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ABSTRACT
Transparent glass-ceramics of CaO–Bi2O3–B2O3 (CBBO) were fabricated using the conventional melt quench technique. X-ray diffraction
and Raman spectroscopy were employed to confirm the phase of the prepared samples. Differential scanning calorimetry (DSC) was used to
verify that the material was, indeed, glassy. The CBBO glass samples were subjected to heat treatment at 540 ○C for 30 min and 1 h based
on their crystallization temperature obtained from DSC analysis. This study focused on the piezocatalytic behavior of CBBO glass-ceramic
samples. Piezocatalysis experiments were conducted on the fabricated glass-ceramic samples, and it was discovered that the samples heat-
treated for 30 min (HT30m) at 540 ○C showed maximum dye degradation of 61% under 240 min of ultrasonication. Experiments were
repeated multiple times to confirm their reliability. Additionally, a phytotoxicity assessment was performed on the degraded dye using vigna
radiata seeds. The antibacterial properties of the CBBO glass-ceramic samples were also investigated via piezocatalysis. It was discovered
that the HT30m CBBO glass-ceramic sample removes 98% of Escherichia coli and 99% of Staphylococcus aureus bacteria within 120 min of
ultrasonication.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0141938

I. INTRODUCTION

Glass-ceramics are a unique class of materials due to several
merits such as ease of manufacturing, low cost, tunable microstruc-
ture, and stable mechanical, chemical, and thermal properties.1,2

Hence, glass-ceramics have been used in a wide range of applica-
tions. Several glass-ceramics are now trademarks of products such
as Zerodur, Gorilla Glass, and 45S5 Bioglass.3 In further exploring
the horizon of glass-ceramics in the sustainable growth of society,
glass-ceramics can be re-looked at for environmental remediation
applications. The environment is constantly being threatened by
various contaminants present in the water, soil, and air.4,5 These
contaminants comprise fatal chemicals and, due to the risks they
threaten to an ecosystem, will directly or indirectly affect human
health.6 As always, clean water, clean soil, and clean air are key
components to sustain life on Earth, so the remediation of pol-
luted environments is an immediate necessity. Water cleaning is
one of the global challenges and needs the attention of researchers.
Various materials have shown water-cleaning possibilities in view
of adsorption, photocatalysis, and antibacterial characteristics.7 For

instance, TiO2 is widely known for its photocatalytic activity.8
Furthermore, ferroelectric ceramics have shown better performance
in view of photocatalysis due to the associated internal electric field.
The internal electric field supports the separation of electrons and
holes for a long time and provides a longer duration of catalytic
reactions.9 Materials such as BaTiO3, LiNbO3, and Ba0.5Sr0.5TiO3
are well explored.10–13 Recently, ferroelectric glass-ceramics have
also been reported for photocatalytic applications.14–17 Ferroelec-
tric materials are known for their piezoelectric and pyroelectric
properties. Electromechanical and electrothermal coupling allows
sensing and energy harvesting possibilities. These properties are
widely explored in single crystals, polycrystalline ceramics, poly-
mer composites, etc. However, ferroelectric glass-ceramics have
not shown any promising sensing and energy harvesting appli-
cation due to very weak coupling. Piezocatalysis is one of the
couplings where mechanical vibrations can trigger an electric field
followed by catalysis.18 As catalysis requires less input energy, fer-
roelectric glass-ceramics may show some promising signals irre-
spective of very weak coupling. The present study is planned to
explore such possibilities. Glass-ceramics are a suitable candidate for
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water-cleaning applications via piezocatalysis.19 Some recent stud-
ies have reported glass-ceramics as a catalyst for water-cleaning
applications via piezocatalysis.20,21

CaBi2B2O7 (CBBO) fabricated via a solid-state reaction
route has recently been explored and reported for its non-
centrosymmetric structure, which is essential for piezocatalytic
activity.22 Due to the presence of borate (a good glass former), the
above-mentioned composition can be melted at a lower temperature
and CBBO is expected to quench into glasses at a moderate tempera-
ture range. Glass-ceramics containing non-centrosymmetric crystals
within the glass matrix can demonstrate piezocatalysis. The present
study focuses on the use of CaBi2B2O7 (CBBO) glass-ceramics for
piezocatalysis applications.

