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Degradation of dye
through mechano-catalysis using
BaBi,Ti, O, catalyst
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Ferroelectric BaBi,Ti,O,5; was prepared using solid-state calcination at 950 °C for four hours. X-ray
diffraction, Raman spectroscopy, and X-ray photoelectron spectroscopy were utilized to understand
its microstructure and other structural aspects. Particle size was around <1.5 pm. This oxide is able
to demonstrate piezocatalysis and tribocatalysis as reflected in its dye degradation performance.
This oxide showed piezocatalytic activity around 40% in 2 h and tribocatalytic activity around 90%
in 12 h. The rate constant for the piezocatalytic reaction is 0.003 min=! and for tribocatalytic reaction
is 0.169 h~1. The rotation speed also affected the tribocatalytic activity of the oxide. Oxide showed
25%, 90%, and 94% tribocatalytic activity at 300, 500, and 700 rpm respectively. This material has
demonstrated notable performance of catalysis under different types of mechanical energy sources
and under different mechanisms.
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Catalytic processes for organic pollutants degrade using semiconductor materials are the potential topic of
investigation. The photocatalytic process is one of the largely explored topics for material chemists. A large
number of materials have been reported in the last more than two decades'™. TiO, is a commercially available
photocatalyst that has been utilized for self-cleaning’, dye degradation®, volatile organic compounds degradation’,
H, generation®, etc. Although, TiO, is a proven successful compound. There is still plenty of scope to utilize
catalysis for environmental sustainability. Some of the associated challenges are visible light active catalysis,
prolonged e™-hole recombination time, and waste energy utilization such as mechanical and thermal energies’.
In this context, ferroelectric ceramics have demonstrated interesting multi-catalytic processes'*-'°>. Owing to their
non-centrosymmetric nature, these are bound to exhibit piezoelectric and pyroelectric properties.

In view of these, there are a large number of articles on piezocatalytic particularly on dye degradation
and other electrochemistry aspects. Some of the notable materials are BaTiO;!"!-20, ZnO?-?%, LINbO;**%,
K 5NaysNbO;* and their derivative compounds. These are also promising for the pyrocatalysis process which
is a relatively unexplored topic. Another important catalysis process is tribocatalysis which is the derivative
of the triboelectric effect. Triboelectric has shown scientific merits and shown outstanding performance for
mechanical energy harvesting?-*2

Triboelectric nanogenerators are reported using almost all kinds of nano-materials*-*. Tribocatalysis works
on the triboelectric effect and it is mechano-chemical coupling through the triboelectric effect®. Tribocatalysis is
relatively well-reported for various oxide ceramics®*’-*. To further study the potential improvement using tribo-
catalysis, ferroelectric ceramic can play an important role. Remnant polarization can increase the recombination
time of opposite charges. Some of these materials have been reported in recent years**-*2. BaBi,Ti,O,5 (BBT) is
a ferroelctric ceramic. The piezoelectric properties of this ceramic can be utilized for the piezocatalysis. Much
research has been done to enhance its piezoelectric properties. The effect of microstructure on the piezoelectric
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properties of BBT suggested that coarse microstructure ceramic shows higher piezoelectric properties than fine
microstructure®’. One researcher synthesized BBT heterojunctions with BaTiO; and observed that piezoelec-
tric response increased by the formation heterojunction*. Bismuth is highly volatile at high temperatures so it
vaporizes during the calcination process. This vaporized bismuth lowers the piezoelectric properties. So, one
researcher added extra bismuth to compensate for vaporized bismuth. This strategy also improved the piezo-
electric properties®. This ceramic is lead-free and does not contain toxic materials. Furthermore, the Curie
temperature of this ceramic is also very high so the piezoelectric properties of this ceramic will be maintained
at high temperatures generated locally during the piezocatalysis process. This ceramic possesses low processing
temperature which results in low synthesis cost and the excellent piezoelectric properties of this ceramic moti-
vated the author to investigate its piezocatalytic and tribocatalytic activity.

BaBi,Ti,O,5 (BBT) is one of the Aurivillius family materials and has been known for ferroelectric properties.
Our previous studies have proven its potential merits for catalysis***’. This study demonstrates the tribocatalytic
properties of BaBi Ti,O,; (BBT) along with its comparison with piezocatalysis.

