurred. 
After that, the diesel fuel oil samples were analyzed to deter-
mine the sulfur content. All the experiments were conducted 
at room temperature.

2.5  Analytical methods

Diesel fuel oil samples were analyzed in a LECO Sulfur 
Analyzer Model S-144DR according to the ASTM D 1552-
03 method to determine the sulfur content before and after 
the experimental treatments.

Coal fly ash was characterized according to the ASTM-
D3682-01 method to determine the major element 
compositions.

Total iron and iron(II) cation were quantified by ferrozine 
method and 1,10-phenanthroline method, respectively. Both 
are spectrophotometric Hach methods (Viollier et al. 2000).

2.6  Experimental design

The conditions to analyze the effect of the studied variables 
in the sulfur reduction were implemented using a full  24 
factorial design. Experimental conditions for low and high 
levels are listed in Table 1. Randomization was used in order 
to obtain a random distribution of unknown systematic 
errors. The factors included in the analysis are A: catalyst 
concentration; B: type of catalyst; C:  H2O2 concentration; 
D: agitation type.

3  Results

3.1  Material characterizations

Sulfur content in the commercial diesel was determined 
according to the ASTM D 1552-03 method, and the sulfur 
content was 595  ppmw.

Metal content in the original coal fly ash was deter-
mined according to ASTM D3682–01, and the main results 

Table 1  Interval of the parameters introduced in the strategy of the  24 
complete factorial design

Factors Level

Low (−) High (+)

A: Catalyst concentration, 
mM

20 40

B: Type of catalyst Homogeneous Heterogeneous
C:  H2O2 concentration, wt% 3 10
D: Agitation type Mechanical stirring Ultrasonic energy
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were as follows: Si (26 wt%), Al (14 wt%), Ca (2 wt%), K 
(1.09 wt%), Ti (1 wt%), Na (0.5 wt%), Mg (0.5 wt%), Fe 
(0.06 wt%), Cr (0.02 wt%), Mn (0.014 wt%), Pb (0 wt%).

The maximum amount of immobilized  Fe3+ was evalu-
ated by dissolving 0.1 g of catalyst following the standard-
ized digestion procedure of ASTM-D3682-01. Then, total 
iron and ferrous iron were analyzed by the FerroZine method 
and 1,10-phenanthroline method, respectively. The amount 
of immobilized iron was 8.212 and 0.375 mg for  Fe3+ and 
 Fe2+ species, respectively.

3.2  Statistical analysis

Table 2 gives the design matrix for the factorial experimen-
tal design, the obtained sulfur reduction, and, in parenthe-
sis, the order in which the experiments were conducted. 
Experimental results were evaluated using Minitab software. 
These results were first analyzed by a Pareto diagram with 
a confidence level of 5%, to determine which factors and/or 
interaction may be significant in the elimination of sulfur 
from diesel. This analysis produced a bar chart shown in 
Fig. 1. In this chart, the bar lengths are proportional to the 
absolute value of the estimated effects. The bars that exceed 
a reference line, at 12.71, are significant values with respect 
to the response. Therefore, this analysis gives that the fac-
tors affecting the sulfur reduction are the concentration of 
the oxidizing agent, and the application or not of ultrasonic 
energy. In addition, a strong interaction between the type of 
catalyst (homogeneous or heterogeneous) and its concentra-
tion is observed, even though these factors are not significant 
alone. 

Table 2  The design matrix and analysis results from the  24 complete 
factorial design for desulfurization of diesel

a Values in parentheses indicate the randomized order in which the 
tests were run

Factors Sulfur reduction, %a

A B C D

− − − − 26.11 (12)
+ − − − 21.07 (2)
− + − − 19.40 (15)
+ + − − 17.72 (1)
− − + − 29.47 (7)
+ − + − 27.79 (13)
− + + − 22.75 (8)
+ + + − 31.15 (14)
− − − + 29.47 (16)
+ − − + 27.79 (3)
− + − + 22.75 (10)
+ + − + 29.47 (9)
− − + + 34.51 (4)
+ − + + 31.15 (5)
− + + + 24.43 (11)
+ + + + 37.87 (6)

Term

Factor
A
B
C
D

Catalyst concentration
Type of catalyst
H2O2 concentration
Agitation type

Name

12.71

C

D

AB

B

AC

AD

A

ABC

ABD

ACD

BC

CD

BD

BCD

0 5 10 15

Standarized effect

20 3025

Fig. 1  Pareto chart of the standardized effects obtained for the factorial design optimization of the variables a catalyst concentration, b type of 
catalyst, c  H2O2 concentration, d agitation type on the sulfur reduction, and their interactions. The vertical line indicates a confidence limit of 
95%
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The graph in Fig. 2 shows the accumulated frequency as 
a function of the factors and their interactions. Results are 
similar to the Pareto diagram: Concentration of the oxidizing 
agent and the application of ultrasonic energy are the factors 
that have the major influence in the reduction in sulfur in the 
diesel samples. Some influence of the type of catalyst is also 
observed, and it is confirmed that the interaction between the 
type of catalyst and its concentration is relevant.

