2011; Lan et al. 2021). Considering the gravity
of water pollution, several physical solutions like ion flota-
tion, sedimentation, filtration, coagulation, and adsorption
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are commonly used techniques for wastewater treatment
(Shakir et al. 2010; Zodi et al. 2010; Chen et al. 2005; Kang
and Chang 1997; Sahu and Chaudhari 2013). Unfortunately,
the expense of such techniques is extremely high and they
use a significant amount of energy (Sharma et al. 2020). For
example, the adsorption process is constrained by the fact
that it produces secondary pollution whose degradation is
highly challenging (Dong et al. 2015).

Degradation of the organic pollutant by photocatalysis
has been regarded as an appealing tactic method due to its
reliability (Gaur et al. 2022). It uses photo-oxidation reac-
tions using photocatalysts such as titanium dioxide (Ti0O,),
zinc oxide (ZnO), cadmium oxide (CdO, and stannic oxide
(SnO,) (Boroski et al. 2009; Bazazi et al. 2018; Zeid et al.
2019; Liang 2019). The process necessitates illuminating
light onto the surface of the photocatalyst, inducing electrons
to become excited and move into the conduction band, while
simultaneously creating holes in the valence band. These
electron—hole pairs provide a driving force in water to pro-
duce active species that attack the molecule of the organic
pollutant, causing the organic molecules to completely min-
eralize into CO, and H,O (Ponraj et al. 2017; Kanhere and
Chen 2014). The major drawback of photocatalysis is its



2019).

Utilizing the direct piezoelectric effect to degrade organic
pollutants present in water through the assessment of ambi-
ent mechanical vibrations is a viable approach (Wang et al.
2019). Thus, piezocatalysis stands out as a promising emerg-
ing technology for effectively degrading organic pollutants.
Majority of recent investigations have observed piezocataly-
sis employing BaTiO3, Bi,Ti;0,,, Bij, sNa, 5TiO3, Pb(Zr,T1)
O3, ZnO (Wu et al. 2018; Wu et al. 2019; Liu et al. 2019;
Feng et al. 2017; Xue et al. 2015). Despite its promise, pie-
zocatalysis faces challenges in terms of low concentration
of free charge caused by thermo-excitation in piezoelectric
materials, primarily due to their large band gap where con-
sequently, this limitation leads to relatively poor degrada-
tion efficiency. (Wu et al. 2018; Xue et al. 2015). Limita-
tions of both photocatalysis and piezocatalysis processes
can be overcome by combining the effects of the processes.
Literature shows that the synergistic effect of both pro-
cesses is common practice to achieve enhanced degrada-
tion of organic pollutants [8,24-26.]. To carry forward such
a trend of achieving enhanced degradation in the present
study, Ba,NaNbsO 5 (BNN) ceramic powder was used as
a catalyst. BNN is a member of the tungsten bronze family
whose notation is (A}),(A,),B,,05,, where Al has 15 coor-
dinated atoms, A2 has 12 coordinated atoms, and B has 6
coordinated atoms (Kundu and Varma 2013). BNN is a fas-
cinating material since it has superior non-linear optical as
well as a much higher laser damage threshold than LiNbO;
and KDP single crystals (Rice et al. 1969). Additionally, it
has been discovered that this material contains piezoelectric
and acoustic-optic characteristics (Rice et al. 1976; Warner
et al. 1969).

Up to now, several attempts have been made to boost pie-
zocatalytic performance using ultrasonic vibration by vary-
ing the parameters. However, they all restrict the potential
industrial-scale application of piezocatalysis due to its poor
performance. A more recent method to speed up the dye
degradation process is ball milling catalysis, which is fre-
quently used as a practical and long-lasting method in the
“mechano-chemical” field (Mehdi et al. 2022). The ball mill-
ing method offers several advantages over ultrasonication,
making it a preferable choice in mechanochemistry. These
advantages include low cost, minimal environmental tox-
icity, and high energy consumption efficiency (Calka and
Wexler 2002). Thus, it is clear that ball milling can effec-
tively eliminate environmental toxins by applying external
force to piezoelectric materials.

