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Kinetic and thermodynamic study 
in piezo degradation of methylene 
blue by SbSI/Sb2S3 nanocomposites 
stimulated by zirconium oxide balls
Karukh A. Babakr1, Omid Amiri1,2*, L. Jay Guo3, Mohammad Ali Rashi1 & 
Peshawa H. Mahmood1

Mechanical energy harvesting by piezoelectric materials to drive catalysis reactions received extensive 
attention for environmental remediation. In this work, SbSI/Sb2S3 nanocomposites were synthesized 
as a catalyst.  ZrO2 balls were used as an alternative mechanical force to ultrasonic for stimulating 
the piezocatalyst for the first time. The kinetics and thermodynamics of the piezo degradation of 
methylene blue (MB) were studied deeply. Besides the effect of the type of mechanical force, the 
number of  ZrO2 balls, and temperature of the reaction on the degradation efficiency were studied. 
Here mechanical energy came from the collision of the  ZrO2 balls with the catalyst particles. Using 
 ZrO2 balls instead of ultrasonic vibration led to enhance degradation efficiency by 47% at 30 ± 5 °C. A 
kinetic study revealed that piezo degradation of methylene blue (MB) by SbSI/Sb2S3 catalyst followed 
pseudo-second-order kinetics. Based on thermodynamic results piezo degradation of MB was an 
exothermic reaction.

Developing alternative clean and sustainable energy sources has been drawing intense research interest in 
relieving environmental pollution and energy crises. Materials that can gather and convert solar or mechani-
cal energy have been extensively researched in recent years as a new form of clean  energy1–8. Piezo materials 
are considered an interesting class of material that can harvest and convert mechanical energy to electrical or 
chemical  energy9–12. In this scenario, when the piezo material was forced under applied deformation caused by 
the mechanical force, the piezoelectric potential will shift the electronic energy levels of unoccupied or occupied 
states within the materials. In other words, it lowers the conduction band (CB) of the piezo material to below the 
highest occupied molecular orbital (HOMO) of the molecule of piezo material. Therefore, the electrons could 
transfer from the HOMOs of molecules to the CB of piezo  material13–17. In the past, piezo materials mainly were 
used as sensors, transducers, and electronic  industries18–20. Recently a new application was found, referred to as 
piezocatalysis. Till now, antibacterial and water splitting have been achieved via piezocatalysis. More recently, 
piezocatalysis were applied as a treatment agent to break down water pollutants which is one of the most severe 
environmental issues for human beings because some of these pollutants are highly soluble and chemically stable. 
Various types of materials were developed for this purpose, such as the 1D and 2 D wurtzite ZnO and  BaTiO3

21,22. 
For example, in 2019, Qian et al. reported decomposing of ~ 94% of rhodamine B (RhB) dye by using barium 
titanate  (BaTiO3, BTO)–polydimethylsiloxane  composite23. Later in 2020, Raju et al. applied Polyvinylidene 
Fluoride/ZnSnO3 Nanocube/Co3O4 composite to treat RhB and methylene blue (MB)24. Xu and his coworker 
degraded over 97% of RhB using  Bi0.5Na0.5TiO3@TiO2  Composite25.

Employing piezocatalysis for environmental remediation has advantages compared to the other methods 
such as  photocatalysis26,  adsorbent27, and the Fenton  process28. For example, photocatalysis only works under 
light. Besides, wide bandgap semiconductors are needed to avoid recombination of carrier charges. Using a 
wide-bandgap catalyst requires high-energy photons, and the material is usually more  costly29–34.