II. EXPERIMENTAL
CaO–Bi2O3–B2O3 (CBBO) transparent glasses were prepared

through the conventional melt quench technique. High-purity
reagents (>99%) of CaCO3, H3BO3, and Bi2O3 were taken in their
stoichiometric ratios for the fabrication of CBBO glasses. The pow-
ders of the primary precursors were appropriately mashed in a
mortar and pestle to ensure compositional homogeneity, and after-
ward, the powder mix was poured into a platinum crucible. The
crucible with the prepared powder is placed in an electric furnace
(Nabertherm, Germany). The temperature of the furnace is set at
1000 ○C. The crucible was subjected to an established temperature
for 10 min. The crucible was taken out from the furnace, and the
melt was poured onto a stainless-steel plate to quench the glass. The
plate was preheated to 300 ○C and then compressed with a second
plate heated to 300 ○C. The process of quenching glass is shown in
Fig. 1.

Annealing of the prepared glass was done at 350 ○C for 5 h. The
crystallization of the samples was accomplished by heat treatment
to the transparent yellow CBBO glass plate for various time dura-
tions. Differential scanning calorimetry (DSC) was performed (with
Perkin Elmer, STA-6000 instrument) in the range of 350–600 ○C
at a heating rate of 10 ○C/min in a nitrogen environment to assess
the temperature and time duration of the heat treatment. In accor-
dance with the DSC, samples were heated to 540 ○C for 30 min and
1 h for crystallization. X-ray diffraction (XRD) was performed on the
as-quenched (AQ) and heat-treated samples of CBBO glass plates to
confirm their amorphous and crystalline nature. X-ray diffraction
analysis was performed using a Rigaku (Japan) powder diffractome-
ter with a 9 kW rotating anode made of Cu Kα. The XRD experimen-
tal was performed in the range of 10○–70○ 2θ range with a scanning
speed of 2○/min for the identification of the present phase in CBBO
glass and glass-ceramic samples under consideration. After getting
confirmation regarding phase, Raman spectroscopy was performed

to get knowledge about various vibration modes using HORIBA
(Model-lab RAM HR Evolution) for the fabricated samples of CBBO
glass and glass-ceramics (AQ, HT30m, and HT1h). To examine the
surface morphology of the samples, field emission-scanning electron
microscopy (FE-SEM, NOVA NANO SEM-450) was utilized. X-ray
photoemission spectroscopy (XPS) was used to study the oxygen
states in the form of non-binding and binding oxygen by O1s scans
of samples under consideration. The spectra were recorded using an
Al-Kα source and a Nexsa x-ray photoemission spectrophotometer.

The degradation of methylene blue (MB) dye as a model dye
via piezocatalysis was carried out using the fabricated CBBO glass-
ceramic samples. The initial concentration of the dye was considered
as 5 ppm (5 mg/l concentration). The presence of a pollutant in
water was quantified as a dye, which was collected into separate
glass beakers with samples of AQ, HT30m, and HT1h in their
140 mm2 surface area for conducting piezocatalysis experiments.
As a first step, each sample was immersed in the beaker contain-
ing the dye (5 ml of 5 mg/l concentration) for 4 h and placed in the
dark, away from any other light source, to avoid deterioration until
adsorption–desorption equilibrium was reached. To create mechan-
ical vibrations, the beaker containing the samples and the dye was
put in an ultrasonicator operating at 150 W power and 40 kHz
frequency. Water was used as a medium to transport induced vibra-
tions from the sonicator to the sample, and its temperature was
kept below 15 ○C during the tests. To rule out the possibility of any
other catalytic mechanism contributing to the degradation of dye, all
piezocatalysis studies were carried out in the dark. Dye deterioration
was determined using a Shimadzu UV-2600 UV–visible spectropho-
tometer. A total of 4 h was devoted to each experiment, with 1 ml of
aqueous dye solution being removed and measured every 30 min.
The recovered dye solution was then added back to the original dye
solution to maintain the same volume throughout the experiment.
Using Eq. (1), we were able to determine the percent of dye degra-
dation, where the concentration of dyes is at t = 0 and t = tmin,
respectively,

Degradation of dye(%) = (1 −
Final concentration of dye
Initial concentration of dye

)∗100.

