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ted mechano-catalytic dye
degradation using SrTiO3 nanoparticles†

Aman Shukla,ab Akshay Gaur,a Shivam Dubeya and Rahul Vaish *a

Ball milling stands as a versatile and widely used technique that involves the mechanical grinding of solid

materials via ball mills. Conventionally employed for synthesizing nanomaterials and complex

compounds, this method has now been harnessed directly for catalysis due to its capability for surface

charge separation. Herein, in the present study, we have explored the potential of ball milling to activate

material with low piezoelectric coefficient for catalysis by demonstrating the ball-milling-induced

mechano-catalytic activity of SrTiO3 (STO) nanoparticles for the degradation of toxic methylene blue

(MB) dye. With the assistance of ball milling, STO nanoparticles (of 0.3 g dosage) were found capable of

degrading 70% of 10 ppm MB dye at 400 rpm speed with 10 Zr balls in just 1 hour. A series of parametric

studies were performed to analyze the effect of various process conditions, like catalyst dosage, initial

concentration of dye, ball milling speed, and number of milling balls. Further, scavenging tests were

carried out to detect the responsible reactive species for dye degradation. Moreover, the present ball

milling process was compared with the trivial ultrasonication method where STO showed just 12%

degradation in 1 hour. The results manifest the superiority of ball milling catalysis which not only offers

precise control over reaction parameters but also encompasses scalability, simplicity, and better

potential to conduct catalysis under environmentally benign conditions.
1. Introduction

Global challenges persist in the form of water scarcity and
contamination, impacting communities worldwide and posing
substantial threats to public health and the environment. The
escalating environmental concern involves water pollution
induced by hazardous organic dyes, commonly utilized in
industries like textiles, leather processing, and printing.1–3

Improper disposal practices allow these dyes to enter water
bodies, posing risks due to their persistence and potential
toxicity. The discharge of organic dyes into rivers or lakes can
lead to changes in water colour, reduced light penetration, and
disruption of aquatic life by inhibiting photosynthesis.4 Some
dyes may get converted into harmful by-products, further
compromising water quality.5 Researchers are actively exploring
innovative materials and methodologies to develop sustainable
water purication technologies. Activated carbon adsorption,
a prevalent method, involves porous carbon particles attracting
and trapping organic dyes.6 However, challenges include
potential saturation and, necessitating frequent replacement.
Biological treatment, utilizing microorganisms, is eco-friendly
ng, Indian Institute of Technology, Mandi,
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
but may have limitations in degrading certain dyes with
milder efficiency.7 Membrane ltration, such as reverse
osmosis, effectively removes dye particles but requires
substantial energy inputs and may generate brine waste.8

Among these, advanced oxidation processes (AOPs) always
remain at the forefront of innovative water purication strate-
gies, owing to the generation of reactive oxygen species, holding
promise to degrade emerging contaminants and improving the
overall quality of water resources.9,10

Piezocatalysis represents an emerging frontier in the realm
of advanced oxidation processes (AOPs), offering innovative
avenues for water purication and pollutant degradation.11,12

Unlike traditional AOPs that rely on chemical agents or external
energy sources, piezocatalysis capitalizes on the unique ability
of materials to convert mechanical energy into electrical energy,
which can then activate catalysts to facilitate oxidation reac-
tions. In piezo catalysis, the mechanical stress applied to
piezoelectric materials induces charge separation, creating an
electric eld at the catalyst surface. This electric eld promotes
the generation of reactive oxygen species (ROS), such as
hydroxyl radicals (.OH), which are highly effective in degrading
organic pollutants and disinfecting water. Moreover, piezoca-
talysis offers several advantages over traditional AOPs. It oper-
ates under ambient conditions without the need for external
energy sources, making it energy-efficient and environment
friendly. However, the prerequisite for piezocatalysis process is
non-centrosymmetric structure of the catalyst.
RSC Mechanochem., 2024, 1, 465–476 | 465
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Additionally, piezocatalysts can be easily integrated into
existing water treatment systems, offering a scalable and cost-
effective solution for addressing water pollution challenges.
So far, piezoelectric materials like quartz, barium titanate, lead
titanate, lead zirconium titanate, strontium titanate, lithium
niobate, etc., have been extensively studied for a wide variety of
applications from hydrogen generation to water purication,
from actuators to ultrasonic devices, from piezoelectric motors
to underwater acoustics, etc.13–19

Regarding catalytic applications, these materials are utilized
while subjected to ultrasonication. While piezocatalysis
through ultrasonication can be effective in certain scenarios,
such as enhancing mass transfer or breaking down aggregates,
its application may be limited in terms of scalability and control
over reaction parameters, which are crucial aspects of catalysis.
Moreover, the intense cavitation process induced by ultrasound
waves can also cause physical damage to the piezocatalyst
material, reducing its lifespan and efficiency over time.20 To
address these issues, ball milling technique has emerged as
a potential option to supply adequate mechanical energy
required for piezocatalysis.