Figure 3 displays the interaction plots of the studied 
factors for the sulfur reduction. It is observed that the main 

factors that are significant (concentration of the oxidizing 
agent and application of ultrasonic energy) do not interact 
with the other factors. Again, the only observed interac-
tion is between the type of catalyst and its concentration. 
Results from the Pareto diagram and the accumulated fre-
quency of the effects graph are confirmed in the Table of 
Analysis of Variance shown in Table 3. The concentration 
of oxidizing agent, the application of ultrasonic energy, 
and the interaction between the type of catalyst and its 
concentration have a P value less than 0.05, so they are 
significant in the process of desulfurization of diesel. 
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4  Discussions

4.1  Effect of catalyst concentration

Experiments were achieved at two different catalyst con-
centrations: 20 and 40 mM. The effect on the overall pro-
cess is presented in Fig. 4. It can be observed that increas-
ing the amount of catalyst barely improves in the efficiency 
of the process. The main role of the catalyst in the process 
is the formation of the oxidizing radical  HO∙, which later 
would react with sulfur species to form sulfoxides and 
sulfones. For this reason, it could be considered that there 
is another controlling step in the process, such as the oxi-
dation of the sulfur species, or the mass transfer between 
phases of the oxidized species. Li et al. (2016) explain the 

oxidative desulfurization process based on electron density 
and Fukui functions of sulfur species once the oxidizing 
agent is formed. They state that the steric hindrance of 
methyl groups plays an important role in the selectivity 
of the oxidation of sulfur species; however, there is not a 
general tendency, and the selectivity strongly depends on 
the type of catalysts. For the case of iron-based catalyst, 
they remark that the oxidative desulfurization tends to be 
a radical attack reaction.

4.2  Effect of type of catalyst

Figure 4 shows a difference in the performance between the 
homogeneous and heterogeneous catalyst even though in 
the statistical analysis this was not significant. In general, 
the homogeneous catalyst gives higher sulfur reduction than 
the heterogeneous one. This may be explained in two ways. 
First, some diffusion resistance of the oxidizing agent may 
exist before it reaches the active sites of the catalyst, so the 
overall process becomes slower. Second, and perhaps the 
most important reason, is the presence of  Fe3+/Fe2+ as an 
active site in the heterogeneous catalyst. Previous reports 
have shown that the strongest oxidizing radical  (HO∙) is 
formed by the decomposition of the  H2O2 over the  Fe2+. 
But then, this radical interacts with the  Fe3+/Fe2+ species in 
a reaction mechanism to form less effective oxidizing radi-
cals (such as HO2

∙ and O2
∙−) before it reacts with the sulfur 

compounds (Giannakis et al. 2017). Therefore, the initial 
presence of  Fe3+ in the catalyst may accelerate the evolution 
of this side reaction mechanism. The effect may be minimal 
because the application of ultrasonic energy implies a drastic 
change in the overall process as it will be explained later.

4.3  Effect of oxidizing agent concentration

The effect of the concentration of  H2O2 was studied at 
3 wt% and 10 wt%. Figure 4 shows that, at the studied lev-
els, increasing the presence of  H2O2 in the system favors the 
reduction in sulfur in the diesel even though other studies 

Table 3  Results of the analysis of variance (ANOVA) from the facto-
rial design test for desulfurization of diesel

*Significant factors at p < 0.05
H2O2 concentration (C), the agitation type (D), and the interaction 
between catalyst concentration and type of catalyst (A × B) are statis-
tically significant