Experimental

BBT catalyst was synthesized via a solid-state reaction route. BaCOj3, Bi,O5, and TiO, were used as precursors
and were mixed in the stoichiometric ratios. Bismuth is highly vaporizing at high temperatures so it can evapo-
rate at calcination temperature. Hence, 8% extra Bi,O; (by weight) was added to the precursor to compensate
vaporized bismuth during the calcination process. The mixture of precursors was subjected to the 950 °C for
4 h for the calcination process.

The X-ray diffraction (XRD) technique was used to examine the phase of the synthesized catalyst. For this
purpose, the Rigaku diffractometer was used. That used copper K alpha as an anode. The data was collected in the
range of 20°-75° with 2°/min step size. The chemical structure and mode of vibrations were analyzed by Raman
spectroscopy. Lab HR evolution by Horiba with a 532 nm wavelength laser was used for Raman spectroscopy.
This experiment was done at room temperature. X-ray photoelectron spectroscopy (XPS) was used to determine
the atomic (elemental) composition of the catalyst. For this purpose, XPS spectroscopy form thermofisher (Nexa)
was utilized. The morphology of the synthesized catalyst was analyzed by scanning electron microscopy (SEM)
by utilizing FE-SEM Inspect S50 equipment. This spectroscopy was equipped with energy dispersive analysis
of x-rays (EDAX). That was utilized for the determination of elemental composition. Furthermore, the direct
optical bandgap of the catalyst was determined by Tauc’s plot technique. The adsorption of the catalyst was
measured with UV-Vis spectroscopy. It was measured with SHIMADZU-2450 double beam spectroscopy and
barium sulfate (BaSO,) reference.

The piezocatalysis and tribocatalysis experiments were conducted on methylene blue (MB) dye aqueous solu-
tion. The concentration of this solution was 10 mg/L. 0.1 g of synthesized catalyst was mixed with 10 mL of this
solution. Now, this is a heterogenous solution of catalyst and MB dye. Catalyst particles absorb MB dye molecules
on their surface. So, this heterogeneous solution was put on the stirrer to achieve the equilibrium between adsorp-
tion and desorption. Notably, the stirrer was placed inside a dark box because the catalyst is also active in visual
light and this light can degrade MB dye molecules. This solution was used for the piezocatalysis experiments.

The pressure (sonic) wave from ultrasonicator was also used to activate the catalyst particle in piezocatalysis
experiments. The heterogeneous solution (MB dye and catalyst) stored in the glass beaker was placed inside the
sonicator bath. The pressure wave travels through the water bath and glass beaker and enters the heterogeneous
solution. This solution contains catalyst particles that were activated by these pressure waves. The frequency of the
pressure wave was 40 kHz and the power of ultrasonicator was 150 W. The sonicator water bath was maintained at
room temperature to avoid errors from heat gradients. The piezocatalysis experiments were conducted for a time
period of 2 h and the concentration of the MB dye aqueous solution was recorded after every 30 min duration.

The tribocatalytic activity of the synthesized catalyst was tested on the MB dye solution as used in the piezoca-
talysis experiments. The concentration of the MB dye aqueous solution was 10 mg/L and 40 mL of such solution
was taken with 0.4 g of catalyst. The adsorption and desorption equilibrium was achieved through a continuous
stirrer of dye solution with catalyst. A glass beaker of 400 mL and polytetrafluoroethylene (PTFE) was used for
generating triboelectric charges. A circular disc of PTFE with ~ 8 cm? surface area was glued with the magnetic
bead so that it could rotate in the influence of the magnetic field generated by the magnetic stirrer. This glued
PTFE disc with magnetic bead was used to perform tribocatalysis experiments. However, adsorption of MB dye
aqueous solution was checked with a PTFE disc and was not significant. The tribocatalysis experiments were
performed for 12 h at 500 rpm, and the concentration of the MB dye solution was checked after every one-hour
duration. The effect of the stirring speed (rotational speed, rpm) on tribocatalytic activity was evaluated by
performing tribocatalytic experiments at different stirring speeds.

The percentage degradation of MB dye aqueous solution was found by utilizing Eq. (1). The absorbance of
the aqueous solution was determined by the UV-Vis spectroscopy. The value of the rate constant for the catalysis
reaction was found by utilizing an integrated first-degree reaction Eq. (2).
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here A, denotes the initial absorbance and A denotes the absorbance after the t time period of catalysis. The same
way C, denotes the initial concentration of MB dye aqueous and C denotes the concentration after the t time
period. The rate constant of the catalytic reaction is denoted by the k which has hr!/min™ unit.