Ball milling stands as a versatile and widely used technique
for rening precursors into powder form.21 Additionally, ball
milling is utilized in chemical synthesis, entailing the
mechanical grinding of solid substances via ball mills.22 This
technique is traditionally employed for the synthesis of nano-
materials and complex compounds due to its ability to control
reaction parameters such as milling time, speed, and the choice
of milling media. In recent times, scientists have utilized the
ball milling technique as a direct driver for catalysis due to its
capability for surface charge separation.23–27 This heightened
surface charge separation, achieved through ball milling, offers
a distinctive and potent mechanism for catalytic materials,
enabling their effective involvement in various chemical trans-
formations. During the high-energy ball milling process, solid
materials experience intense mechanical forces and collisions
with milling balls, leading to the generation of charge carriers
on the surface of the particles.28 This process induces a localized
disruption of the crystal lattice, creating defects, vacancies, and
reactive sites on the material's surface. The resulting electronic
and structural changes contribute to the separation of charge
carriers, with electrons and holes occupying different energy
states. This charge separation phenomenon is particularly
advantageous for catalytic applications, as it promotes efficient
electron transfer and generation of reactive oxygen species. The
advantages of ball milling include its scalability, simplicity, and
the possibility of performing reactions under environmentally
benign conditions.

Strontium titanate (STO), is one of the known materials for
its exceptional qualities in various scientic and technological
elds.29,30 Its perovskite crystal structure contributes to its
outstanding electronic, optical, and chemical properties.
Notably, STO shows promise in environmental and energy
applications due to its photocatalytic activity under UV light,
aiding in environmental cleanup and solar energy conversion.31

Moreover, its biocompatibility makes it suitable for biomedical
uses like implants and drug delivery systems.32–35 While pure
466 | RSC Mechanochem., 2024, 1, 465–476
cubic STOmay not exhibit strong piezoelectric properties due to
its centrosymmetric structure, piezoelectric effects can be
induced under specic conditions such as strain-induced
polarization or through defect introduction. Thus, achieving
high piezocatalytic efficiency with pure STO remains a chal-
lenge, highlighting the need for further research to explore
methods for maximizing its catalytic potential. Further, there
are many cases in the literature, where the degradation of
organic pollutant can be due to the surface charges generated
on the catalyst when subjected to mechanical vibrations.

As per our limited knowledge, no study has been done so far
to examine whether the piezo catalytic activity of materials with
low piezoelectric coefficients like STO can be induced and
enhanced by ball milling or not. Herein, we specically chose
STO despite its non-piezoelectric nature. The primary objective
was to investigate whether the mechanical vibrations generated
by the ball milling process can induce sufficient strain in STO,
making it potentially useful for piezoelectric catalytic applica-
tions. The rationale behind this choice is rooted in the
hypothesis that the intense mechanical stresses and strains
produced during ball milling might alter the crystal structure of
STO, possibly inducing a non-centrosymmetric distortion. This
induced strain could hypothetically activate piezoelectric
properties in a material that is naturally piezo-inactive. The
present study is intended to explore the ability of the ball
milling process to instigate mechano-catalytic activity in STO
for the degradation of MB dye. The performance obtained via
ball milling process is compared with that via ultrasonication to
critically evaluate the potential of ball milling. Further, the
effect of various parameters, which inuence the overall activity
of the catalyst, has also been studied.
2. Experimental section
2.1 Material

STO nanoparticles were purchased from Nanogra Nano
Technology, USA. MB dye was used to prepare synthetic
polluted water. For mechanocatalysis, the planetary ball mill
PM 100 (Retsch) instrument with a milling jar (125 ml volume)
and zirconium (Zr) balls as milling balls (of 10 mm diameter
size) were utilized.
2.2 Characterisation

