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A B S T R A C T   

SOx emissions are primarily caused by compounds containing sulfur in petroleum and fuels, 
which lead to severe air pollution. For this reason, it is necessary to develop a fast and simple 
desulfurization method in order to comply with ever-increasing environmental regulations. The 
newly discovered piezo-catalyst nanocomposite CexOy/SrO can convert mechanical energy 
directly into chemical energy, thereby enabling mechanically oxidative sulfur desulfurization. 
320 W of bath sonication were used to polarize and activate the prepared piezo-catalyst nano-
composite CexOy/SrO for sulfur removal from thiophene and dibenzothiophene as model fuels 
and kerosene as a real fuel. Using uniform and spherical CeO2/SrO nanocomposites resulted in the 
highest desulfurization rates of 95.4 %, 97.3 %, and 59.7 %, respectively, for thiophene and 
dibenzothiophene. This study examined the effect of several parameters, such as sulfur concen-
tration, pH of fuel, dosage of CexOy/SrO nanocomposite, power and time of ultrasonic, and 
shaking time, on the piezo-desulfurization of thiophene (TP) and dibenzothiophene (DBTP). To 
identify the major active species in piezo desulfurization, radical trapping experiments were 
conducted. This study investigated the possibility of reusing the catalyst, and the piezo- 
desulfurization activity that was demonstrated in the removal of TP and DBTP after 11 cycles 
as well as the ability of the catalyst to remove real fuel even after 14 cycles was promising. As the 
kinetic results show, the reaction follows the second order with K = 0.0050. Also, thermodynamic 
results showed the oxidation of sulfide to sulfoxide and sulfoxide is endothermic. Activation 
energy for second order rate constant is (3.824 Kj/mole). 0.0236 mol-1. Sec− 1 was calculated for 
Arrhenius Constant.   

1. Introduction 

Today, the most significant issues and challenges are environmental limitations and restrictions mainly relating to fuel quality and 
eliminating obstinate sulfur complexes from fuel refining in modern companies themselves, as well as the most expensive ones. Fuels 
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containing high levels of sulfur complexes contribute significantly to air pollution through SOx emissions. Acid rain and the decadence 
of human health are a result of the reduction and emission of sulfur oxide resources. Therefore, researchers have been focusing on 
reducing the determined sulfur content of fuels in order to minimize or improve this content [1,2] (see Scheme 1). 

Natural petroleum contains a variety of organosulfur compounds, including aromatic types such as thiophene (C4H4S), which are 
inert and do not react, resulting in common contamination and impurity as a transportation fuel. In addition to being very similar to 
benzene, heterocyclic thiophene is also a fairly simple molecule. It is therefore an ideal chemical model for studying the catalytic C–S 
bond. In the thiophene molecule, there are two sets of electrons located on its S atom, with one set situated in the six-electron system 
and the other set in the ring’s plane. Thiophene can function as an n-type donor by shifting the electron pair from the S atom to a 
surface cation or as a π-type donor by utilizing the delocalized electrons in the aromatic ring to create a π-complex with the cation [3]. 

As shown in Fig. 1, various methods of desulfurization have been reported so far to remove sulfur, including hydro-desulfurization, 
oxidative desulfurization [4,5] bio-desulfurization [6,7] alkylation-based desulfurization [8,9] chlorinolysis-based desulfurization 
[10,11] and other methods [12–14]. This study demonstrates the operation of an oxidative desulfurization procedure utilizing a novel 
piezo-catalyst nanocomposite. The original method of oxidative desulfurization involved the reaction of sulfur with an oxidizing agent, 
such as H2O2. In oxidative desulfurization, two steps are involved. Through the oxidation of sulfur-containing molecules, sulfur 
compounds are transformed into their corresponding sulfones or sulfoxides. Following the removal of oxidized sulfur compounds from 
the system, the elimination properties of oxidized sulfur compounds are compared with those of non-oxidized sulfur compounds. One 
of the most compelling advantages of this study is the fact that sulfur-containing molecules can be oxidized both in model fuel and real 
fuel at room low temperature (30 ± 2 ◦C) and simply by using a piezo-catalytic effect to oxidize and change sulfur into a form that can 
be removed from the fuel. Piezo-catalytic materials exhibit catalytic activity when subjected to external mechanical distortions [15]. 
According to Hong et al. [16], the first direct conversion of mechanical energy into chemical energy was performed by splitting water 
for piezoelectric microfibers in 2010. As piezoelectric catalysis has gained in popularity over the past few years, it has also attracted 
more attention in the areas of energy conversion and environmental and ecological remediation [15,17–23]. It was evident from the 
results of the desulfurization process that nano-composites were extremely effective at removing sulfur compounds. A desulfurization 
procedure was carried out under ambient conditions, and the effects of changing pH, shaking time, and ultrasonic time and power were 
examined for these specific nano-composites. Lastly, a study of the mechanism and kinetics behind the desulfurization method by using 
prepared piezo catalysts was conducted. SrO, CeO2, and Ce2O3 (CexOy/SrO) nanocomposites have been prepared by a microwave 
method as an efficient piezo catalyst for the desulfurization of model fuel and real fuel. There was a significant effect of synthesis 