(1)

The effect of the antibacterial treatment on Escherichia coli (E.
coli, gram-negative) and Staphylococcus aureus (S. aureus, gram-
positive) was investigated via piezocatalysis while maintaining the
same experimental condition as the degradation of dye in the ultra-
sonicator by using the fabricated CBBO glass-ceramic samples. For
plating agar, a Mueller–Hinton agar plate mix was used. The prepa-
ration of bacterial cells was done by growing them overnight in

FIG. 1. Process flowchart for the prepa-
ration of CBBO glasses.
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the Luria–Bertani (LB) broth medium at 180 rpm with a temper-
ature of 37 ○C from E. coli and S. aureus. Cultured plates of agar,
carrying the prepared bacteria of E. coli and S. aureus, were sub-
jected to ultrasonication in the presence and absence of an HT30m
CBBO glass-ceramic sample. Using the solidified agar plate colony
counting method with serial dilutions of phosphate-buffered saline
(PBS), we found that the CFUs/ml of E. coli and S. aureus in
the working suspension were 95 × 106 and 103 × 107, respec-
tively. 1.5 ml of the prepared bacterial suspension was placed in
a glass vial with (70 × 70 mm2) of AQ and HT30m samples of
the CBBO glass-ceramic immersed in the suspension of bacteria.
After the piezocatalytic experiments were conducted on the pre-
pared solutions, the desired dilution was achieved, from which
100 μl of solution is taken in desired time intervals and spread onto
the prepared agar plates. The obtained solution of 100 μl was cau-
tiously distributed on the agar plate to determine the logarithmic
decrease in bacteria. The following equation is used for calculating
the same:

Log reduction = log10(
N0

N
) = log10N0 − log10N, (2)

where N0 = the count of CFUs/ml in the bacterial solution at time
t = 0 min and N = the count of CFUs/ml in the bacterial solution at
time t min, during piezocatalysis experiments.

III. RESULTS AND DISCUSSION
Differential scanning calorimetry (DSC) was performed on the

as-quenched sample of the CBBO glass plate to determine the glass
transition (Tg), the onset of the crystallization (Tcr), and the peak
crystallization (Tp) temperatures. The obtained trace of DSC for the
CBBO glass plate is shown in Fig. 2. The DSC curve represents the
glass transition temperature, and the exothermic peak represents
the crystallization of the glass plate as a function of temperature.
The nucleation and development of crystals in the CBBO glass plate
are responsible for the transition from the glassy to the crystalline
phase. It is well established that the method of crystallization affects
the formation of exothermic peaks, with sharp and broad peaks
corresponding to the surface and bulk crystallization, respectively.
The obtained broad peak of the exotherms shows the dominance of
surface crystallization.

FIG. 2. DSC plot for the CBBO glass plate.

The glass transition temperature (Tg) and the onset of the crys-
tallization temperature (Tcr) are found to be 429 and 521 ○C. The
difference between Tg and Tcr can be understood in terms of the
thermal stability of the fabricated CBBO glasses. Generally, the ther-
mal stability is the parameter that is studied to estimate the stability
of glasses given by ∆T. To calculate the thermal stability, Eq. (3) can
be used as follows:23

ΔT = Tcr − Tg. (3)

The higher difference between the glass transition (Tg) and the onset
of crystallization (Tcr) will lead to the better stability of the glasses.
To study the thermal stability of the glasses, Saad and Poulin gave
a parameter to study the resistance to devitrification of the glasses
given by S as shown in Eq. (4),24

S =
(Tp − Tcr)(Tcr − Tg)

Tg
, (4)

where (Tp − Tcr) shows the rate of devitrification transformation of
the glassy phases. For the present glass sample of CBBO, the calcu-
lated value for S is 4.07, which is higher than the Bi2O3–B2O3 (3.07)
based glasses, indicating a better thermal stability.25

X-ray diffraction (XRD) was performed and plotted (Fig. 3)
for the as-quenched (AQ) glass with the heat-treated samples of the
CBBO glass-ceramic plate. The obtained plots of XRD clearly show
the transformation from the glassy phase of the AQ glass plate to
the crystalline phase of the heat-treated glass-ceramic samples. As
the duration of heat treatment is varied from 30 min to 1 h, the
glass sample transformation is observed as the glass converts into a
glass-ceramic. The glass-ceramic under investigation indicated the
crystallization with planes (113) and (020) for the 30-min heat-
treated sample and with planes (002), (011), (111), (113), (210),
(013), (020), (310), (312), (221), and (400) for the 1-h heat-treated
sample in orthorhombic phase. These observed planes are in good
agreement with the polycrystalline CBBO, as it is confirmed that
the transformation of the amorphous phase to the crystalline phase
of glass under consideration can be achieved by the heat-treatment
process.22