STO nanoparticles were characterized by the X-ray diffraction
(XRD) technique to conrm their crystallographic orientation
using the Rigaku diffractometer which have 9 kW rotating Cu
Ka (l = 1.54 Å) source to record the diffraction pattern. The
diffraction pattern (2q) was obtained within the range of 20° to
80°, employing a step size of 2° min−1. The bonds present in the
molecular structure of STO nanoparticles are authenticated by
Fourier Transform Infra-Red Spectroscopy (Cary 600 Agilent
Technology). Further conrmation of the chemical structure
was achieved through Raman spectroscopy, utilizing the Lab
RAM HR evolution model by Horiba with a 532 nm wavelength
laser. UV-vis spectroscopy was employed to deduce the energy
band gap of STO nanoparticles using a UV-visible
© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectrophotometer (SHIMADZU-2600). Scanning electron
microscopy (SEM) images were captured using the FE-SEM
Inspect S50 model to explore the morphology of the catalyst
powder. For this purpose, the catalyst powder underwent soni-
cation and was then drop-cast into water, followed by a gold
coating to maintain charge neutrality. To determine average
particle size distribution, ImageJ soware was used to measure
the dimensions of particles from FESEM images. Further,
elemental colour mapping and EDAX spectrum were obtained
to roughly estimate the ratios of different elements present in
the catalyst. To delve into the surface chemistry of the catalyst
powder, X-ray photoelectron spectroscopy (XPS) was employed,
utilizing instrument Thermo Fisher's Nexsa.

2.3 Degradation experiments using ball milling

Prior to each degradation experiment, STO nanoparticles were
dispersed in MB dye for 24 hours to establish equilibrium
ensuring clear bifurcation between adsorption and catalytic
degradation in subsequent analysis. During these adsorption
experiments, no other parameters should affect the process,
this was ensured by putting efforts to eliminate the external
inuences. This included conducting the experiments in dark
conditions in an aluminium foil-covered beaker to mitigate the
impact of light. Additionally, to facilitate proper mixing while
minimizing the effect of triboelectricity, a small magnetic bead
and a stirring speed of only 200 rpm were employed. Once
equilibrium was achieved, the heterogeneous mixture of dye
and catalyst was transferred to a ball milling jar for catalysis.
The milling process occurred at regular intervals of 15 minutes
for up to 1 hour, with aliquots collected and centrifuged at each
interval. These dye aliquots were then analyzed by measuring
their absorbance using a UV-visible spectrophotometer
(SHIMADZU-2600) within the wavelength range of 400–800 nm.
The reduction in the absorbance peak of the MB dye was used to
quantify the decrease in dye concentration. The absorbance
value of dye is taken as its equivalent concentration value
according to Beer–Lambert's law, A = 3Cl (where, “A” is absor-
bance of the matter, “3” is molar absorption coefficient and “l”
is the optical path length), thus measure of absorbance can
dene the amount of concentration when 3 and l are kept
constant.

2.4 Parametric study in ball milling assisted catalysis

To explore the impact of different process variables, a para-
metric study was conducted. The thorough analysis offered
valuable insights into how factors such as rotation speed,
number of milling balls, catalyst dosage, and initial dye
concentration inuence the catalytic reaction. The experimental
design ensured that only one parameter was varied at a time
while keeping other parameters constant. For instance, the
effect of rotation speed during the milling process was exam-
ined by conducting experiments at different speeds of 200 rpm,
300 rpm, and 400 rpm. Similarly, degradation experiments were
carried out using 5, 10, and 15 milling balls individually to
assess the impact of the number of balls. Catalyst loading was
investigated by varying the amounts of catalyst to 0.2 g, 0.3 g,
© 2024 The Author(s). Published by the Royal Society of Chemistry
and 0.4 g. Additionally, the initial concentrations of dye were
varied from 5 ppm, 10 ppm, to 15 ppm. The obtained rate
constants for the degradation reaction in each case were plotted
against the corresponding parameter and tted to derive an
empirical expression, demonstrating a pragmatic relationship
between them.