In this study, we investigated the degradation of
MB dye using advanced oxidation processes, specifi-
cally photocatalysis and piezocatalysis. Additionally, we
explored the combined effect of both processes, known as

piezo-photocatalysis, utilizing BNN ceramic powder. Fur-
thermore, we applied the ball milling technique for dye deg-
radation. Importantly, it is worth noting that BNN had not
been previously explored for water treatment applications
according to the authors knowledge.

Experimental section
Reagents and synthesis

Precursors (~99% purity) like barium carbonate (BaCOs),
sodium carbonate (Na,CO;) and niobium pentoxide (Nb,Os)
were mixed stoichiometrically using mortar and pestle in
acetone medium to obtain homogeneity. Ba,NaNbsO;
(BNN) was synthesized by solid-state reaction method in
which mixed precursors were calcinated at 1250 °C for 6 h
inside an electric furnace (Nabertherm, Germany). The syn-
thesis of BNN ceramic is initiated through the decomposi-
tion of BaCO; and Na,CQO3, as depicted in Eqgs. (1) and (2):

BaCO; » BaO + CO,(g) (D

2Na,CO; - 2Na,0 + 3CO,(g)

Subsequently, the resulting BaO and Na,O from the
decomposition participate in a chemical reaction with
Nb,Os, leading to the formation of BNN, as illustrated in
Egs. (3) and (4):

2BaO0 + 2NaO + 5Nb,O5 » Ba,NaNb;O,5

or

2BaCOj; + 2Na,CO; + 5Nb,05 - Ba,NaNbsO,5 + 7CO,(g)

Characterization of BNN ceramic powder

The structure of the as-prepared BNN catalyst is determined
by a smartlab X-ray diffractometer (Rigaku Corporation,
Japan) with a Cu Ka source. XRD pattern was recorded
using a 20 scanning pattern from 20° to 60° at a rate of 2°/
min. Surface morphology was observed using (FEI SEM
NOVA, Nanosem 450) Field emission scanning electron
(FE-SEM) microscope. Using BaSO, as reference mate-
rial, diffuse reflectance spectrum (DRS) was captured using
a UV-visible spectrophotometer (UV-2600, Shimadzu).
With the X-ray photoelectron spectrometer (NEXSA), the
BNN elemental detection and oxidation state were exam-
ined. Additionally, Raman spectroscopy (HORIBA Lab
RAM HR evolution with 532 nm wavelength laser) was used
to identify vibrational modes.
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1. The synthesized cata-
lyst seems to have a single phase with a tetragonal tung-
sten bronze structure, according to its XRD pattern (PDF:
40-1463) (Li et al. 2020). Figure 2a and b illustrates the
FESEM image and particle size distribution of the solid-
state produced BNN ceramic powder at 10 um and 5 pm

JCPDS : 40-1463
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Fig.1 XRD pattern of BNN ceramic powder




Fig.2 FESEM image of BNN

ceramic at a scale of a 10 um, b
5 um, and c Particle size distri-
bution of BNN ceramic powder

2c. Here, there
is a noticeable wide range in particle size which is primarily
related to the agglomeration effect. It is a general observa-
tion that van der Waals forces interacting among the crystal-
lites might be the cause of this agglomeration phenomenon
and minimizing surface free energy, smaller crystallites,
particularly those at the nanoscale scale, tend to aggregate
(Rice et al. 1969; Gao et al. 2011).

To further analyze and confirm the phase formation in
BNN ceramics, a Raman spectrum is recorded. The Raman
spectrum is obtained by measuring the scattering of light in
the wavenumber range of 400-1000 cm™! using a 532 nm
wavelength green laser. This analysis allows us to observe
phase transitions and structural changes in the BNN ceramic
powder. Two observable peaks at 632 cm™' and 845 cm™!
relate to the internal vibration of NbOg octahedron: O-Nb-O
bending vibration as shown in Fig. 3 (Li et al. 2020; Yang
et al. 2020).