Scheme 1. Supposable piezo-desulfurization mechanism under external mechanical force provided by ultrasonic vibration by prepared CexOx/SrO 
Nano-composite. 
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parameters such as microwave time, power, and calcination temperature on the morphology and composition of CexOy/SrO nano-
composites. The synthesis parameters were adjusted in order to produce CexOy/SrO nanocomposites with different morphologies and 
piezo catalytic activities. The use of CeO2/SrO nanocomposite with spherical morphology resulted in the removal of 97.3 % of sulfur. 

2. Experimental 

2.1. Material 

Sr(NO3)2⋅2H2O (99.9 %), Ce(NO3)3⋅6H2O (99.9 %) and sodium dodecylbenzene sulfonate (99.9 %) were purchased from Fluka. 
Ethylenediaminetetraacetic acid disodium (EDTA-2Na, 99.9 %) and ethanol were purchased from BDH Chemicals (England). 1, 4-ben-
zoquinone (BQ, 99.9 %), and Isopropanol (IPA, 99.9 %) were purchased from Scharlau (Spain). Sodium dodecylbenzene sulfonate 
(SDS, 99.9 %) and ammonium hydroxide were purchased from Sigma-Aldrich and Merch, respectively. Thiophene and 

Fig. 1. Different methods were used for desulfurization of fuel.  

Table 1 
Principal physical characters of kerosene.  

No Test description Unit Test Method Results 

1 Flash point oC ASTM D93 43 
2 Specific Gravity@15.5oC – ASTM D1217 0.7828 
3 API Gravity – ASTM D287 49.26 
4 Kinematic Viscosity @40 ◦C mm2/sec ASTM D445 1.21 
5 Water content vol% ASTM E203 0.0 
6 Initial Boiling Point, IBP oC ASTM D86 130 
7 

8 
Distillation temperature 10 % Recovered, vol% oC 154 

50 % Recovered, vol% 196 
90 % Recovered, vol% 228  

Final Boiling Point, FBP oC 254 
9 Recovered vol% 97.0 
10 Evaporated vol% 1.0 
11 Residue vol% 2.0 
12 Total Sulfur Content mass% ASTM D4294 0.2023  
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dibenzothiophene and raw kerosene as a real fuel in this study, was taken from a local Company, and Table 1 shows the chief physical 
characters of raw kerosene. 

2.2. Synthesis and characterization of SrO and Ce2O3 nano-composites Piezo catalyst 

In the first step, 20 mL of a mixture of distilled water and methanol were prepared in a 2:1 ratio, with the addition of 0.08 mM Sr 
(NO3)2 (Solution A) and Ce(NO3)3 (solution B) in up to 10 mL of each solution. After that, the above solutions were mixed. Afterward, 
5 mL of 0.016 mM SDS aqueous solution was added slowly to the mixture of A and B. SDS is a surfactant that helps to control the shape 
and size of products. When the mixture is ready, add 10 mL of 2 mM NaOH dropwise to the mixture solution to adjust the pH. Mi-
crowave the mixture for 3 min (30 s on, 60 s off). We then washed it with ethanol, dried it, and calcined it at 550 ◦C for 5 h in a muffle 
furnace (HERBERT, West Germany). A list of piezo-catalysts prepared with different parameters is given in Table 2, where the prepared 
catalysts are labeled as C1–C15. 