3. Results & discussions

The purity of STO nanoparticles was conrmed by XRD pattern
(Fig. S1†), Raman spectrum (Fig. S2(a)†), FTIR spectrum
(Fig. S2(b)†), absorption spectrum and Tauc's plot (Fig. S3(a)
and (b)†), SEM images (Fig. S4(a)–(f)†), and XPS spectrum
(Fig. S5(a)–(d)†). The detailed characterisation results have been
provided in the ESI le.† Aer conrming phase purity, the STO
nanoparticles were subjected to the adsorption phenomenon,
and for this STO were initially brought into contact with MB dye
for 24 hours to reach equilibrium, ensuring that subsequent
ball milling experiments would result in degradation solely
through mechano-catalysis. Following this, the mixture of dye
and STO nanoparticles was transferred to the milling jar and
subjected to catalysis. The variation of concentration of MB dye
with time was analyzed according to the simple form of Lang-
muir–Hinshelwood (LH) model for pseudo rst-order reactions,
which is given by the equation:

ln

�
C

Co

�
¼ �kt (1)

where “Co” is the initial concentration (at 0 min), “C” is nal
concentration, “k” is rate constant and “t” is time in min.

To determine the rate constant, the natural logarithm of the

ratio of initial and nal concentrations
�
ln

C
Co

�
was plotted

against time (t).
The residual concentration of MB dye aer adsorption–

desorption equilibrium is represented by the 0 min plot in the
absorbance spectrum, shown in Fig. 1(a) and (b). This is
considered as the initial concentration for ball mill experi-
ments. The subsequent decrease in absorbance of MB dye was
observed for different aliquots as time proceeded. This is the
signature of degradation happening via ball milling. By the end
of 1 hour, approximately 70% degradation was achieved using
0.3 g STO at 400 rpm using 10 Zr balls. These results are
comparable with the results obtained with BaTiO3 in our
previous study.24 Although BaTiO3, being inherently non-
centrosymmetric, demonstrated superior efficiency (77%
degradation at 300 rpm), the performance of centrosymmetric
STO (70% degradation at 400 rpm) is still commendable as this
result is a direct consequence of strain-induced polarization.
This impressive result underscores the signicant inuence of
the ball milling process in inducing strain within STO, leading
to polarization that would not naturally occur in its centro-
symmetric structure. Further, the degradation could also be
there due to locally induced polarization developed due to
strain gradient within STO structure during collision of milling
balls. Moreover, for comparison, a batch of experiments was
conducted without adding STO nanoparticles while keeping
RSC Mechanochem., 2024, 1, 465–476 | 467
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Fig. 1 Absorbance spectrum of MB dye (a) without using catalyst (control), (b) using STO nanoparticles catalyst through ball milling at 400 rpm
with 10 balls, (c) plot between ln(C/Co) vs. time revealing the kinetic rate, (d) comparison of % dye degradationwithout catalyst (control), TiO2 and
STO as a catalyst at same parameter.
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other parameters constant. The absorbance spectrum of MB dye
degradation from this control study (without using STO) is
shown in Fig. 1(a) and approximately 27% of the dye was
degraded in 1 hour. This suggests that self-degradation to some
extent can also occur using high energy ball milling catalysis.36

In the study involving the catalyst, the rate constant was
calculated to be 0.0204 min−1, whereas a signicantly lower
value of 0.008 min−1 was obtained for the control study, indi-
cating the considerable inuence of our catalyst STO on
degradation under ball milling conditions. Furthermore, for
comparative purposes, the efficiency of STO was evaluated
against known material TiO2. Under equivalent TiO2 dosage
and similar process parameters, ∼40% degradation was ach-
ieved (as illustrated in Fig. 1(d)). This comparison highlights the
superior performance of STO over TiO2 in mechanocatalysis
applications.

Fig. 2(a)–(e) shows the investigation examined for the effect
of the speed of rotating milling machine on catalytic efficacy. A
solution containing 30 ml of 10 ppmMB dye, along with 0.3 g of
STO nanoparticles and 10 Zr balls, was subjected to milling
under various speeds. The decreasing absorbance spectrum of
the dye for rotating speeds of 200 rpm, 300 rpm, and 400 rpm is
illustrated in Fig. 2(a)–(c) respectively.