Source Sum of 
squares

Degrees 
of free-
dom

Mean squares F ratio p Value

A 14.276 1 14.276 2.45 0.178
B 29.785 1 29.785 5.12 0.073
C 128.482 1 128.482 22.09 0.005*
D 110.152 1 110.152 18.94 0.007*
A × B 93.233 1 93.233 16.03 0.010*
A × C 21.326 1 21.326 3.67 0.114
A × D 14.276 1 14.276 2.45 0.178
B × C 4.406 1 4.406 0.76 0.424
B × D 1.586 1 1.586 0.27 0.624
C × D 4.406 1 4.406 0.76 0.424
Error 29.081 5 5.816
Total 451.009 15
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have proved that higher concentration of oxidizing agent 
does not improve and/or inhibit the overall performance 
(Hao et al. 2016; Julião et al. 2015; Yang et al. 2017; Yu 
et al. 2018a, b). This was also confirmed in the statistical 
analysis previously described in the Table of Analysis of 
Variance (Table 3), the Pareto diagram (Fig. 1), and the 
normal plot of standardized effects (Fig. 2). Increasing the 
amount of  H2O2 provides more oxidizing radicals  HO∙, so 
the oxidation rate of the sulfur compounds may be enhanced. 
However, a large excess of the oxidizing agent does not 
improve the oxidation rate because it would form less oxidiz-
ing species as it has been explained in other works (Buxton 
et al. 1988; Changotra et al. 2019; Giannakis et al. 2017):

In addition, if there is a large excess of these oxidizing 
species some inhibition of the catalyst may occur due to 
side reactions, and the formation of complex species with 
the  Fe2+/Fe3+ ions as has been previously reported (Buxton 
et al. 1988; Changotra et al. 2019; Giannakis et al. 2017):

4.4  Effect of ultrasound energy

The application of ultrasound energy improved the removal 
of sulfur compounds from the diesel as is shown in Fig. 4 
and confirmed in the statistical analysis. Two main contribu-
tions may be assigned to this effect. First, a physical issue 
since the cavitation causes microturbulence facilitating, in 
this way, the mass transfer phenomena of the oxidized spe-
cies in the extraction step (Bhasarkar et al. 2015b; Desh-
pande et al. 2005). Second, a chemical issue because many 
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reactions happen during cavitation through thermal disso-
ciation of gas and solvent vapor at extreme temperature and 
pressure conditions reached in the bubble during transient 
collapse (Bhasarkar et al. 2015b; Dai et al. 2011; Margeta 
et al. 2016a, b). The main reaction that would enhance the 
oxidation process is the following:

In addition, some of the side products in the oxidizing 
agent decomposition react again through the sonication to 
produce more  HO∙. In this way, there are more oxidizing 
radicals in the system (coming from the decomposition of 
water and for the improvement in its production from  H2O2), 
and the sulfur compounds form excited species that react 
more easily with these radicals.

4.5  General remarks

Experimental results show similar yields compared to other 
works that use the heterogeneous catalytic oxidative desul-
furization approach under the same experimental conditions: 
20 min of reaction time, and room temperature. Most of the 
references report a sulfur removal between 25% and 40% 
after 20 min of reaction time at room temperature, using dif-
ferent types of metallic catalyst and organic and ionic liquid 
solvents (Bhasarkar et al. 2015b; Hao et al. 2016; Jiang et al. 
2018; Lü et al. 2014a; Margeta et al. 2016a; Safa et al. 2017; 
Yang et al. 2017; Yu et al. 2018b; Zhu et al. 2015). In the 
present work, the low-cost raw materials (coal fly ash and 
distilled ethanol) in the chemical processes approach were 
used in order to reduce operating cost. Further experiments 
at higher temperatures and longer reaction times have to be 
performed in order to validate this approach as an attrac-
tive alternative to remove sulfur from diesel fuel oil. Also, 
recovery and reactivation of the catalyst must be studied to 
determine the feasibility of using it in many catalytic cycles.

5  Conclusions

Sulfur removal from commercial diesel was achieved using 
an ultrasound-assisted oxidative process with a supported 
Fenton-like catalyst. Application of ultrasound energy 
enhanced the overall efficiency process because it facili-
tates the mass transfer of oxidized compounds during the 
extraction stage, produces more oxidizing radicals  HO∙, and 
may excite the sulfur compounds in the diesel. Increasing 
the oxidizing agent concentration from 3 wt% to 10 wt% 
improved the sulfur removal. Larger amounts of this agent 
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may not be beneficial in the process because the limiting 
factor is the sulfur compounds in the diesel, and also some 
inhibition of the catalyst may occur due to side reactions 
with oxidative species. No statistical difference was found 
in the use of homogeneous or heterogeneous catalysts; it 
could be attractive since the heterogeneous catalyst is easily 
recovered and would be used in many cycles. Finally, it was 
proved that low-cost raw materials can be used in the process 
with useful results, reducing in this way the operating costs.
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