Raman spectroscopy in the range of 100–1200 cm−1 was per-
formed at room temperature for the prepared CBBO glass and

FIG. 3. XRD plots of the AQ, 30-min heat-treated (HT30m), and 1-h heat-treated
(HT1h) glass samples at 540 ○C.
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FIG. 4. Raman spectra of the CBBO glass and glass-ceramic samples.

glass-ceramic samples. The material under consideration CaBi2B2O7
(CBBO) in the orthorhombic space group is a novel structure type
belonging to CaBi2O(BO3)2.26 The crystal structure of the CBBO is
an arrangement of layers built of corner-sharing BO3 in a triangular
form and CaO6 in a trigonal prism with Bi2O groups accommo-
dated within six-membered rings. For the crystal lattice of CBBO,
four formula units per primitive cell are there. The layers of BO3 tri-
angles held together by O–Bi–O bridges are the common motif in
the case of CaBi2B2O7. The Raman active modes of samples under
investigation can be classified into two categories as a low-frequency
group (<350 cm−1) and a high-frequency group (>350 cm−1). The
responsible compound for the low-frequency vibration modes is
Bi–O polyhedral, while the high-frequency spectra are dominated
by B–O triangles.27 The observed spectra of the AQ, HT30m, and
HT1h samples of the CBBO glass-ceramic plate are shown in Fig. 4.
The transformation of the amorphous phase to the crystalline phase
in the heat-treated samples can be observed as the broadening and
sharpening of the peaks, which is also confirmed by the XRD. The
observed peaks at 108, 128, 174, 228, 307, and 343 cm−1 are due to
the heavy metal ion vibrational modes and vibrational modes in the
borate framework. The modes observed at 585 and 628 cm−1 are due
to the bending vibration state of (BO3)3−.28

Scanning electron microscopy (SEM) was performed, and
images were collected for the CBBO glass and glass-ceramic samples
as shown in Fig. 5. Figure 5(a) corresponds to the as-quenched glass
sample, and it has been observed that there are no crystals present

on the surface of the sample confirming the glassy nature. The opti-
cal image of the sample is also shown (inset) with SEM micrographs
indicating the physical appearance of the sample as a transparent
glass. Figure 5(b) shows the SEM micrograph of the 30 min heat-
treated glass-ceramic sample at 540 ○C, confirming the formation of
crystals on the surface of the glass-ceramic sample. Figure 5(c) shows
the morphology of a 1-h heat-treated sample at 540 ○C with its opti-
cal image (inset). It has been observed that the glass is transformed
into a glass ceramic.

X-ray photoelectron microscopy (XPS) was utilized to identify
the surface chemical state and chemical composition of the CBBO
glass and glass-ceramic samples. Figure 6 shows the obtained spec-
tra, in which Fig. 6(a) is the survey representing the presence of
the elements in CBBO glass. The changes in the oxygen state of the
AQ, HT30m, and HT1h CBBO glass-ceramic samples are shown in
Figs. 6(b)–6(d). Oxygen concentration in a sample can be measured
in terms of bridging sites (BO) and non-bridging sites (NBO).29

According to the crystal structure of glass under consideration, the
bridging sites are occupied by the two units of BiO4 connected by
the covalent bond of Bi–O–Bi and the non-bridging sites are the
result of network modifiers mixed in the glass matrix, such as Ca+2.30

It has been found that the effect of network modifiers due to the
crystallization of CBBO glass-ceramic by heat treatment in the glass
matrix increases NBO and decreases BO, which is shown by the O1s
spectra of the AQ, HT30m, and HT1h heat-treated samples.31 The
splitting of peaks in the O1s spectra of the heat-treated samples can
be seen as shown in Figs. 6(c) and 6(d) having two peaks at 529.12
and 530.78 eV for HT30m and at 529.9 and 532 eV for HT1h CBBO
glass-ceramic sample, which correspond to non-bridging sites and
bridge sites.