2.3. Applying piezo catalyst for desulfurization process 

Following the successful synthesis of the nano-composites, the synthesized piezo catalysts were applied for the oxidative desul-
furization of the model and real fuel. TP or DBTP/n-hexane solution with a sulfur content of 500 ppm and real fuel was mixed with 50 
mg of piezocatalyst, and a Pyrex cell was used to perform the piezo reaction. Piezo-desulfurization was achieved using an ultrasonic 
bath of a 20 kHz ultrasonic device with a maximum output power of 360 W. Prior to running the piezo-desulfurization process, the 
samples were stirred in the dark for 30 min. It is imperative to establish an equilibrium phase between adsorption and desorption 
during this step. At each time interval, 10 mL of desulfurized samples were withdrawn and centrifuged for 10 min at 6000 rpm. By 
adding ice cubes and frequently changing the water, we maintain the temperature in the ultrasonic bath. Following the removal of the 
precipitate, the oxidized sulfur compounds were extracted using a one-to-one volume ratio of DMF. DMF is a polar (hydrophilic) 
aprotic solvent that is commonly used to extract polar organosulfur compounds. The solution was separated by magnetic stirring for 
15 min at room temperature. The fuel’s desulfurization efficiency (DS) was calculated using the formula (eq. (1)) after separating two 
phases from DMF and hexane, where the model fuel was found in the top phase and analyzed using an X-ray sulfur meter.  

DS%= ((A0-At)/A0)*100                                                                                                                                                            (1) 

Where A0 and At are the concentrations of sulfur in the fuel solution for initial and after t times, respectively [24]. Furthermore, a 
designed experiment has been performed for radical trapping to be able to explain the main active types and species in the piezo 
desulfurization process. The process of piezo desulfurization refers to the removal of sulfur through the use of piezo catalysts. The 
experimental method was identical for all piezo-desulfurization tests. Free radical scavenger experiment was used by using different 
types of scavengers, including Na2-EDTA (as a quencher of h+), IPA (as a quencher of OH), and para-Benzoquinone (BQ) (as a quencher 
of .O2 -) [25,26]. 

2.4. Characterization techniques 

In order to investigate the crystal structure of the samples, an X-ray diffractometer (Philips X’pert Pro MPD, The Netherlands) was 
equipped with Ni-filtered Cu Kα radiation (λ = 1.54 Å). A X-Max Oxford, England, was used to perform the EDS (energy dispersion 
spectroscopy) analysis. ƩIGMA/VP- ZEISS, Germany was used to recording FESEM images. TEM images were captured by means of 
transmission electron microscopy (TEM, Zeiss). Total sulfur content of fuels was analyzed by utilizing an X-ray sulfur meter, RX360SH, 
Tanaka, Japan. 

Table 2 
Experimental Details of conditions for synthesis of CexOx/SrO Nano-composites.  

Sample Microwave power (W) Microwave time (m) Cycle pulse time Calcination 
Temperature (◦C) 

Calcination 
Time (h) 

C1 600 3 30s on 60s off 550 5 
C3 600 3 30s on 15s off 550 5 
C4 700 3 30s on 60s off 550 5 
C5 700 3 30s on 30s off 550 5 
C6 700 3 30s on 10s off 550 5 
C7 900 3 30s on 60s off 550 5 
C10 700 4 30 s on 60s off 550 5 
C11 700 6 30s on 60s off 550 5 
C12 700 4 30 s on 60 s off 400 5 
C13 700 4 30s on 60s off 700 5 
C14 700 4 30s on 60s off 550 3 
C15 700 4 30s on 60s off 550 7  
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3. Results and discussion 

3.1. Characterization of as-prepared piezo catalysts 

Using a simple and time-saving microwave technique, CexOy/SrO nanocomposites have been synthesized in this research. In 
comparison with conventional heating methods, microwave-based methods for the synthesis of catalysts offer several advantages. The 
following are some of the advantages of synthesizing catalysts using microwave irradiation: accelerated reaction rates: microwave 
irradiation can rapidly heat the reactants and catalyst, thereby accelerating the rate of reaction. As a result of microwaves’ selective 
heating effect, temperature gradients can be precisely controlled, allowing for efficient activation of catalysts and a reduction in re-
action times. In industrial processes, this acceleration can result in significant increases in productivity and throughput. As opposed to 
conventional heating methods, microwave methods can provide energy-efficient synthesis processes. By directly heating the reaction 
mixture, microwaves minimize heat loss to the surrounding environment. As a result of this focused energy transfer, energy con-
sumption is reduced and reaction times are shortened, which results in cost savings and environmental benefits. In comparison with 
conventional methods, microwave heating can often allow reactions to take place under milder conditions. This can reduce the need 
for harsh reaction conditions, such as high temperatures or pressures, resulting in improved safety and compatibility with sensitive 
reactants or functional groups. 

CexOy/SrO nanocomposites are capable of acting as piezo-catalysts since they can release electrons and holes upon exposure to 
mechanical forces or local vibrations. Several methods can be used to provide external mechanical energy to activate piezo-catalysts, 
including vortex-induced shearing, ultrasonic cavitation, and physical bending [27,28]. In this study, ultrasonic power was applied to 
transfer mechanical force to activate CexOy/SrO nanocomposites for sulfur removal at room temperature. The very first step was to 
consider the effects of different microwave synthesis parameters, including microwave power, microwave time, and pulse cycling. 
As-prepared nanocomposites must be calcined to transform from an amorphous to a crystalline state. As a result, the effects of 
calcination time and temperature have also been considered. 