Recently several articles published the mechanism behind the degradation of pollutants by piezoelectric 
materials. For example, we applied  PbTiO3 nanostructures to treat acid red 143 and acid violet in water. We 
studied the possible mechanism by using radical scavengers and suggested that free radicals are responsible for 
degradation of organic  pollutants35. Later in 2021, Lin et al. reported use of  BaTiO3 nanocubes as piezo catalysts 
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to treat organic pollutants and suggested the same  mechanism36. Although several groups tried to study the pos-
sible mechanism behind it, the kinetics of degradation of organic pollutants by piezoelectric material is rarely 
studied. For instance, Lei et al studied the kinetics behind piezocatalytic degradation of dichlorophenols using 
two-dimensional graphitic carbon nitride. They reported that the degradation of dichlorophenols is pseudo-
first-order  kinetics37. However, the thermodynamics, effect of temperature, and amount of applied force on the 
kinetic of piezocatalytic degradation of pollutant were not discussed yet. Besides previous reports used ultrasonic 
actuation as a source of mechanical force, while we used zirconia balls to provide mechanical forces. Here we 
prepared piezo catalyst by sonochemistry and hydrothermal method. Then we studied the related kinetics at 
varied temperatures of 293 K, 303 K, and 313 K, and under different mechanical forces. Finally, we studied the 
thermodynamics behind the degradation.

Experimental
Material and characterization. Antimony sulfate  (Sb2(SO4)3), Iodine, and sulfur were used as precursor 
materials without any purification and processing. 1.5 mm Diameter Zirconia Oxide Ceramic balls with hard-
ness of HRA 87-91 were used to stimulate the piezo catalyst. The crystal structure of the samples was investi-
gated by an X-ray diffractometer (Philips X’pert Pro MPD, The Netherlands) with Ni-filtered Cu Kα radiation 
(λ = 1.54 Å). The sonochemical process was performed by an ultrasonic bath of a 20 kHz ultrasonic device with 
a maximum output power of 250 W. EDS (energy dispersion spectroscopy) analysis was performed using an 
X-Max Oxford, England. ƩIGMA/VP- ZEISS, Germany was used to recording SEM images. To take the SEM 
images all samples were coated with gold. TEM images were captured by using transmission electron micros-
copy (TEM, Zeiss).

Synthesis of SbSI/Sb2S3 nanocomposites by sonication method. To synthesize SbSI/Sb2S3 nano-
composites by sonochemistry method first 2 g of  Sb2(SO4)3, 0.95 g of Iodine, and 0.24 g of sulfur weighted. Then, 
mixed those in 100 mL ethanol under stirring for 10 min. Afterward, the above solution was sonicated in an 
ultrasonic bath with 250 W in power for 2 h. Products were separated and washed several times, followed by 
drying overnight at 70 °C (sample  S1). In the case of sample  S2, the ultrasonic time was changed to 3 h.

Preparation of SbSI/Sb2S3 nanocomposites by solvothermal method. The solvothermal method 
was used as an alternative method to prepare SbSI/Sb2S3 nanocomposites. In this case, 2 g of  Sb2(SO4)3, 0.95 g of 
Iodine, and 0.24 g of sulfur were weighted and mixed in 40 mL of ethanol under stirring for 10 min. Afterward, 
the above mixture was transferred to stainless steel autoclave and heated at 180 °C for 6 h. finally, the product 
was separated and washed several times with water and ethanol and dried at 70 °C, This sample was labeled as 
 S3. The next sample which was labeled as  S4 was prepared with the same recipe and hydrothermal temperature of 
245 °C. Samples  S5 and  S6 were prepared to study the effect of hydrothermal time on the morphology and purity 
of products. Hydrothermal time for samples  S5 and  S6 was 4 h and 8 h, respectively. The detail in the preparation 
of Samples  S1–S6 could be found in Table S1 as supporting information.

Evaluation of piezocatalytic activity of SbSI/Sb2S3 nanocomposites. The piezocatalytic activities 
of SbSI/Sb2S3 nanocomposites are evaluated by degrading Methylene blue (MB). 1 g  L−1 of SbSI/Sb2S3 nanocom-
posites was added to the 12.5 mL of Methylene blue with different concentrations and was stirred in dark for 
30 min to equilibrium adsorption–desorption of dye on the catalyst. In the case of using ultrasonic as mechani-
cal force, the mixture of dye solution and catalyst was sonicated in dark at different times. After a certain time, 
the UV–Vis of samples was taken to monitor the degradation efficiency of MB. In the other reaction batches, zir-
conium oxide balls were used instead of ultrasonic to supply force to stimulate piezocatalyst. The numbers of zir-
conium oxide balls were optimized by studying the effect of different number of balls on the degradation of MB.