It is visually evident that degradation increases with higher
speeds. Fig. 2(d) presents the kinetics plots of ln(C/Co) vs. t for
each case. The rate constants, determined as the slope of the
468 | RSC Mechanochem., 2024, 1, 465–476
tted line, were 0.0105 min−1, 0.0142 min−1, and 0.0205 min−1

for 200 rpm, 300 rpm, and 400 rpm, respectively. This observed
increase in degradation rate with rpm can be attributed to the
inuence of milling speed on the kinetic energy transferred to
themilling balls and thematerial beingmilled. Elevatedmilling
speeds lead to greater kinetic energy, resulting in more frequent
and energetic collisions between the milling balls and the
material. Consequently, this enhances grinding efficiency,
favouring more effective surface charge separation. Conse-
quently, the generation of ROS species is increased, leading to
enhanced degradation. These rate constants (krpm) were plotted
against the speed of the milling machine (rpm), as depicted in
Fig. 2(e), and tted to get an empirical relation represented in
eqn (2).

krpm = 0.00005 rpm − 0.0003 (2)

Further, a series of batch experiments were conducted to
investigate the degradation of 30 ml 10 ppm MB dye by 0.3 g of
STO nanoparticles at a milling speed of 300 rpm, by varying
quantities of milling balls. Fig. 3(a) displays the kinetics plot for
5, 10, and 15 balls. The rate constants, determined from the
slope of the tted line, suggest that an increase in the number
of milling balls leads to accelerated degradation kinetics. This
phenomenon can be attributed to the greater number of
opportunities for energy transfer from the balls to the material,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Absorbance spectra of 10 ppm MB dye with time using 0.3 g STO nanoparticles using 10 milling Zr balls at milling speed (a) 200 rpm (b)
300 rpm and (c) 400 rpm (d) degradation kinetic rate through ln(C/Co) vs. time plot and (e) variation of rate constant ‘krpm’ with rpm.
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resulting in increased impact and applied forces. Consequently,
this can induce a more effective potential in the STO and
facilitate faster milling kinetics. The rate constants (kB) were
then plotted against the quantity of balls (B) and tted to
express the rate constants as a function of the number of balls.
The equation derived from this tting is:

kB = 0.001B + 0.0099 (3)

The impact of catalyst dosage on catalytic efficacy was
investigated and depicted in Fig. 4(a) and (b). Fig. 4(a) illustrates
Fig. 3 (a) Degradation kinetics plot showing ln(C/Co) vs. time revealing t
10 ppm initial MB dye, milling speed of 300 rpm) and (b) variation of rat

© 2024 The Author(s). Published by the Royal Society of Chemistry
the kinetics plots of ln(C/Co) vs. time for experiments conducted
with varying dosages of catalysts (0.2 g, 0.3 g, 0.4 g) keeping
initial concentration of 10 ppm MB dye, 300 rpm milling speed
and using 10 Zr balls. The slope of the tted line in the plot
provided insights into the kinetic behavior of the catalytic
reaction as the catalyst loading was systematically increased.
These derived rate constants were then plotted against catalyst
loading, as depicted in Fig. 4(b). The plot exhibits a consistent
rise in the rate constant's value as the catalyst dosage is incre-
mentally elevated. This can be understood as follows: with an
increased catalyst dosage, there is a greater number of reactive
he effect of no of balls keeping other parameters constant (0.3 g STO,
e constant ‘kB’ with no. of balls (B).

RSC Mechanochem., 2024, 1, 465–476 | 469
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Fig. 4 (a) Degradation kinetics plot of ln(C/Co) vs. time and (b) variation of rate constant ‘kD’ with catalyst dosage (D) by keeping parameters
constant (10 ppm initial MB dye, 10 milling balls, milling speed of 300 rpm).
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sites available while milling, facilitating the generation of
a larger quantity of reactive species, consequently leading to
enhanced reaction kinetics. A mathematical equation, tted to
the data points in the plot representing the relationship
between the rate constant (kD) and the elevated amount of
catalyst (D) in the solution (Fig. 4(b)), is provided in eqn (4).

kD = 0.00003D + 0.006 (4)

Finally, in parametric study, the reaction kinetics was
examined by varying the initial concentration of the MB dye
aqueous solution from 5 ppm, 10 ppm to 15 ppm (while other
parameters remain xed) and illustrated in Fig. 5(a) and (b). The
reaction kinetics to assess this inuence is given in Fig. 5(a).
The slope of the tted line, which serves as an indicator of the
rate constant changes when a higher concentration of dye was
utilized for catalysis. The plot in Fig. 5(b), which was generated
to elucidate the pattern of variation of the rate constant
Fig. 5 (a) Degradation kinetics plot of ln(C/Co) vs. time and (b) variation
parameters constant (0.3 g STO, 10 milling balls, milling speed of 300 rp