Various techniques were employed to characterize the as-prepared CexOy/SrO nanocomposites. According to Fig. 2a, the XRD 

Fig. 2. A) XRD pattern of C1–C6 and b) XRD pattern of C10–C15.  
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patterns for C1 to C6 indicate that the microwave time of 3 min was not sufficient to prepare uniform nanocomposites. The SEM images 
confirm the reason for the broad XRD pattern. CexOy/SrO nanocomposites were successfully synthesized by increasing the microwave 
time. A summary of the XRD patterns of C10 to C15 is shown in Fig. 2b, and the characteristic peak related to CeO2 can be observed in 
all samples except C12. Accordingly, sample C12 was calcined at 400 ◦C, which confirmed that this temperature was insufficient to 
convert Ce2O3 into CeO2. XRD results indicate that the successfully prepared samples contain a mixture of CeO2 and SrO. A cubic phase 
of CeO2 or cerianite has been discovered in C10, C11, C13, C14, and C15 with the reference code 96-900-9009. It has been found that 
all of the samples from C10 to C15 contain SrO with reference code 96-710-2431 and cubic phase. The SEM images of samples C1–C7 
are shown in Fig. 3 a-i. When the microwave power was 600 W, a mixture of nano-belts and microspheres was formed (Fig. 3 a and b), 
whereas when the microwave power was 700 W, a composite of nanoparticles and nanorods was formed (Fig. 3 c, h, i). When the 
microwave power was increased to 900 W, it led to the formation of thick rod structures (Fig. 3 d). Fig. 3 d, e, f, and g illustrate the 
effects of microwave pulses on the morphology of the final product. It was observed that the morphology of the product changed into 
nanoparticles as the microwave running time increased in each cycle. The SEM images of piezo-catalysts C10–C15 are shown in Fig. 4 
a-i. An analysis of the effect of microwave times on the morphology of products revealed that when the microwave time was 3 min, a 
mixture of rods and nanoparticles formed (Fig. 3 c). As the microwave time was increased to 4 min, almost uniform nanoparticles with 
20–40 nm in diameter and some with 150–200 nm in diameter were formed (Fig. 4a). By increasing the microwave time to 6 min, rods 
of 100–400 nm diameter were formed, as well as nanoparticles of 20–100 nm in diameter (Fig. 4 b and c). Comparison of SEM images 
of Fig. 4 a and Fig. 4 d, e, and f can provide insight into the effect of calcination temperature. A temperature of 400 ◦C was used for the 
calcination process in order to produce microspheres and nanorods. Increasing the calcination temperature to 550 ◦C resulted in the 
formation of uniform nanoparticles with a diameter of 20–40 nm, as well as some particles with a diameter of 150–200 nm. If the 
calcination temperature is increased to 700 ◦C, however, a slightly larger nanoparticle is formed (Fig. 4 f). In addition, calcination time 
could have a significant impact on the morphology of products. The results for calcination times of 3, 5, and 5 h are shown in Fig. 4 a, g, 
h, and i. As the calcination time was increased to 5 h, the morphology of catalysts became spherical nanoparticles. It was observed that 
very small nanoparticles were formed when the calcination time was 3 h (Fig. 4 g and h). As the calcination time was increased to 5 h 
(Fig. 4 a), nanoparticles became larger. While the calcination time was increased to 7 h, nanoparticles and rods were formed (Fig. 4 i). 

Fig. 3. SEM image of a, b) C1, c) C4, d) C3, e, f) C5, g) C6, and h, i) C7.  
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Additionally, EDX results confirm the successful synthesis of CexOy/SrO nanocomposites (Fig. 5 a and b). SEM images and XRD peaks 
indicate that the highest quality, uniform, and well-crystalline samples were obtained using 700 W microwave power for 5 min and 
700 ◦C calcination time for 5 h. In the TEM image of sample C10 (Fig. 5 c), which was prepared under optimum experimental con-
ditions, the spherical nanocomposite is clearly visible and confirms its morphology and size. 