The effect of preparation condition of catalyst, time, temperature, type of mechanical force, amount of 
mechanical force was studied on the piezocatalytic activities of SbSI/Sb2S3 nanocomposites.

Studying kinetic and thermodynamic of reaction. The study of reaction kinetics was performed by 
collecting the sample every 5 min while the temperature was controlled at the indicated temperatures. The exper-
iments for piezo degradation isotherm evaluation were carried out in a batch system with the MB concentration 
range of 5 and 10 ppm at three different temperatures of 293 K, 303 K, and 313 K, during 90 min of reaction.

The pseudo-first-order rate constants and pseudo-second-order rate constants were determined by a non-
linear curve fitting to the first-order and second-order reaction equation. Activation parameters were determined 
by fitting the data to the linearized form of the Eyring equation.

Results and discussion
SbSI/Sb2S3 nanocomposites were prepared by modification of the sonication method according to the  ref38. 
Besides, SbSI/Sb2S3 nanocomposites were prepared by the solvothermal method. The XRD and EDS of prepared 
samples were presented in Figure S1 and Figures S2–S7. XRD pattern of samples  S1–S6 in Figure S1 showed that 
 S3 had an amorphous structure, while other samples crystallized as orthorhombic SbSI and orthorhombic  Sb2S3 
closely matched well with the previous reports on the XRD pattern of SbSI  nanostructures39–42. EDS results for 
the qualitative analysis of SbSI/Sb2S3 nanocomposites were presented in Figures S2–S7 and approved the presence 
of elements S, Sb, and I in prepared samples which could be assigned SbSI/Sb2S3 nanocomposites. In all spectra, 
the Au peak was observed due to the use of gold for surface conductivity for SEM analysis.
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SEM images of samples  S1–S6 was illustrated in Fig. 1a–f which showed that  S1 mainly consists of aggre-
gated nanoparticles (Fig. 1a). As depicted in Fig. 1b, uniform micro-size rods of SbSI/Sb2S3 nanocomposites 
were formed by increasing sonication time to 3 h. The morphology of the solvothermal synthesized SbSI/Sb2S3 
nanocomposites at 180 °C for 6 h was depicted in Fig. 1c, where they exist in a regular rod shape with an average 
diameter of about 400 nm. Figure 1d displays the SEM image of the sample prepared by the solvothermal method 
at 245 °C where a mixture of more thick rods and nano-sized plates were formed. Changing the solvothermal 
time to 4 h at 180 °C led to the form of belt-like structures (Fig. 1e). The SEM image of sample  S6 is shown in 
Fig. 1f, where very thick plate-like structures appeared. Due to the high reaction time belt-like structures stuck 
together and form thick plate-like structures. TEM images of sample  S4 that was prepared by solvothermal at 

Figure 1.  SEM images of piezo catalysts prepared (a) by sonochemistry for 2 h (S1), (b) sonochemistry for 3 h 
(S2), (c) by solvothermal method at 180 °C for 6 h (S3), (d) by solvothermal method at 245 °C for 6 h (S4), (e) by 
solvothermal method at 180 °C  for 4 h (S5), and (f) by solvothermal method at 245 °C  for 8 h (S6).
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245 °C were illustrated in Fig. 2. TEM images show that hexagonal shape nanostructures with an average size of 
40–70 nm form rod-likes and plate-like structures.