470 | RSC Mechanochem., 2024, 1, 465–476
concerning the increased initial concentration reveals that the
rate constant decreases as the initial concentration of the
solution is raised for catalysis. This reduction in the rate
constant can be attributed to the augmented quantity of MB dye
molecules in the aqueous solution. With higher concentrations
of dye, a greater number of reactive species are required to
interact with and break down the molecules. The inadequate
availability of the necessary reactive species hampers the reac-
tion kinetics and leads to a decline in the rate constant. The
expression showing rate constant (kIC) as a function of initial
concentration (IC) is given by eqn (5).

kIC = −0.0007IC + 0.02 (5)

Generation of reactive species in mechano-catalysis process
is the responsible factor for degradation of organic pollutant.
Thus, it becomes important to track the most important or
dominating reactive species among produced reactive species.
of rate constant ‘kIC’ with initial concentration (IC) by keeping other
m).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Thus, scavenging experiments were performed to investigate
the most prominent reactive species responsible for degrada-
tion by observing the effectiveness of various scavengers in
mitigating the degradation of dyes. Scavengers are compounds
or substances that react with reactive intermediates or radicals
generated during the degradation process, thereby reducing the
degradation rate. We have used 300 ml of 10 mM solutions of
isopropyl alcohol (IPA), benzoquinone (BQ), and ethyl-
enediaminetetraacetic acid (EDTA) as scavengers for trapping
hydroxyl (cOH), superoxide (cO2

−) and hole (h+), radicals,37–39

respectively in 30 ml mixture of 10 ppm dye and 0.3 g STO
nanoparticles while ball milling at 400 rpm with 10 Zr balls.
Fig. 6 illustrates the degradation of dye achieved in the presence
of each scavenger using the ball milling technique. The degra-
dation was ∼70% when no scavenger has been added. Aer the
addition of scavengers, a decrement in percentage degradation
is observed. For IPA, BQ, and EDTA scavengers, the degradation
rates were approximately 32%, 20%, and 12%, respectively. It
means, h+, cO2

−, and OH− all radicals play important roles in
degradation because the presence of scavengers of any of these
species results in lower degradation. Among all scavengers,
EDTA exhibited the lowest degradation rate. Therefore, it can be
concluded that holes (h+) were the most responsible species for
degradation by STO using ball milling technique.

Ensuring the stability of the catalyst, post-treatment is
crucial to ascertain its efficacy and longevity in catalytic appli-
cations. Therefore, following the catalytic treatment, it is
imperative to conduct a thorough characterization of the
residual catalyst. This process allows for the investigation of any
potential alterations in the crystal structure or particle size of
the catalytic material. In this regard, the residual STO nano-
particles were typically ltered, subsequently air-dried to elim-
inate any residual solvents and then analysed using XRD and
FESEM techniques.
Fig. 6 % degradation in absence and presence of different scavenging
species.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 7(a) illustrates the XRD analysis of STO nanoparticles
before and aer treatment. The similarity between the XRD
peaks of the residual STO nanoparticles and those of the orig-
inal catalyst conrms the preservation of the crystal structure of
the catalyst following the ball milling treatment. A slight shi in
the peak position of the (110) plane is observed (as depicted in
the zoomed view of Fig. 7(a)), indicating a minor increase in the
interplanar distance between the (110) planes. The average
crystallite size was determined based on both XRD patterns,
revealing a decrease from 47.9 nm to 42.4 nm aer the ball
milling process. Similar trends were observed for the average
particle size measured from the eld emission scanning elec-
tron microscopy (FESEM) images of STO nanoparticles before
and aer treatment (depicted in Fig. 7(b) and (c)). The reduction
in average particle size from 182 nm to 175 nm was noted.
Although this decrease may not be substantial, it is expected
given that the STO nanoparticles were subjected to ball milling,
a method known for particle size reduction. However, it's worth
noting that the reduction is not signicant, likely due to the
relatively short duration of ball milling, which was conducted
for only 1 hour.

The ultrasonication assisted mechanocatalytic performance
of STO was assessed through the degradation of MB dye under
ultrasonic vibration. A 0.3 g sample of STO was used to degrade
30 ml of 10 ppm MB dye. An ultrasonicator operating at 40 kHz
and 140 W was employed to apply ultrasonic vibrations to the
heterogeneous solution. To mitigate the effect of thermo-
catalysis, the ultrasonicator's water was replaced with fresh
cold water every 30 min. The experiment was carried out under
dark conditions, and samples were collected at regular intervals
and subjected to centrifugation for analysis. Fig. 8(a) illustrates
the comparison of kinetics, represented by the plot of ln(C/Co)
versus time, for the ultrasonicated assisted mechanocatalytic
degradation of dye by STO nanoparticles using an ultra-
sonicator and degradation using ball milling with an equivalent
amount of catalyst. The rate constant obtained for the ultra-
sonication process is 0.002 min−1, which is notably lower
compared to that for ball milling, which stands at 0.0205min−1.
This disparity in rate constants indicates a signicantly slower
degradation process with ultrasonication.