3.2. Piezo-desulfurization by prepared catalysts: effect of synthesis parameters on the desulfurization rate 

The four steps below (eqs. (2)–(5)) have been explained about piezoelectric catalysis process and degradation mechanism;  

CexOy/SrO NCS + force → (CexOy/SrO NCS) (e− + h+)                                                                                                                (2)  

O2 + e− →.O2
− (3)  

h+ + OH- → .OH                                                                                                                                                                     (4)  

h+/e− /.OH/.O2
− + sulfur → oxidaized sulfur                                                                                                                                   (5) 

All of the parameters that can make a change directly produce electrons and holes can affect the desulfurization rate [27]. Several 
studies have strongly indicated that nanomaterials, including nanowires (NWs) and nanoflowers (NFs), were commonly used in 
piezocatalysis [29–31]. It has been found that the piezoelectric properties of spherical Pb(Zr0⋅52Ti0.48)O3 are more significant than the 
morphology and structure of piezo-catalysis and that the free charges in piezoelectric materials play a primary role in piezoelectric 
catalysis [29]. However, the findings of this research confirm that due to the ease of structural deformation, nanomaterials such as 
CexOy/SrO nanocomposites have a greater piezoelectric potential than bulk particles. 

A CexOy/SrO nanocomposites were successfully synthesized and then employed to desulfurize thiophene and dibenzothiophene as 
model fuels, as well as kerosene with 2000 ppm sulfur as a real fuel using ultrasonic to activate the piezo-catalyst. As illustrated in 
Fig. 6 and Table 3, as-prepared nanocomposite piezocatalysts were used for the desulfurization of TP, DBTP. The desulfurization 

Fig. 4. SEM image of a) C10, b, c) C11, d, e) C12, f) C13, g) C14, and h, i) C15.  
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process was organized with 75 ppm of each catalyst dosage and using ultrasonic with the power of 320 W within 30 min. The shaking 
period was 15 min. 

Maximum sulfur removal was observed in sample C13 with a uniform spherical and crystalline structure with the formula CeO2/ 
SrO. Desulfurization rates are 95.4 % and 97.3 % for TP and DBTP. Due to the small size of the particles and the uniform spherical 
morphology of the particles, the mechanical force coming from ultrasonic can meet all of the particles efficiently. 320 W is quiet 

Fig. 5. A) EDX of sample C10, b) EDX of sample C13, c) TEM image of C10.  

Fig. 6. Piezo-desulfurization results for TP, DBTP and Kerosene by using as-prepared nanocomposites as catalyst.  
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enough to polarize and create a built-in electric field in piezo-catalysts, which will separate the positive and negative charges when 
exposed to external mechanical forces. As a result, electrons and holes can be continuously separated and pass through the opposite 
surface via piezocatalytic redox reactions nonstop and continuously [32]. As part of the piezo-catalyst removal process, a number of 
parameters can affect the oxidative desulfurization rate. Using TP and DBTP as model fuels and kerosene as the real fuel, this research 
examined the effect of pH of the media, sulfur concentration, piezo-catalyst dosage, ultrasonic power and time, and shaking time on the 
piezo-desulfurization process. 

3.3. Effect of piezo-catalyst dosage on the sulfur removal 

TP and DBTP desulfurization rates have been investigated using C10 as a piezo-catalyst and different catalyst dosages of 10, 25, 50, 
75, and 100 mg (Fig. 7 a). During 30 min of ultrasonic treatment with 320 W in power, the desulfurization rate of TP jumped from 57.7 
% to 94.7 % when the catalyst dosage was raised from 10 mg to 75 mg. The most effective catalyst dosage was 75 mg, as upping the 
dosage from 75 mg to 100 mg resulted in a decrease in sulfur removal and produced only waste piezo-catalyst without any efficient 
sulfur removal. By increasing the amount of piezo-catalyst, it appears that the active site of the piezo-catalyst facing mechanical force 
to create electrons and holes has been decreased or saturated. Similar behavior was observed with DBTP as well. As a result of 
increasing the catalyst dosage from 10 ppm to 75 ppm, the desulfurization rate increased from 59.4 % to 95.6 %. However, once the 
catalyst dosage reached 100 mg, it decreased to 95.1 %. 

3.4. Effect of sulfur content on the piezo-removal efficiency 

For the purpose of studying the effect of sulfur content on desulfurization rate, a piezo-catalyst of C10 with a 75 mg dosage was 
selected. TP and DBTP concentrations of 100, 250, 500, 750, and 1000 ppm were studied for the effect of sulfur concentration (Fig. 7 
b). In accordance with our expectations, the rate of desulfurization decreased with an increase in the concentration of TP and DBTP. 
The results in this study indicate that with the same amount of force derived from ultrasonic power, the determined number of 
electrons and holes can be produced. This can only affect the same amount of sulfur compounds. As the sulfur concentration increases, 
there will be insufficient superoxide to react with sulfur compounds, which can result in sulfur removal. According to these results, 
desulfurization rates decreased from 98.4 % to 99.1 % for 100 ppm TP and DBTP, respectively, to 51.9 % and 60.3 % respectively for 
1000 ppm TP and DBTP. 