Piezocatalytical evaluation of SbSI/Sb2S3 nanocomposites. First, the effect of the number of  ZrO2 
balls added to the solution was studied by using 0, 5, 10, and 15 balls at 25 ± 5 °C. Results were summarized 
in Fig. 3a, b, it showed the degradation of 10 ppm MB was about 34% when there was no ball in the shaker 
(shaking RPM = 350). Degradation increased to 89.1% by adding 5 balls to the reactor. It happens because of 
increasing mechanical force produced by kinetic energy from the collision of the balls with the catalyst and the 
balls together. Increasing the number of balls to 10 led to a decrease in degradation efficiency to 72.9%. Finally, 
15 balls were used in the reactor which degradation efficiency of 58.8% was achieved by using sample  S4 as the 
catalyst. So 5  ZrO2 balls were used in the next studies, degradation in the presence of 5 balls was higher than 10 
and 15 balls because 5 balls provided more kinetic energy (mechanical energy) to stimulate the catalyst. This can 
be seen in the detail about the momentum of balls in fluid and slow-motion videos of 5, 10, and 15  ZrO2 balls 
in water as a simulation of the degradation reactor of MB as presented in supporting information (Figure S8).

Another parameter that affects the degradation efficiency of MB by SbSI/Sb2S3 nanocomposites was the type 
and amount of mechanical force. Results for using a shaker in the presence of  ZrO2 balls without a catalyst at 250 
RPM, using a shaker in the presence of a catalyst at 250 RPM, using a shaker in presence of both the catalyst and 
 ZrO2 balls at 150, 250, and 350 RPM, and using ultrasonic bath are presented in Figure S9 (supporting informa-
tion). By applying  ZrO2 balls without catalyst at 250 RPM and 30 ± 5 °C only 3.5% of MB was decomposed. Repeat 
the test in the presence of the catalyst and without balls at the same shaking speed and temperature leading to 
degrading 12.8% of MB. Adding catalyst and  ZrO2 balls decompose 25.7% of MB at the same shaking speed 
and temperature. By increasing shaking speeds to 350 RPM in the presence of catalyst and balls, degradation 

Figure 2.  TEM images of sample prepared by solvothermal at 245 °C  for 6 h (S4).
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efficiency increased to 67.2% at 30 ± 5 °C. However, 15.2% of MB was decomposed in the presence of catalyst 
and balls when the shaking speed decreased to 150 RPM. Finally, applying 250 W in power ultrasonic waves as 
mechanical force decomposed 45.7% of MB at 30 ± 5 °C.

The effect of different samples on the degradation of MB was investigated by using 5 balls. Differently prepared 
samples were used as piezo catalysts with less than 250 RPM at 30 ± 2 °C for 1 h and the results were depicted in 
Fig. 3c, d. Following degradation efficiencies were achieved for sample  S1–S6, respectively: 22.4%, 9.1%, 10.8%, 
20.8%, 8.6%, and 8.5%. The first sample prepared by ultrasonic for 2 h shows the highest degradation efficiency.

The mechanism behind the degradation by  ZrO2 balls and piezo catalyst is schematically illustrated in Fig. 4. 
When piezo catalyst particles collided with  ZrO2 balls, electrons and holes were produced in the piezo catalyst. 
Generated electrons and holes reacted with oxygen and water molecules and produced oxidation radicals that 
could decompose dye pollutants.

Figure 5a, b illustrate the effect of the initial concentration of dye and shaking time on the degradation of 
MB. Figure 5a demonstrates the degradation of MB over time by using  S4 as the catalyst at 30 ± 5 °C. 47.7% of 
MB was degraded during 1 h of sonication in an ultrasonic bath at 250 W. By repeating the test on the shaker at 
a shaking speed of 350 RPM, degradation efficiency increased to 67.2%. Sample  S4 showed a lower degradation 
efficiency compared to the result presented in Fig. 3a because the experiment in Fig. 3a was done at a lower 
temperature, the effect of reaction temperature on degradation efficiency will be discussed later. The effect of 
the initial concentration of dye on the degradation efficiency of MB is presented in Fig. 5b, related spectrum is 
presented in Fig. 5c. Degradation efficiency for 5, 10, 15, and 20 ppm of MB was tested by using 5 balls at 250 
RPM at 30 ± 0.5 °C. Based on these results, degradation efficiency was increased by increasing the initial dye 
concentration. In the case of 5 and 10 ppm, 24.7% and 25.7% of MB were degraded while 29% and 37% of MB 
were degraded in case of 15 and 20 ppm of pollutant.