Results and discussion

The data recorded by X-ray diffraction (XRD) was plotted against 2-theta on X-axis and interference intensity on
Y-axis which is shown in Fig. 1. The peaks of Fig. 1 were matched with the International Center for diffraction
data (ICDD). The data matches with JCPDS number 35-0757. This JCPDS number is related to the bismuth-
layered ferroelectrics. This indicates that the synthesized catalyst has an orthorhombic perovskite crystal structure
and is related to the A2,am space group. There is no impurity that was observed in the synthesized catalyst. This
indicates the successful synthesis of BaBi,Ti,O 5 (BBT) catalyst with 8% excess bismuth. The previous studies
suggested that the BBT catalyst formation mechanism is Bi,Ti;O,, + BaTiO; = BaBi,Ti,O,5*>*%. The excess bis-
muth added during synthesis was used to compensate for the vaporized bismuth during the calcination process
(bismuth is highly volatile at high temperatures and gets evaporated during the calcination process) occupied
in the pseudo perovskite block. The graph also indicated that the Bi** occupied pseudo perovskite blocks**=!.
In the XRD plot, it can be observed that the highest intensity is related to the (119) plan, which is related to the
(Bi,0,)* bismuth layer with four intermediate four (m =4) pseudo perovskite blocks*»*>**. Previous studies
determined the lattice parameters by using least square refinement and suggested that there is a small increase
in the ‘@’ parameter in comparison to the BBT without any excess bismuth*. This increase is because of Bi** ions
that is occupied in the perovskite blocks.

Scanning electron microscopy was used to observe the morphology of the synthesized catalyst. Figure 2
shows the image recorded by the SEM. This image shows that the synthesized catalyst has a plate-like morphol-
ogy. This morphology is due to a family of planes observed in the XRD plot. The XRD plot shows the highest
intensity peak is related to the (119) plane. This plan is characterized by its minimum energy state. So, during
the calcination process, the atoms start to diffuse on the plane that requires minimum energy. Due to diffusion
on a specific plane, a plate-like morphology is observed.

Tauc’s plot was used to calculate the direct bandgap of the synthesized catalyst. This plot was plotted with the
help of absorption data (shown in Fig. 3a) taken by UV-Vis spectroscopy. The Tauc-Davis-Mott relation (Eq. 3)
was used to plot Tauc’s plot, which is shown in Fig. 3b.

(¢hv)” = K(hv — Ey) 3)

here a is the absorption coeflicient, h is Plank’s constant, v is the frequency, K is the independent energy constant
and, E, is the optical bandgap in eV. The symbol n denotes the nature of the transmission which is direct in the
case of synthesized catalyst. For direct transmission, the value of the n is 2.

The plotted Tauc’s plot can be seen in Fig. 3b. This plot indicates that when a photon consisting of 2.36 eV of
energy impinges on the catalyst surface, an electron jumps directly to the conduction band from the valance band
by leaving a hole in the valance band. Previous studies reported that BBT without excess bismuth shows a direct
bandgap of 3.29 eV*. Notably, there is a difference of 0.99 eV between BBT excess bismuth and BBT without
excess bismuth. This difference is due to the compensated bismuth content in the BBT catalyst. Furthermore,
an increased number of oxygen vacancies promotes overlapping and delocalization of the valance band edge.
Which also narrows down the gap between the valance band and the conduction band. This analysis suggested
that the excess bismuth decreased the direct bandgap of the catalyst and the new bandgap is in the visual region.

The data recorded by Raman spectroscopy was plotted against Raman shift on the X-axis and intensity on the
Y-axis. Figure 4 illustrates this plot. Previous Raman studies on BBT catalyst suggested 11 individual modes™.
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Figure 1. X-ray diffraction (XRD) plot of BBT.
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Figure 2. Scanning electron microscopy image of BBT.
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Figure 3. (a) Absorption spectrum, and (b) Tauc’s plot for BBT.