3.5. Effect of pH on the piezo-removal of sulfur compound 

The piezo desulfurization experiments were conducted at three different pH levels (4, 7, and 10), with the pH being adjusted to the 
desired level by adding 0.1 M H2SO4 and 0.1 M NaOH. At a pH of 4, adjusted with H2SO4, the chosen piezo-catalyst, C10, removed 97.5 
% of 500 ppm TP and 99 % DBTP. In the presence of 500 ppm TP and DBTP at natural pH (7), the desulfurization rate was 94.7 % and 
95.6 %, respectively (Fig. 7 c). After increasing pH to 10, which is adjusted with sodium hydroxide, the desulfurization rate decreased 
to 78.2 % and 80.7 %, respectively. Because H2SO4 was used to adjust the pH of the prepared piezo catalysts, they performed better in 
acidic media. Since H2SO4 is an oxidant, it facilitates the oxidation of sulfur compounds and increases the effectiveness of sulfur 
removal [33]. Another key parameter that affects piezo-desulfurization removal is the shaking time. This refers to the amount of time it 
takes to extract the oxidized sulfur compounds from the remaining complex into the DMS phase. When the shaking time was 60 s, 50.7 
% and 57.1 % of oxidized TP and DBTP were transferred to DMS, respectively. As the time was increased to 5 min, these values 
increased to 68.7 % and 71.4 %, respectively, for oxidized TP and DBTP. There are also results presented for three more determined 
extraction times (15, 30, and 60 min) in Fig. 7 d. According to these results, 15 min is the optimum extraction time since a longer 
shaking time did not significantly affect the desulfurization process. 

Table 3 
Piezo-catalyst desulfurization results for as-prepared catalysts in 75 ppm catalyst dosage in 30 min 
with 320 ultrasonic power.  

Sample DS of 500 ppm TP DS of 500 ppm DBTP 

C1 83.4 85.1 
C4 90.7 91.2 
C5 85.6 86.7 
C6 80.9 81.2 
C7 78.5 78.9 
C10 94.7 95.6 
C11 93.1 93.4 
C12 80.5 81.6 
C13 95.4 97.3 
C14 72.6 74.8 
C15 92.8 92.6  
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3.6. Effect of ultrasonic time and power on the piezo-removal efficiency 

A high-frequency ultrasonic bath was used in this study to provide the mechanical force to the activated catalyst in a significant 
manner. Our previous work has shown some evidence to indicate how ultrasonic power affects the piezo catalyst’s activity. We 
investigated that increasing ultrasonic power resulted in a decrease in degradation efficiency. We later found that this occurs because 
the temperature increases during sonication, and increasing the temperature significantly decreases efficiency [17,34]. Due to this 
observation, we kept the bath temperature constant at 30 ± 2 ◦C for all experiments. In the study, we found that the removal per-
centage for TP and DBTP went up from 86.7 % to 81.2 % when power was 240 W to 95.9 % and 96.4 % when power was 360 W (Fig. 7 
e). By boosting sonication power at a constant temperature, mechanical force increased and desulfurization removal rates improved. 

In the desulfurization test, ultrasonic power was constant at 320 W during the time intervals of 5, 15, 30, and 60 min (Fig. 7 f). This 
is because sonication plays a crucial role in the desulfurization process. The results indicated that 80.6 % of TP and 81.2 % of DBTP 
were removed during the first 5 min, confirming the rapid degradation of high-concentration TP and DBTP. The results of the study 
showed that by changing the ultrasonic time to 15 min and 30 min, respectively, the desulfurization rate of TP increased to 94.5 % and 
94.7 %. According to the same ultrasonic time, the piezo-desulfurization rate for DBTP was 95.8% and 95.6%, respectively. TP 
degradation rates decrease to 92.9 after 30 min and to 94.1 after 60 min for DBTP. The results of this study indicate that 30 min of 
ultrasonic time is an ideal length of time, and almost all of the studies were conducted for 30 min. 