The fabricated CBBO glass-ceramic samples were used to get
the absorbance spectra from the UV–visible spectroscopy in the
range of 200–800 nm of wavelength. The observed spectra are shown
in Fig. 7(a), and it has been discovered that as glass is crystal-
lized into glass-ceramic samples, the absorbance rises, while the
transparency falls. The transparency of the prepared glass-ceramic
samples of CBBO is acquired with UV–visible spectroscopy, and it
was found that the AQ glass sample of CBBO has a transparency
of 72% and HT30m has 68% transparency, respectively, also plotted
and shown in Fig. 7(b). There is no denying that the crystalliza-
tion reduces transparency. The HT1h sample is transformed into
a glass-ceramic after the crystallization takes place with zero trans-
parency, which can be confirmed by the digital images shown in
Fig. 5 (inset).

FIG. 5. SEM images of the (a) as-
prepared (AQ), (b) HT30m, and (c)
HT1h samples. The insets show optical
images.
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FIG. 6. XPS: (a) survey, (b) O1s spec-
trum (AQ glass), (c) O1s spectrum
(HT30m glass-ceramic), and (d) O1s
spectrum (HT1h glass-ceramic) sam-
ples.

FIG. 7. (a) Absorbance plot and (b)
transparency results of the CBBO glass-
ceramic samples.

The elimination of pollutants from the organic dye (MB) is
done via piezocatalysis with the fabricated CBBO glass-ceramic sam-
ples. Dye degradation results with AQ, HT30m, and HT1h with the
degradation of the control MB dye are shown in Fig. 8. The sam-
ple with the highest level of dye degradation under consideration is
HT30m, and its reduction in peak intensity while performing piezo-
catalysis every 30-min up to 240 min is shown in Fig. 8(a). The
obtained result indicates the capabilities of the CBBO glass-ceramic
sample for dye degradation using ultrasonication. Figure 8(b) shows
the capabilities as a catalytic material for dye degradation of samples

under consideration in the form of C/C0 to time. The obtained result
for dye degradation of the control MB dye is 12%, and the dye degra-
dation with AQ, HT30m, and HT1h CBBO glass-ceramic samples is
20%, 68%, and 50%, respectively, under the action of ultrasonica-
tion for 240 min, as shown in Fig. 8(d). The sample heat-treated for
30 min (HT30m) at 540 ○C shows the maximum degradation of MB
dye. In this regard, it is worth noting that a larger surface area is cru-
cial for catalytic activity. Since the specific surface area of a smaller
crystal is bigger, more catalytic sites can be occupied by the crys-
tal. When the heat treatment temperature or time is increased, more

APL Energy 1, 016105 (2023); doi: 10.1063/5.0141938 1, 016105-5

© Author(s) 2023

 18 April 2024 20:02:34

https://scitation.org/journal/ape


APL Energy ARTICLE scitation.org/journal/ape

FIG. 8. (a) Absorbance spectra of the
HT30m CBBO glass-ceramic. [(b) and
(c)] Results for kinetic rate. (d) Obtained
degradation with samples under consid-
eration.

crystals form, which might decrease the material’s catalytic activ-
ity. Figure 8 depicts a similar pattern, which can be seen here. The
first-order kinetics describes the decay [Eq. (5)],32

ln(
C
C0
) = −kt, (5)

where
C = the dye concentration at time t;

C0 = the dye concentration at time t0; and
k = the rate constant.

Using CBBO glass-ceramic samples, we determined the degra-
dation rate constants (k), calculated as shown in Fig. 8(c). 0.0005,
0.0009, 0.0045 and 0.0018 min−1 are the obtained slopes for the con-
trol MB dye, AQ, HT30m, and HT1h glass-ceramic sample of CBBO,
respectively. Among the prepared glass-ceramic samples, HT30m

showed the highest dye degrading capability, with the highest k value
of 0.0045 min−1. It is because the HT30m sample has a lower crys-
talline size, which contributes to a higher specific surface area. With
the increase in temperature/time of heat treatment, the crystal grows
and the specific surface area decreases.

To understand more about the mechanism involved in piezo-
catalysis dye degradation using the CBBO glass-ceramic samples,
a scavenger test is carried out. The maximum efficient CBBO
glass-ceramic sample heat-treated at 540 ○C for 30 min (HT30m)
is used for radical tapping (Scavenger) experiments by degrading
MB. Ethylenediaminetetraacetic acid (EDTA), isopropanol (IPA),
and p-benzoquinone (BQ) were used to mitigate the holes (h+),
hydroxyl radicals (.OH), and superoxide radicals (.O2) generated
during piezocatalysis.33,34 The obtained results for the scavenger
test, as shown in Fig. 9(a), indicate that EDTA more significantly
inhibits degradation as compared to BQ and IPA, which shows the

FIG. 9. (a) Scavenger results; (b)
repeatability test.
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involvement of primary reactive species h+ in the degradation pro-
cess via piezocatalysis. Experiments for piezocatalysis dye degrada-
tion were performed several times using the prepared CBBO glass-
ceramic samples to check the reliability, as shown in Fig. 9(b). To
our knowledge, no massive changes occurred in the obtained data.
Thus, the CBBO glass ceramic is a good candidate for piezocatalysis.