Another parameter that significantly affects degradation efficiency in piezo degradation was temperature. 
To figure out this effect, piezo degradation was studied at 5 different temperatures including 20, 30, 40, 50, and 
70 °C. As proven in Fig. 5d, degradation efficiency decreased over temperatures, and removal percentages of MB 
decreased from 25.7% and 27.9% for 5 and 10 ppm of MB at 20 °C with 250 RPM to 16.1% and 19.5% at 70 °C 
and 250 RPM. Figure 5e shows the degradation efficiency over time for 10 ppm MB at 20 °C, 40 °C, and 70 °C. 

Figure 3.  (a) Degradation efficiency of 10 ppm of MB in presence of sample S4 by using different  ZrO2 balls 
as source of mechanical energy, (b) related spectrum of MB. (c) degradation efficiency of MB by using samples 
S-S6 with shaking speed of 250 RPM at 30 ± 2 °C for 1 h and related spectrum (d).
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Figure 4.  Schematically illustration of degradation of MB dye by SbSI/Sb2S3 nanocomposites in presence of 
 ZrO2 balls.

Figure 5.  (a) Degradation MB by using S4 as a catalyst and ultrasonic bath with 250 W in power (red curve) 
and  ZrO2 balls as vibration source (black curve), (b) removal percentages of different dye concentrations, and 
related spectrum (c), (d) degradation efficiency of 5 ppm and 10 ppm of MB in presence of sample S4 by using 
5  ZrO2 balls. (e) Degradation percentages of MB degradation over time at 20 °C (brown curve), 40 °C  (blue 
curve), and 70 °C  (black curve).
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Based on the results, degradation efficiency was decreased by more than 30% by increasing the temperature of 
shaking from 20 to 70 °C. This happens because we were close to the curie temperature by increasing the tem-
perature and the catalyst will show a more symmetric  structure41,42.

Kinetic and thermodynamic study. The kinetics of degradation and characteristic constants of degrada-
tion by piezocatalyst can be studied through kinetic measurements using pseudo-first-order, pseudo-second-
order, and intra-particle diffusion. The Lagergren pseudo-first-order model is given as  follows43,44:

where  qe and  qt (mg  g1) are the amounts of the MB degraded at equilibrium and at time t (min).  k1  (min−1) is 
the rate constant.

Pseudo-second-order kinetic model assumes that the rate of degradation is second  order45,46.

where  k2 is the pseudo-second-order rate constant (Figs. 6, 7a). Tables 1 and 2 show the kinetic parameters at 
different shaker speeds and different temperatures (20, 40, and 70 °C) which were obtained from non-linear 
regression of the isotherm models. Regarding the shaking speed of 250 RPM at 303 K, the correlation coefficient 
is  R2 = 0.79 for the first order kinetic model fitting which was low, while for the second order was about  R2 = 0.94. 
It seems piezo degradation of MB was done through second order. By increasing the shaking speed to 350 RPM, 

(1)
dq

dt
= k1(qe − qt)

(2)
dq

dt
= k2(qe − qt)