Another study indicated modes for central zone phonons of 37A, +35A,+ 35B, + 37B, for BBT in A2,am sym-
metry. This study suggested that only 1A, + 1B, + 1B, mode is acoustic in nature, all other modes are due to BBT®.
The addition of bismuth in the BBT results in producing distortion in the lattice of the BBT crystal structure.
Furthermore, this distortion results in induced less intensity, mode of overlapping, and overdamping, broken
symmetry, making many modes indistinguishable. This type of spectrum has been seen in many studies of other
Aurivillius phases also®”~®!. The peaks (in Fig. 4) below 200 cm™ are related to the bismuth layer and peaks above
200 cm™ are related to the perovskite block. However, the peak at 887.96 cm™ is related to the symmetrical
stretching of TiO4 octahedral®. The plot shows a peak associated with the highest intensity, which is at around
278 cm™*. This peak is related to the O-Ti-O bending vibration.

X-ray photoelectron spectroscopy (XPS) was utilized for the analysis of the atomic composition of the synthe-
sized BBT catalyst. The survey plot of this analysis is shown in Fig. 5a. This figure indicated that the synthesized
BBT catalyst is composed of Barium (Ba), Bismuth (Bi), Titanium (Ti), and Oxygen (O) atoms. The carbon (C)
indicated in this Fig. 5a is due to environmental contamination. The area under the peaks of individual atoms’
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Figure 4. Raman spectrum for BBT.
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Figure 5. (a) X-ray photoelectron spectroscopy (XPS) survey plot, and (b) atomic percentage of individual
elements (Ba, Bi Ti, O) by EDS and XPS for BBT.

characteristic peaks (Ba, Bi, Ti, and O) represents the total number of atoms. This area is considered for the
calculation of the percentage atomic shear of individual atoms. Equation 4 was used for this purpose.

Area under the curve of atom

Atomic% =
Total area under the curve of all atoms

The atomic percentage was calculated and shown in Fig. 5b. It can be seen that the highest atomic percent-
age is related to the oxygen atom (O), and the lowest atomic percentage is related to the barium (Ba) atom. The
atomic percentages of bismuth (Bi) and titanium (Ti) is almost equal and in between the atomic percentage of
oxygen and barium. The atomic percentage was also verified by the Energy-dispersive X-ray spectroscopy (EDS)
technique. The atomic percentage suggested by EDS is near of atomic percentage suggested by XPS. The hierarchy
of the atomic percentages related to the individual atoms fits with the formula of the BBT catalyst. The formula
of the BBT consists of 16 atoms (highest) of oxygen so the atomic percentage of oxygen is highest. Furthermore,
the atom of barium is the minimum (1) in the formula so the atomic percentage of the barium is minimum.
However, the atoms of bismuth and titanium are equal so the atomic percentage of both is almost equal and in
between the oxygen and barium.
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The XPS spectra of the individual elements are shown in Fig. 6. The carbon was observed in the survey spectra
so carbon correction was made in every individual elements XPS spectra. Figure 6a represents the spectrum for
the barium element. The peaks of this spectrum were separated and deconvoluted into two individual peaks.
These peaks were found at 779 eV and 795 eV and were classified into Ba3ds,, and Ba3d,,, respectively. The sepa-
ration between these peaks was due to different momentum created by the distinct spins of electrons. Figure 6b
represents the spectrum for the bismuth. The peaks of this spectrum were also separated and deconvoluted. The
deconvoluted peaks at 159 eV and 165 eV are related to the higher binding state and peaks at 157 eV and 162 eV
are related to the lower binding state. The bismuth shows the two binding states because bismuth is present in
the perovskite block as well as the bismuth layer. Furthermore, in both cases the surrounding atoms of bismuth
are different so bismuth shows two binding states. Figure 6¢ shows the spectrum of titanium (Ti), the peaks are
separated and deconvoluted. The peak at 457.5 eV and 465 eV is related to the Ti2p;;, and Ti2p,,, and the sepa-
ration between them is due to different electron moments imparted by distinct spins of electrons. The Fig. 6d
is related to the oxygen. The peak of this spectrum was deconvoluted and separated into two peaks. The peak
near 529 eV is related to the lattice oxygen and the peak near 532 eV is related to the oxygen vacancy. This can
be seen from the spectrum that the area under the oxygen vacancy peak is more than the area under the lattice
oxygen peak. This indicates that the BBT catalyst contains a significant amount of oxygen vacancy. Previously
published studies suggested that there is an increased concentration of oxygen vacancy due to compensating
excess bismuth?’. These increased oxygen vacancies increase the optical properties by narrowing the bandgap.