In Fig. 8(b), the degradation percentage of MB dye by ultra-
sonication and ball milling, with and without catalyst, is
depicted. In the case of ultrasonication, approximately 5%
degradation was observed in 1 hour even without catalyst,
attributed to the direct interaction of ultrasonic waves with the
dye molecules. This degradation increased to 11% when STO
nanoparticles were added. Conversely, for ball milling catalysis,
the dye exhibited degradation to approximately 27% without
catalyst and approximately 70% with the catalyst. These results
underscore the superiority of the ball milling method of
mechano-catalysis over the ultrasonication process, demon-
strating more efficient degradation of the dye under ball milling
conditions.

The weakening of MB dye utilizing the ball milling assisted
mechano-catalysis process is feasible due to the charge sepa-
ration induced by the impact force generated by milling balls
within a jar. STO nanoparticles owing with dye gets trapped
RSC Mechanochem., 2024, 1, 465–476 | 471
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Fig. 7 (a) XRD (with zoomed view) of STO before and after treatment, FESEM images with particle size distribution of STO nanoparticles (b and c)
before and (d and e) after catalytic treatment.
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between the balls, and the impact force leads to charge sepa-
ration on the surface of the catalyst. The results of this study
demonstrate that a signicant amount of degradation was
achieved, highlighting the potential of ball milling-assisted
catalysis even for centrosymmetric structures. This research is
among the rst to explore the use of centrosymmetric struc-
tured ceramics for dye degradation under the action of
mechanical force. While the exact mechanism for the genera-
tion of reactive species remains unclear, it is plausible that
induced polarization occurs in the STO ceramic during colli-
sions. Additionally, local polarization may be induced due to
472 | RSC Mechanochem., 2024, 1, 465–476
strain gradients created when the STO ceramic is trapped
between two milling balls during the process. Basically, when
STO is subjected to mechanical force, the STO prompts a dipole
moment to induce polarized positive and negative charges
within the material. Consequently, a polarization electric eld
emerges. Furthermore, this phenomenon concurrently leads to
the bending of conduction band (CB) and valence band (VB).25

This region proves advantageous in facilitating the transfer of
charge carriers to the surface, thereby participating in redox
reactions. Overall, with high impact force generated during
collision positive (h+) and negative charges (e−) are generated
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Kinetic rate in ultrasonication and ball milling assisted catalysis (b) percentage degradation after 1 hour treatment.
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which participate in redox reactions, whereby generating reac-
tive species.40–44 These reactive species disrupt the heterocycle
structure of MB dye molecules, leading to their decomposition
or weakening. The degradation of MB dye through ball milling
assisted mechano-catalysis process can be comprehensively
understood through eqn (10)–(13).24,27

STO + impact force (through balls) / h+ + e− (6)

O2 adsorbed + e− / cO2
− (7)

OH− + h+ / cOH (8)

MB dye + (cOH/cO2
−) / dye degradation (9)

In examining the MB dye degradation through ball milling,
we can employ the piezocatalysis effect theory, where the
induced potential is regarded as a function of the applied force.
Fig. 9(a)–(c) shows the schematic representation of top view of
mill jar, trajectory of balls in milling jar and schematic repre-
sentation of production of reactive species while collision. The
relationship between the potential induced by strain and the
applied force can be represented by eqn (10).45

V = fndxylx3rx3o (10)

In eqn (14), “V” represents the potential induced on the
surface of the piezocatalyst due to the applied force. Here, “fn”
signies the applied normal force in the y-coordinate, “dxy”
denotes the piezoelectric coefficient, “lx” represents the length
of STO in the coordinate system, while “3rx” and “3o” stand for
the relative permittivity and permittivity of free space, respec-
tively. It's evident that among these factors, “fn” holds signi-
cant inuence and can be considered a function of the induced
potential. However, in the ball milling-assisted piezocatalysis
process, the applied force on the piezocatalyst correlates
directly with the ball milling parameters. To enhance compre-
hension, a sports model was adopted and expressed in eqn
(11)–(14).46,47
© 2024 The Author(s). Published by the Royal Society of Chemistry
fn = ppr2 (11)

p = gpv
0.4(r/Ee)