3.7. Durability and reutilization of piezo-catalyst 

Under the same experimental conditions, a piezo-catalyst was examined for its durability and reusability in the desulfurization of 
sulfur compounds (Fig. 8, Table 4). It was found that the removal efficiency for TP and DBTP decreased slightly after 11 cycles, while 

Fig. 7. Effect of operation parameters on the piezo-desulfurization rates: a) effect of catalyst dosage, b) effect of sulfur content, c) effect of pH of 
fuel, d) effect of shaking time e) effect of ultrasonic power, f) effect of ultrasonic time. 
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that for real fuel decreased after 14 cycles. As a model catalyst, 75 ppm of C10 was used to remove 94.7 % of TP, 95.6 % of DBTP, and 
56.1 % of kerosene in the first cycle during a 30 min ultrasonic process. In the removal of TP and DBTP after 11 cycles, C10 retained 
79.4 % and 80.6 % of its piezo-desulfurization activity, respectively. Reusability of the catalyst is more promising for real fuel; even 
after 14 cycles it retained almost 75 % of its removal ability. Piezo-desulfurization for real fuel is significantly lower than for model 
fuel. This is due to the fact that kerosene contains 2000 ppm of sulfur, which is 4 times higher than model fuel. 

3.8. Mechanism of active radical trapping for desulfurization by piezo-catalyst 

Scavengers were used during ODS to recognize most active species during ODS. By adding free radical scavengers to the piezo 
catalytic system, we can probe the involvement of free radicals in the degradation process. If the addition of scavengers significantly 
reduces or inhibits the degradation of pollutants, it suggests that free radicals are crucial intermediates in the reaction pathway. This 
helps in elucidating the mechanism of pollutant degradation and identifying the key reactive species involved. It was found that piezo 
catalysts produced electrons and holes under ultrasonic conditions and that these electrons and holes could produce free radicals. 
These free radicals can oxidize sulfur compounds. In a reactor with a C10 piezo-catalyst, radical trapping experiments were conducted 
by adding IPA, Benzoquinone (BQ), and EDTA-2Na, which are scavengers of hydroxyl radicals (•OH), superoxide (O2), and holes (h+). 
Fig. 9 and schematic 1 illustrates the related results and mechanism of piezo-desulfurization. The formation of the superoxide radical 
plays a crucial role in the complete oxidation of TP and DBTP since the presence of BQ resulted in the reduction of the desulfurization 
degree from 94.7 % to 25 % and from 95.6 % to 21 % for TP and DBTP, respectively. In this experiment, ultrasonic waves can generate 
electrons and holes in the piezo-catalyst as a result of the external mechanical force created by ultrasonic waves. When electrons are 
generated, they can react with oxygen and produce radicals of oxygen. Besides electrons, generated holes can also react with H2O to 
produce OH radicals or directly react with sulfur compounds, so the role of generated holes is equally critical in this mechanism, as 
adding EDTA-2Na results in a decrease in desulfurization degree from 94.7 % to 36 % for TP and from 95.6 % to 29 % for DBTP, 
respectively. TP and DBTP conversions were not significantly altered by IPA addition, indicating that hydroxyl radicals (•OH) did not 
contribute significantly to piezo desulfurization. 

3.9. Kinetic study of desulfurization 

As a means of analysing the kinetic data of degradation and characteristic factors of desulfurization by piezo-catalyst, two con-
ventional kinetic models were employed, namely pseudo-first-order and pseudo-second-order models. As a result of the pseudo-first- 
order model, the following formula (eq. (6)) can be found [35,36].  

Ln (qe – qt) = ln qe − k1*t                                                                                                                                                         (6) 

Qe and qt represent the amount of sulfur compounds adsorbed at equilibrium (qe) and at different times (qt), calculated in mg/g, 
and k1 represents the pseudo-first-order model rate constant (1/min). It is possible to determine the values of qe and k1 by examining 
the intercept and slope of a linear plot of ln (qe − qt) versus t [37]. 

A table describing the pseudo-second-order model’s kinetic parameters is also provided in Table 5 As can be seen in the table, the 
pseudo-second-order model [38,39] described in Equation below (eq. (7))  

1/qt = 1/k2qe 2+ 1/qe                                                                                                                                                                 (7) 

The study found that at different temperatures, different R2 values were obtained for first-order and second-order kinetics. At 298 
K, R2 value for second-order kinetics was 0.948 while for first-order kinetics it was 0.942. Similarly, at 313 K and 333 K, R2 values were 
0.945 and 0.935 for first-order fitting and 0.959 and 0.969 for second-order fitting, respectively. Based on the results, it can be 
concluded that the reaction follows the second-order kinetic, specifically in the case of piezo degradation desulfurization by SrO/ 
CexOy nanocomposites. Fig. 10a displays the average desulfurization of 500 parts per million total petroleum hydrocarbons (TPH) in 
the presence of sample C10 as a piezo-catalyst at different temperatures: 298 K, 313 K, and 333 K over a given period of time. As the 
reaction temperature increased, the piezo-desulfurization also increased. This trend could be explained by the fact that the temper-
ature rise led to increased solubility of a sulfur compound in the solvent phase and increased the sulfide content, which in turn 
enhanced the reaction between the catalyst and the sulfur compound. Additionally, the oxidation of sulfide to sulfoxide and sulfoxide is 
endothermic, and increasing the reaction temperature shifts the equilibrium in the positive direction. 