The energy band gap of the synthesized BNN ceramic
sample is determined using Tauc's equation, as shown in
Eq. 6 (Tauc 1972).

m

a(hv) = B(hv — E,) (6)

where "B" represents the energy independent coefficient, "a"
denotes the absorption coefficient, "E," denotes the energy
band gap of the synthesized sample. "h" is the Plank's con-
stant, "v" is the frequency of the falling light source, and "m"
represents the type of electronic transition that causes optical
absorption. For direct and indirect energy band gaps, "m" is

interpreted as 1/2 and 2 respectively (Fig. 4).

100
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5b, the sample exhibits

a direct band gap of approximately 3.48 eV. This value was
determined through a straight line fit to the linear section
of the curve. At~350 nm wavelength, a significant cut-off
was seen as shown in Fig. 5b. The band gap obtained for
the BNN composition, which is 3.48 eV, is limited to the
ultraviolet (UV) region of the electromagnetic spectrum,
specifically within the wavelength range of 100 to 400 nm.
By conducting degradation tests on~ 10 mg/L concen-
trated 10 mL MB dye solutions under ultrasonic vibration,
UV light irradiation, and at both conditions together, piezo-
catalytic, photocatalytic and piezo-photocatalytic capabili-
ties of the BNN ceramic were examined. Figure 6b, d, and
f display the absorbance spectra of MB dye when utiliz-
ing BNN ceramic powder in photocatalysis, piezocatalysis,



6a, c, and

e. The results demonstrate that the BNN ceramic used as a

catalyst has a positive impact on accelerating the degrada-
tion efficiency of MB dye in all three processes.

During the photocatalysis process, the generation of elec-

tron-hole pairs (¢ /h") is initiated in semiconductors when

P )




Flg' 8 Absorbanc.e spectra of . (a) Ball milling assisted Piezocatalysis (b) Ball milling assisted Piezocatalysis —— Omin
MB dye in ball milling catalysis (Control) —— 15 min
a without using any catalyst, b
using BNN ceramic as piezo- 3 2
catalyst at 300 rpm speed with é E’L
10 Zr milling ball ) ¥

§ §

g g

3 3

= =

= =

500 550 600 650 700 750 800 500 550 600 650 700 750 800

Wavelength (nm)

2018). In Fig. 8a, the
absorbance of MB dye is displayed when no BNN ceramic
catalyst is used (representing a control experiment) over
90 min. Without any catalyst, the degradation of MB dye
was approximately 21% under the same milling conditions,
utilizing 10 milling balls and a speed of 300 rpm.

The mechanism of ball milling catalysis initiates with
charge separation induced by the impact force created by
the milling balls within the milling jar, as depicted in Fig. 9.
In addition to the rotary motion created by the planetary
disc in the ball milling machine, milling balls also revolve
around their axes. This interaction causes the milling ball
to move randomly and collide into other milling balls that
were kept inside the milling jar. Ball milling uses the cyclic

Wavelength (nm)

movement of balls and their impact on piezocatalyst which
is mixed with MB dye solution. As a consequence, when
two BNN particles collide, an impact force is created on
them, which leads to charge separation and the emergence of
induced potential on the surface of the BNN powder (Gaur
et al. 2023).

The dye solution with catalyst powder trapped between
balls by the impact force causes charge separation on the
piezocatalyst's surface. The speed at which a planetary
disc moves and ball collides inside a jar determines how
much force is delivered through milling balls and force
delivered via milling balls directly relates to the efficiency
of dye degradation (Gaur et al. 2023). Reactive species
were produced because of the redox process, due to the
separated positive (h*) and negative (e”) charges. The
structure of MB dye molecules is broken by these reac-
tive species, which causes the dye to degrade or become
less potent. Figure 9 shows the pictorial representation

Milling jar rotation direction

containing dye
solution with

BNN powder as
catalyst Planetary ball
milling
Sun wheel Milling Jar ;

MB dye solution

catalyst

' m



20)—(19) (Tang et al. 2022).