The catalytic activity of the BBT catalyst was observed through UV-visual spectroscopy. The MB dye solution’s
characteristic peak was found at 663 nm. The absorbance (height) of the characteristic peaks is an indication of
the concentration of the MB dye in the aqueous solution. Figure 7 shows the absorbance vs. wavelength plot for
tribocatalysis and piezocatalysis. In this figure, it is indicated that as the time of reaction propagates, the absorb-
ance of the MB dye solution decreases. Which is an indication of a decreasing concentration of MB dye. Figure 7a
is related to the tribocatalysis of the MB dye solution and Fig. 7b is related to the piezocatalysis of the MB dye
solution. The tribocatalysis experiments were run for 12 h and piezocatalysis experiments were run for 2 h.

Figure 8 indicates the In(C,/C) plot for both catalytic reactions. These plots were generated by using Eq. 2.
A straight line was fitted in this plot. The slope of the straight line indicates the rate constant of the catalytic
reaction. Both plots consist of degradation reactions without a catalyst (controlled) to compare with catalytic
reactions. Figure 8a is related to the tribocatalysis and Fig. 8b is related to the piezocatalysis. The value of the rate
constant for tribocatalysis is 0.169 h™. Furthermore, the rate constant value for the piezocatalysis is 0.003 min™.
For comparison, the value of the rate constant without any catalyst is 0.016 h™" in the case of tribocatalysis and
0.001 min! in the case of piezocatalysis.

Equation 1 was used to calculate the percentage degradation by tribocatalysis and piezocatalysis. The degrada-
tion efficiency for both catalysts is illustrated in Fig. 9a. This figure shows that tribocatalysis degrades 90% of the
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Figure 6. X-ray photoelectron (XPS) plots for individual elements ((a) Ba, (b) Bi, (c) Ti, and (d) O) of BBT.
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MB dye in 12 h and piezocatalysis degrades 40% of the MB dye in just 2 h. The discussed degradation efficiencies
are not comparable because they were performed for different time periods. So, the rate constant of tribocatalysis
and piezocatalysis is shown in Fig. 9b for comparison. This figure indicates that the rate constant for piezocatalysis
is 30 x 10 min~! whereas the rate constant of the tribocatalytic reaction is 2.3x 10~* min™'. The comparison
of rate constants of both catalytic reactions suggests that piezocatalysis activity is way more than tribocatalysis
activity. This indicates that the piezocatalysis reaction is faster than tribocatalysis. Notably, ultrasonic waves also
induce complicated effects that ultimately affect the degradation of dye under sonocatalysis. Similarly, during
trobicatalysis experiments, the effect of piezocatalysis can not be ignored. The piezocatalysis and tribocatalysis
experiments were performed under different factors such as different volumes of the dye, and different catalyst
dosages. Furthermore, the stimuli for the catalyst were also different (piezocatalysis: sonic waves, tribocatalysis:
friction). So, it is difficult to state about efficiency as ultrasonication has a significantly large energy source as
compared to magnetic stirrer (friction).

The effect of rotation per minute (rpm) on tribocatalytic activity was also evaluated by performing triboca-
talysis experiments on different rpm. The results of this analysis are shown in Fig. 10. Figure 10a presents the
line fitted in In (C,/C) vs time plot. The slope of the line represents the rate constant of the tribocatalytic reac-
tion. This figure indicates that as the rpm of the stirring increases, it leads to an increase in the slope of the fitted
line. These results indicate that as stirring speed increases, the tribocatalytic activity also increases. Figure 10b
illustrates the percentage degradation of the MB dye aqueous solution. These results indicate that the highest
degradation is achieved at the highest stirring speed (700 rpm) and the highest degradation is 94%. Whereas,
the lowest degradation is 25% at 300 rpm (lowest). The insight figure of Fig. 10b illustrates the value of the rate
constant at different rpm. The highest rate constant is for 700 rpm and the lowest rate constant is for 300 rpm.
This study indicates that as the rotational speed of the magnetic stirrer increases, the tribocatalysis activity also
increases. The reason behind the increased tribocatalysis is when the stirrer rotates at higher speeds, the shear
force and contact pressure at the interface of the catalyst and reactants also increase which promotes the mix-
ing of reactants and enhances the exposure of reactants with active sites on the catalyst. Furthermore, higher
rotational speed also generates a high temperature that lowers the activation energy required for the catalysis®.