0.2Ee (12)

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðUrdÞ2 þ ðU� uÞ2rv2 þ 2UðU� uÞrdrv cos f

q
(13)

cos f ¼ �rvðU� uÞ2
rU2

(14)

In the sports model, various assumptions are made, result-
ing in the trajectory of milling balls being depicted as moving
from position (B1) to position (B2), as illustrated in Fig. 9(b).
Here, “f” represents the rotation angle of the milling ball, while
“U” and “u” denote the angular velocities of the planetary disk
and vial, respectively, measured at radii indicated as “r” and
“rd”.

Basically, there are two key aspects to dye degradation via
ball milling catalysis: the nature and type of catalyst used, and
the working conditions/parameters of the ball milling. Eqn (10)
illustrates the nature of the catalyst, showing that the potential
developed in the ceramic, which possesses specic dielectric
properties, is driven by the force applied by the milling balls.
This force is directly linked to parameters such as the rotation
angle of the milling ball and the angular velocities involved in
ball milling. These inuencing parameters, presented in eqn
(11)–(14) from previous literature, can be collectively observed
by varying the speed and the milling balls. Through the
preceding discussions, it becomes evident that the weakening
of MB dye using ball milling is directly linked to the force
exerted by the milling balls. Moreover, this applied force can be
viewed as a function of both the velocity of the planetary disk
and the collision of balls within the jar.

The parametric study using STO in mechano-catalysis via
ball milling process validate such theory as more effective force
can be generated when there is an increase in milling speed
while keeping quantity of balls same or increasing the quantity
of balls while keeping the speed same. Moreover, increase in
speed or balls can also leads to higher degradation of MB dye.
RSC Mechanochem., 2024, 1, 465–476 | 473
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Fig. 9 (a) Top view representation of ball milling jar, (b) trajectory of balls in milling jar, and (c) schematic representation showing production of
reactive species when STO gets trapped between two balls during collision.
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As in the present study, there is increase in the kinetic rate of
degradation of MB dye from 0.0105 min−1 to 0.0205 min−1 with
variation in speed from 200 to 400 rpm, also with increase in the
quantity of balls there is increase in the value kinetic rate. Thus,
with increase in the value of both parameters of no of balls and
speed there is more possibility of higher collisions which
creates more reactive species responsible for degradation of MB
dye.

Furthermore, there is a possibility of triboelectric effect in
degradation of the MB dye.48 The tribocatalysis process is
known for degradation of pollutant by virtue of contact induced
surface electrication. STO is a centrosymmetric material thus
full mechanism of degradation of MB dye via piezocatalysis
cannot be justied. However, with centrosymmetric material
surface piezoelectricity can produce reactive species when
mechanical vibrations are been subjected to them. The charge
generated on the surface due to mechanical excitation is also
capable of generating reactive species responsible for degrada-
tion of dye. Further, tribocatalytic effect can also be a respon-
sible factor for degradation of dye in ball milling assisted
mechano-catalytic process.48 However, it is not possible to
differentiate the effect of tribocatalysis and piezocatalysis in
mechano-catalysis process utilizing ball milling technique.
4. Conclusions

Traditionally, ball milling is utilized for mechanical grinding of
solid materials through milling balls in milling jar. However, in
the present study we have utilized ball milling machine for dye
degradation application. We demonstrated that the mechano-
catalytic activity can be induced by ball milling, even in
centrosymmetric STO nanoparticles for the degradation of toxic
474 | RSC Mechanochem., 2024, 1, 465–476
methylene blue (MB) dye. Various parametric studies were
conducted to analyze the impact of different process conditions,
including catalyst dosage, initial dye concentration, ball milling
speed, and the number of milling balls. The maximum degra-
dation of MB dye (10 ppm) in entire parametric study was found
to be ∼70% within just 1 hour at a speed of 400 rpm with 10 Zr
balls. Furthermore, we compared the ball milling process with
the conventional ultrasonication method of STO, which showed
only 12% degradation in the same duration (1 hour). The
present study explores the superiority of ball milling catalysis,
offering precise control over reaction parameters under envi-
ronmentally friendly conditions.
Data availability
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