The second order rate constant’s activation energy was found to be 3.824 Kj/mole, while the Arrhenius Constant for the second 
order reaction was determined to be 0.0236 mol-1. Sec− 1 (Fig. 10b). Beside, Table 6 compared the results of this new method with 
pervious methods. 

4. Conclusion 

As a result of our study, highly efficient piezo-catalysts have been introduced as promising nanomaterials for replacing previous 
desulfurization methods at room temperature using a mechanical force. As-prepared spherical nanocomposites consisting of CeO2, 
referred to as cerianite and SrO, with cubic phase structures, were effective in removing up to 95 % of sulfur compounds in model fuels 
with 500 ppm sulfur content and 59.7 % in high sulfur content fuels with 2000 ppm sulfur content within 30 min. The CexOy/SrO 
nanocomposites exhibited promising reusability, with a minor reduction in removal efficiency after 11 cycles for TP and DBTP and 14 
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Fig. 8. (e) Reusability performance of as-prepared piezo-catalyst, sample C10 for Thiophene, Dibenzothiophene and Real fuel (Kerosene) at 30 
± 2 ◦C. 

Table 4 
Reutilization results of catalyst in piezo-desulfurization of TP, DBTP, and real fuel (Kerosene).  

Cycle Thiophene removed % Dibenzothiophene removed % Kerosene removed% 

1 94.7 95.6 56.1 
2 94.3 94.1 55.8 
3 93.2 92.9 54 
4 91.4 90.7 54.3 
5 89.6 88.1 52 
6 86.3 86.7 51.9 
7 84.6 84.1 51.8 
8 82.4 83.6 49.6 
9 81.7 82.9 48 
10 80.6 81.1 45.6 
11 79.4 80.6 43.8 
12   43.1 
13   42.3 
14   42.2  

Fig. 9. Free radical trapping experiments of h+ (Na-EDTA),⋅OH (IPA) and⋅O2.  
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Table 5 
Kinetic Parameters for pseudo-first and pseudo-second-order model for different Temperature (SrO–Ce2O3).    

Temperature (K) 

Kinetic models Parameters 298 313 333 
Pseudo-First-Order qe (mg. g¡1) 94.5 96.1 96.3 

K1 (min¡1) 0.311 0.342 0.368 
R2 0.942 0.935 0.945 

Pseudo-Second-Order qe (mg. g¡1) 102.0 103.5 103.6 
K2 (g. mg¡1. min¡1) 0.0050 0.0055 0.0059 
R2 0.948 0.959 0.969  

Fig. 10. A) Average desulfurization of 500 ppm TP in presence of sample C10 as piezo-catalyst at different temperatures. b) Kinetic rate constant vs 
Temperature. 

Table 6 
Comparing the desulfurization efficiency of this work with pervious methods.   

Catalyst Method Removal yield (%) Ref. 

1 FWF@PbO@PVA CODS 97 [40] 
2 Fe6W18O70⊂CuFe2O4 CODS 98 [41] 
3 Fe2W18Fe4@FeTiO3 CODS 97 [42] 
4 Cu-SPOM@PbO@PVA CODS 97 [43] 
5 15%Ag/Fe3O4/graphene Photocatalytic desulfurization 94.5 [44] 
6 CexOy/SrO nanocomposite PDS 97.3 This work  
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cycles for kerosene. To gain a better understanding of the actual desulfurization behavior during piezo-desulfurization, a hole, hy-
droxyl radical, and superoxide scavenger were utilized to identify the mechanism of the piezo-desulfurization reaction and the role of 
various piezo reactive species. It was observed that the reactivity of these piezo-generated reactive species continuously increased from 
superoxide radicals to holes (h+) to hydroxyl radicals (.OH). Based on the kinetic results, it can be inferred that the reaction follows the 
second order with a rate constant of K = 0.0050. Moreover, the thermodynamic outcomes revealed that the oxidation of sulfide to 
sulfoxide and sulfoxide is endothermic. The second order rate constant’s activation energy was found to be 3.824 Kj/mole, while the 
Arrhenius Constant for the second order reaction was determined to be 0.0236 mol-1. Sec− 1 
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