BNN + Ball’s impact force — BNN(e_ + h+) (20)
O, absorbed + €~ — -O;
ht + OH™ — -OH +h*

h*or- OH or-O; + Dye — Degradation of dye

Potential induced inside the milling jar is a function
of applied force to evaluate the ball milling-based pie-
zocatalysis process. Equation 24 can be used to express
the relationship between the potential for strain and the
applied force (Starr and Wang 2013).

V= fn dxy 1x €x€o

where "V" is the induced potential due to applied force, "f,"
denote the normal force which is applied, "d,," denotes the
piezoelectric coefficient, 1, is the axial dimensions (length)
of BNN in coordinates, and "e, €y

21-24
(Lu et al. 2012; Chattopadhyay et al. 2001).

f = pnr’

0.2
p=gvo4 Y g
P Ee ¢

V= \/(Qrd)2 +(Q - m)2r3 + 2Q(Q — @)ryr,cosP

r,(Q — w)’
CosQP = ————
rQ?
where "p" stands for pressure exerted between balls dur-

ing the collision, "g," represents the geometry coefficient,
" p " denotes the ball's density, " v " denotes the velocity,
"E." denotes the flexibility modulus, "@" stands for milling
ball rotation angle, whereas " Q " and " @ " are the angu-
lar velocity of planetary disc and vial measured at a radius
denoted by "r" and "r4," respectively. Considering the fore-
going explanations, it can be shown that the force exerted
by the milling balls exactly correlates with the degradation
of MB dye during the piezocatalysis process. Although deg-
radation of MB dye was just seen at 300 rpm, however, the

9. Langmuir-Hinshelwood model was used to
assess the kinetic performance of MB dye expressed in
Eq. (29)-(30) (Seddigi et al. 2013).

KK C
Rate=—(g—$)=k9=< - +KaC> (29)

for very low concentrations when K,C< <1

—-lIn— =K

Cl
here "k" and "K,"stands for reaction's rate constant and
adsorption coefficient on the photocatalyst's surface, respec-
tively. The first ordered kinetic equation is represented by
Eq. (30) as, in most cases, the product of the adsorption
coefficient and dye concentration will be less than 1.

During dye degradation using 100 mg of BNN powder,
kinetic rate constant (k) was obtained as 0.0020 min’’,
0.0024 min~!, 0.0030 min~!, and 0.0136 min~! for pho-
tocatalysis, piezocatalysis, piezo-photocatalysis and ball
milling assisted piezocatalysis respectively. Maximum
degradation of MB dye was achieved via ball milling
assisted piezocatalysis followed by piezo-photocatalysis,
piezocatalysis, and photocatalysis process as shown in
Fig. 10a.

A scavenger test was performed in the piezo-photoca-
talysis process to determine the reactive species involved
in MB dye degradation. Figure 10b illustrates degradation
efficiencies of all three scavengers significantly decreased
when compared to degradation efficiencies without scaven-
gers. Scavengers are used in a series of carefully controlled
tests to examine the role of hydroxyl and superoxide radicals
in dye degradation and to verify the generation of electron/
hole pairs (He et al. 2014). However, in processes like pho-
tocatalysis and piezocatalysis, there is just one species that
attacks and has dominant traits that can degrade dye. If that
particular attacking species is captured, degradation won't
occur to the same degree as it would have to without that
specific scavenger. It showed that all three radicals h*, 0,7,
and'OH was necessary for the piezo-photocatalysis process
but it depends more on"OH radical followed by'O,™ and h*
radical. Figure 10 shows that, among all the scavengers
listed, IPA had the least dye degradation, indicating the
least amount of involvement which further indicates the
least participation of"OH radical. This shows very clearly
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