2

Figure 6.  (a) Pseudo first-order and pseudo second-order kinetic models for degradation of 10 ppm MB in 
250 W ultrasonic (red curve), reactor containing 5  ZrO2 balls shaking with 250 RPM (blue curve), and 350 RPM 
(black curve), (b) spectrum of MB over time in presence of S4 as catalyst and  ZrO2 balls as source of mechanical 
force at 350 RPM. (c) spectrum of MB over time in presence of S4 as catalyst in ultrasonic bath with 250 W in 
power, (d) spectrum of MB over time in presence of S4 as catalyst and  ZrO2 balls as source of mechanical force 
at 250 RPM.
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Figure 7.  (a) Pseudo first-order and pseudo second-order kinetic models for degradation of 10 ppm MB in 
presence of sample S4 as catalyst and  ZrO2 balls with 350 RPM in speed at different temperatures: 20 °C  (black 
curve), 40 °C  (red curve), and 70 °C  (blue curve). (b) LNK Vs 1/T Plot for the experimental data for the 
evaluation of thermodynamic Parameters of the degradation of MB. (c) Activation energy for decomposition of 
MB by piezo catalyst based on Arrhenius equation.

Table 1.  Kinetic parameters for different mechanical forces in the decomposition of MB.

Kinetic models Parameters

Different mechanical forces at 303 K

In water bath at 350 rpm In sonication bath 320 W In water bath at 250 rpm

Pseudo-first-order

qm (mg  g−1) 6.7 24.3 2.5

K1  (min−1) 0.103 0.175 0.234

R2 0.977 0.939 0.793

Pseudo-second-order

qe (mg  g−1) 8.1 4.9 2.8

K2 (g  mg−1  min−1) 0.013 0.044 0.115

R2 0.959 0.944 0.940
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 R2 for the first and second order were close,  R2 = 0.98 and 0.96 for the first and second order, respectively.  R2 for 
the first and second order was still close by changing the mechanical force to the 250 W ultrasonic bath, 0.939 
and 0.944 for the first and second order, respectively. It seems in lower shaker speed piezodegradation follows 
second order reaction while it follows first order in higher shaking speeds.

Regarding the kinetic in different temperatures,  R2 of 0.79 was obtained for first-order kinetic at 293 K while 
 R2 of 0.94 was obtained for second-order kinetic at the same temperature.  R2 was 0.84 and 0.87 at 303 and 313 K, 
respectively for first-order fitting. For second-order fitting  R2 of 0.94 was achieved at 293 K. In the case of 303 K, 
 R2 was about 0.96 by second-order fitting. Finally,  R2 was about 0.97 at 313 K. As the results show, the reaction 
follows second order in higher reaction temperatures. In general, it seems the piezo degradation of MB by SbSI/
Sb2S3 nanocomposites follows the second-order kinetic.

The thermodynamic parameters such as entropy (∆S°), Gibbs free energy (∆G°), and enthalpy (∆Ho) for the 
degradation of MB by SbSI/Sb2S3 nanocomposites were calculated from the variation of Kc with temperature 
change of degradation and it can be determined from the following  equations47–49:

where ∆S° is the entropy change (kJ  mol−1), ∆G° is the free energy change (kJ  mol−1) and ∆Ho is the enthalpy 
change (kJ  mol−1), Ceq = Concentration of dye at equilibrium (Reactant Conc. At equilibrium), Ae = concentra-
tion of dye depredated at equilibrium (Product Conc. At equilibrium) by SbSI/Sb2S3 nanocomposites at equi-
librium. The thermodynamic parameters are tabulated in (Table 2). The negative value of ∆Ho indicates the 
exothermic degradation of MB by SbSI/Sb2S3 nanocomposites. ∆Ho decreased by increasing the MB concentra-
tion in the degradation process. ∆Ho is − 13.7 kJ  mol−1 when MB concentration was 5 ppm and it changed to 
− 7.7 kJ  mol−1 when MB concentration increased up to 10 ppm. ∆S° for 5 ppm of MB and 10 ppm of MB was 
− 0.0458 kJ  mol−1 and − 0.0340 kJ  mol−1, respectively. ∆G° for 5 and 10 ppm of MB at 293 K was − 0.305 kJ  mol−1 
and 2.279 kJ  mol−1, respectively. By increasing the shaking temperature to 303 K, ∆G° increased to 0.153 and 
2.619 kJ  mol−1 for 5 ppm and 10 ppm of MB, respectively. ∆G° at 313 K, 323 K, and 343 K could be found in 
Fig. 7b and Table 3. According to the results, ∆G° increased by increasing the reaction temperatures. It means 
the piezo degradation reaction of MB is more favorable in lower temperatures. Figure 7c shows the activation 
energy based on the Arrhenius equation for the decomposition of MB by SbSI/Sb2S3 nanocomposites and it was 
0.148 kJ  mol−1.