The removal of organic pollutants from water is carried out
with the MB dye. Ultrasonication of water is used for conduct-
ing experiments that result in the formation of bubbles, followed
by bubble growth and, then ultimately, collapse. The continuous
cycle of this bubble formation, growth, and collapse results in the
generation of high-temperature regions of around 5000 K with a
high-pressure wave of 108 Pa. Because of this high temperature
and pressure, the bubble decomposes into the radical species that
will combine with the dye and take part in the degradation pro-
cess via sonolysis (thermolysis).35,36 It is expected that sonocatalysis
is equally influenced in the as-quenched and heat-treated samples.
As can be seen from the results, there are almost negligible dye
degradation values for the heat-treated samples. The degradation
of dye without any sample with ultrasonication resulted in 12% of
degradation in 240 min by thermolysis. However, the samples of the
CBBO glass-ceramic contribute to dye degradation via piezocatal-
ysis. The generation of piezoelectricity by the CBBO glass-ceramic
samples during ultrasonication results in the separation of charges
via electrochemistry, which leads to dye degradation by redox reac-
tions. A hypothetical mechanism that involves dye degradation by
piezocatalysis can be understood as37

CBBO glass − ceramic sample → CBBO glass

− ceramic sample(e− + h+), (6)

e− +O2 → O−2 , (7)

h+ +OH− → OH, (8)

O−2 +Dye → Degradation, (9)

OH +Dye → Degradation. (10)

When the crystallite of the CBBO glass-ceramic samples was
strained by vibrations provided with ultrasonication, an electric field
is generated. Due to this, localized electric field generation of polar
surface takes place, as one is negative and the other is positive. The
influence of this localized electric field leads to the movement of
separated charges in the CBBO crystallites toward the surfaces
(e− → positive surface and h+ → negative surface), respectively,
and participates in the generation of free radicals. On the positive
surface, the free-electron will be captured and the dissolved oxygen
will be reduced to give superoxide anions; at the negative surface,
protons will combine with hydroxyl ions to give hydroxyl radicals.
These generated ⋅OH and ⋅O2

− act as strong oxidants, which will
attack dye molecules leading to the degradation of dye as a result.
Some of the previously reported borate-based materials for catalytic
applications are summarized and compared to our present study in
Table I. TA
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FIG. 10. (a) GI for phytotoxicity of 5, 100 ppm, and the water treated using HT30m samples and (b) vials containing seed germination after 7 days with control sample and
other samples under consideration.

The presence of untreated effluent in irrigation water bodies
is extremely harmful to the environment, and it affects ecosystem
safety. Irrigation water is one of the crucial components that affect
soil fertility. As the biodegradation of effluent products takes place,
a variety of byproducts emerge, so an investigation of the toxicity of
these byproducts on plants needs to be done. The presence of high
protein and nutrients in the sprouted vigna radiata seeds is the rea-
son why it is consumed all over the world. To find out the toxicity
of polluted water treated with the CBBO glass-ceramic samples, the
relative sensitivity of vigna radiata seeds toward the MB dye and its
byproducts has been studied. Germination of vigna radiata seeds in
deionized water is taken as a control sample with 100% germination.
The results after 7 days of seed germination are plotted as shown in
Fig. 10. As shown in Fig. 10(b), 4 vials containing deionized water,
5 and 100 mg/l of the MB dye, and the dye treated using the heat-
treated CBBO glass-ceramic sample for 30 min were used for seed
germination experiments. All the experiments regarding seed germi-
nations were performed at 25 ○C at IIT Mandi, India. The reduced
seed length is related to the toxicity of the water used for germina-
tion. Therefore, the seed that germinates after being exposed to the
treated water can be used as a safety measure. Using the following
equation, we may get the germination index (GI):47

GI(%)=
(Seed germination(%))∗(root treatment)

(seed germination(%))∗(root length of control)
∗100.