The triboelectric series positions materials in an order according to their behavior of getting electrically
charged when they are in contact. According to this series, glass is positioned in an extremely positive direction.
Whereas, PTFE is positioned in an extremely negative direction. These position of glass and PTFE suggests that
when they are in contact, there will be charge transfer due to their different electron aflinity. Notably, PTFE is
very electronegative. This too much electronegativity attracts the electrons from glass (due to the high electro-
positivity of glass). When the PTFE disc rubs with glass then electron transfer occurs from the glass to the PTFE
disc. In experimental section, it was explained that a PTFE disc glued with a magnetic bead was used to stir the
MB dye aqueous solution. In this case, PTFE disc is in friction (rubs) with the glass beaker surface. According
to triboelectric series, electron transfer occurs towards PTFE disc. The quantity of electrons increases on PTFE
disc surface. This generated charge on PTFE disc reacts with the water molecules present in the MB dye aque-
ous solution and generates reactive species such as ‘OH, O, . These reactive species are prerequisites for the
degradation of dye molecules. Figure 8a indicates some degradation when none of the catalyst was used. This
degradation is due to reactive species generated by the rubbing of PTFE disc surface and glass surface.

When BBT catalyst powder is introduced into the dye solution, it can initiate a chemical reaction due to
mechanical frictional energy and enhance the percentage of degradation. When BBT particle traps between a
glass beaker and PTFE disc, the positive and negative charged atoms of BBT crystal do not meet with the positive
and negative generated charge on the glass and PTFE disc respectively. This unmatching produces the dipole
moment and spontaneous polarization occurs in the BBT catalyst. This phenomenon initiates the generation of
electron-hole pairs forced in the BBT catalyst due to its small band gap energy. These electron-hole pairs are
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Figure 10. Effect of rpm on tribocatalytic activity (a) In (C,/C) vs time, and (b) comparison of % degradation
(insight: rate constant).
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forced towards the surface of the catalyst particle. Due to the accumulation of charges on the catalyst surface,
a non-zero polarization state occurs in the catalyst particle. When the catalyst reaches the equilibrium, there
will not be any electric field throughout the catalyst crystal. The PTFE disc and catalyst particle have different
electronegativity, so electron transfer also occurs between PTFE disc and the catalyst particle. This electron
transfer generates a non-zero electric field inside the catalyst particle. Notable, catalyst makes electron transfer
easier. This electron transfer between the catalyst particle and PTFE disc occurs in the initial period. When the
catalyst particle moves, there is a very high possibility of an electron to jumping in the conduction band from the
valence band. This process generates the electron-hole pair and initiates the redox reaction for the degradation of
MB dye molecule. Another reason behind tribocatalysis is, that friction generates a mechanical force that could
overlap the electron cloud and provide easy transfer of electron between atoms. This mechanical force can also
excite the catalyst to generate electron-hole pairs. The generation of an electron-hole pair can occur due to two
mechanisms, the first is due to bandgap transition and the second is due to electron transfer between atoms. The
degradation follows the electron-hole pair generation due to friction (R1). These electrons and holes react with
water and generate reactive species (R2 and R3). Generated reactive species react with MB dye molecules and
degrade them. In the case of piezocatalysis, the essential electron and hole pairs are generated by the piezoelectric
properties of the BBT. The ultrasonicator generates micro shock in the aqueous solution of dye. This microshock
exerts a force on the BBT catalyst. Due to the piezoelectric properties of the catalyst, electron and hole pairs were
generated which is essential for the dye degradation®®*%°,

BBT - e + ht (R1)
OH™ + ht — OH (R2)
O+ e — O (R3)

Conclusions

BaBi,Ti,O,; has demonstrated its catalytic nature triggered using ultrasonic waves and low-frequency stirring
motion. Due to its ferroelectric nature, piezocatalysis performance was recorded as 40% degradation in 2 h
with a rate constant of about 0.003 min™! under ultrasonication. This is due to the effects of piezocatalysis and
sonocatalysis. The catalytic effect was also observed using magnetic stirring at different rpm which can attrib-
uted to tribocatalysis. The tribocatalysis degraded 90% of the dye solution in 12 h with a rate constant of about
0.00025 min™. Tribocatalysis at different rotational speeds suggested that degradation efficiency and rate constant
increase with the rotational speed of the magnetic stirrer.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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