Conclusion
In summary, six types of SbSI/Sb2S3 nanocomposites synthesized via solvothermal and sonochemistry meth-
ods, whereas the SbSI/Sb2S3 nanocomposites prepared by sonochemistry (catalyst  S1) in 2 h and SbSI/Sb2S3 
nanocomposites prepared by solvothermal at 245 °C  (catalyst  S4) exhibit a higher piezocatalytic degradation 

(3)�G◦

= �H◦

− T�S◦

(4)�G◦

= −RT lnKC

(5)KC =

Ceq

CAe

(6)LnKC =

�S◦

R
−

�H◦

RT

Table 2.  Kinetic parameters in the decomposition of MB for different temperatures.

Kinetic models Parameters

Temperature (K)

293 313 343

Pseudo-first-order

qm (mg  g−1) 2.5 2.2 1.8

K1  (min−1) 0.234 0.221 0.282

R2 0.793 0.837 0.873

Pseudo-second-order

qe (mg  g−1) 2.7 2.5 1.9

K2 (g  mg−1  min−1) 0.115 0.121 0.209

R2 0.940 0.961 0.967

Table 3.  Thermodynamic parameters in the decomposition of MB for different temperatures.

Dye concentration (mg  L−1) ∆H° (kJ  mol−1) ∆S° (kJ  mol−1)

∆G° (kJ  mol−1)

293 K 303 K 313 K 323 K 343 K

5 − 13.7 − 0.0458 − 0.305 0.153 0.611 1.068 1.984

10 − 7.7 − 0.0340 2.279 2.619 2.959 3.298 3.978
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performance.  S4 decomposes 45.7% of MB when ultrasonic vibration with 250 W in power was used to stimulate 
piezo catalyst during 60 min of ultrasonication, while 89.1% of MB decomposes during 60 min by using  ZrO2 
balls as an alternative mechanical force to ultrasonic vibration. Changing shaking speed show dramatical effect 
on the degradation efficiency, so that degradation efficiency increased more than three times by increasing 
shaking speed from 150 to 350 RPM at 30 ± 5 °C. Temperature is another parameter that plays an important 
role in the degradation of MB by the SbSI/Sb2S3 nanocomposites. Degradation efficiency was increased by 42% 
by decreasing degradation temperature from 70 to 20 °C. Kinetic study shows that at a lower shaking speed of 
250 RPM at 303 K, the correlation coefficients are  R2 = 0.79 for the first-order kinetic model fitting which is low, 
while for the second order is about  R2 = 0.94. It seems piezo degradation of MB was done through second order. 
By increasing the shaking speed to 350 RPM,  R2 for the first and second-order are close,  R2 = 0.98 and 0.96 for 
the first and second order, respectively.  R2 for the first and second order is still close by changing the mechanical 
force to the 250 W ultrasonic bath, 0.939 and 0.944 for the first and second-order, respectively. It seems in lower 
shaker speed piezodegradation follows second order reaction while it follows first order in higher shaking speeds. 
As the results show, the reaction follows second order in higher reaction temperatures. In general, it seems the 
piezo degradation of MB by SbSI/Sb2S3 nanocomposites follows the second order kinetic. The negative value 
of ∆Ho indicates the degradation of MB by SbSI/Sb2S3 nanocomposites piezo catalyst is an exothermic process. 
According to the results, ∆G° increased by increasing the reaction temperatures. It means the piezo degradation 
reaction of MB is more favorable in lower temperatures.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].
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