(11)
For all of the 5, 100 mg/l, and treated water using the CBBO glass-
ceramic samples, the computed measure of phytotoxicity is dis-
played in Fig. 10(a). There are three levels of phytotoxicity assessed
by GI: high (GI < 50%), low (GI > 80%), and medium (80% < GI
< 50%). The figure shows that the GI values for 5 and 100 mg/l are
28% and 10%, respectively, whereas the GI value for the treated water
is 85%, placing it in the category of reduced phytotoxicity. Chang-
ing several factors, such as the MB dye content, catalyst quantity, or
catalytic method, should lead to a higher GI value.

After the successful evaluation of the piezocatalytic perfor-
mance of the CBBO glass-ceramic samples for the degradation of
dye, the antibacterial activity was also investigated. The as-prepared
(AQ) and heat-treated glass samples for 30 min of CBBO (HT30m)
were used along with the control sample. The piezocatalytic activity
was used to sterilize water contamination with S. aureus (gram-
positive) and E. coli (gram-negative) bacteria for 120 min. The
bacteria were piezocatalytically treated in the control (no sample),
AQ, and HT30m samples. After the treatment, the solution con-
taining the bacteria was spread over the LB agar and allowed to

FIG. 11. (a)–(c) Optical images of the
antibacterial performance of the control,
AQ, and HT30m samples of the CBBO
glass-ceramic plate of an S. aureus cell
colony. (d)–(f) Optical images of the
antibacterial performance of the control,
AQ, and HT30m samples of the CBBO
glass-ceramic plate of an E. coli cell
colony.
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FIG. 12. (a) and (b) Time-dependent
log reduction of CFUs/ml of E. coli and
S. aureus for all the samples under
consideration.

grow for 18 h under suitable conditions. As Figs. 11(a)–11(c) show,
the number of colonies of the S. aureus bacteria had decreased
after 120 min of treatment for all three samples under consider-
ation. The same results were obtained in the case of E. coli after
120 min of ultrasonic treatment. The photographic images of plat-
ing are shown in Figs. 11(d)–11(f). It can be said that the prepared
CBBO glass plate with or without heat treatment is an excellent
candidate with antibacterial properties. A comparative evaluation
has been done for all the samples under consideration and is plot-
ted in the form of log reduction in Figs. 12(a) and 12(b) for the
E. coli and S. aureus bacteria. The obtained results show that the
heat-treated sample of the CBBO glass-ceramic for 30 min (HT30m)
has a maximum log reduction in the CFUs/ml of bacteria. The
possible reason for such a performance may be the generation
of reactive oxygen species (ROS) during ultrasonication and the
enhancement in the antibacterial performance with the use of the
HT30m sample. The mechanism of antibacterial activity is not truly
known to date, but it may encompass the formation of ROS that
harm the cell membrane. The generation of ROS has been fre-
quently linked to the piezocatalysis and antibacterial activity of many
materials.48

IV. CONCLUSIONS
In this study, the CaO–Bi2O3–B2O3 (CBBO) transparent glass-

ceramic was subjected to heat treatment at 540 ○C for 30 min and
1 h, resulting in a decrease in transparency and an increase in
crystallization. X-ray diffraction (XRD) and Raman analysis were
utilized to confirm the phases and their nature in the prepared
samples. Scanning electron microscopy (SEM) was used to exam-
ine the surface morphology of the CBBO glass-ceramic samples.
The CBBO glass-ceramic samples exhibited an excellent piezocat-
alytic activity for dye degradation, with the heat-treated sample for
30 min at 540 ○C (HT30m) demonstrating the greatest potential for
dye degradation via piezocatalysis. The HT30m CBBO glass-ceramic
sample exhibited a dye degradation rate of 0.0045 min−1. More-
over, phytotoxicity evaluation experiments were performed on vigna
radiata seeds utilizing a byproduct generated from the degraded dye.
When using the water treated with the CBBO glass-ceramic sam-
ple, the water phytotoxicity was found to be reduced by 85%, as

previously demonstrated in a recent investigation. Furthermore, the
antibacterial properties of the CBBO glass-ceramic samples were
investigated via piezocatalysis. The HT30m CBBO glass-ceramic
sample removed 98% of Escherichia coli and 99% of Staphylococcus
aureus bacteria within 120 min of ultrasonication, highlighting its
potential for antibacterial applications.
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