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1 Introduction

Synergistic effect of a Bi,Zr,O; and hydroxyapatite
composite: organic pollutant remediation,
antibacterial and electrochemical sensing
applicationsT

K. Pompapathi,® K. S. Anantharaju,*¢ B. S. Surendra,® S. Meena,® B. Uma,©
Arpita Paul Chowdhury*® and H. C. Ananda Murthy & *d¢

Global concern regarding the energy crisis and environmental pollution is increasing. The fabrication of
efficient catalysts remains a long-term goal. Recently, green synthesis methods for catalyst fabrication
have attracted the scientific community. Herein, a simple approach to synthesize bismuth zirconate-
hydroxyapatite (BZO-HA) nanocomposites using Mentha spicata (mint) leaves as a reducing agent via
a combustion method has been reported. The use of a green reducing agent provided economic
attributes to this work. Among the prepared samples, the BZO-HA (20%) composite exhibited superior
photocatalytic activity. The photodegradation efficiency of the composite reached 90.3% and 98.4% for
methylene blue (MB) and rose Bengal (RB) dyes, respectively. The results showed the excellent optical
performance of the prepared composites. The constructed sensor (BZO-HA 20%) for the very first time
showed outstanding selectivity and performance towards sensing lead nitrate and dextrose compared to
bare bismuth zirconate (BZO) and hydroxyapatite (HA). A three-electrode system using 0.1 M KCl was
used for the study. The synthesized composite BZO-HA (20%) can sense lead nitrate and dextrose over
the concentration range of 1-5 mM in the potential range from —1.0 V to +1.0 V. The BZO-HA
composite was also investigated against Gram-negative (S. typhi) and Gram-positive (S. aureus) bacteria
for antibacterial activity studies. Enhanced antibacterial activity was observed compared to bare BZO and
HA catalysts. Thus, the prepared BZO-HA nanocomposite exhibited multifunctional applications.

applications in electronics, environmental remediation, medi-
cine, clothing, pesticides, and fertilizers are being explored.*

Recently, energy shortages, and environmental pollution have
become major concerns for sustainable environmental devel-
opment. The research community is fascinated by the unique
properties of nanomaterials. Hence, there has been a rapid
increase in the synthesis of nanomaterials and their
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Water streams from industrial waste containing organic dyes,
pharmaceutical compounds, and pesticides are considered an
environmental hazard.> The organic solutions, especially dyes,
affect the aquatic environment due to reduced penetration of
light in the water stream. Among the industrial dyes, rose
bengal (anionic dye) and methylene blue (cationic dye) are
carcinogenic organic molecules used in various industries.>* So
far, various nanomaterials have been explored for potential
application.

Bismuth-based oxides with formula A,B,0, belong to the
pyrochlore structural family and have shown potentiality for
photocatalytic reactions under visible light. The crystal has
a cubic lattice with an Fd3m space group and 3m symmetry. The
‘A’ cations are eight-coordinated and the ‘B’ cations are six-
coordinated occupying 16d and 16c¢ sites. The 48f sites are
occupied by oxygen ions with 2 mm symmetry and can respond
to visible light.>® The pyrochlore structure is shown in Fig. 1.

The scientific community worldwide has synthesized
Bi,Zr,0, photocatalysts by various routes. Wu et al. synthesized
Bi,Zr,0; by a facile sedimentation-calcination method and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Pictorial representation of pyrochlore structure (reproduced
with permission from ref. 6. Copyright ACS 2019).

showed the degradation of methyl orange (MO).” Liu et al
prepared Bi,Zr,O, by sol-gel method using citric acid and
applied it for the photodegradation of tetracycline.® Luo et al.
reported the coprecipitation method of synthesis of Bi,Zr,0,
photocatalyst for Cr(vi) reduction.” Rajashekharaiah et al
synthesized Dy**-doped Bi,Zr,0, by hydrothermal route for
antibacterial and anti-cancer applications.*®

Materials at the nano level have enhanced antibacterial
activity. Nanomaterials interact with bacterial cell membranes
due to the surface-to-volume ratio of nanomaterials."* Silver
nanoparticles (Ag NPs) have been effectively utilized as anti-
bacterial agents, however, the application of Ag ions is
restricted due to their high cytotoxicity and release rate."” For
this reason, there is continuous research on alternative
approaches and in this regard, bismuth zirconate is a good
choice.

Currently, the consumption of toxic heavy metals by humans
is high, either directly or indirectly through food, water, and
skin.” The detection of trace heavy metals is usually achieved
through various spectroscopic techniques, where the most
commonly used are X-ray fluorescence (XRF) and neutron acti-
vation analysis (NAA). X-ray fluorescence (XRF) is a rapid, non-
destructive screening method for samples containing high
concentrations of major elements. However, it has poor detec-
tion limits for most trace elements.* Neutron activation anal-
ysis (NAA) is a non-destructive method and it is used as
a reference method to test the accuracy of other analytical
methods.” This method is based on the conversion of stable
isotopes of chemical elements to unstable radioactive isotopes
by irradiation with thermal neutrons within a nuclear reactor.*®
Thus elements having abundant isotopes with a high cross-
section for thermal neutrons are of interest. On the contrary,
NAA has extremely low sensitivity for lead.”” Nowadays electro-
chemistry represents an interesting alternative technique. The
fabricated electrochemical devices are of low cost, have
minimal sample preparation requirements, and have simple,
user-friendly operation procedures. Thus, contamination by
reagents or losses by adsorption on containers is drastically
decreased. Thus, due to the advantages of electrochemical
devices, metal oxide-based semiconductors are extensively
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employed in sensing techniques. Bi,Zr,0; is a potential candi-
date but for practical applications the high recombination rate
of photogenerated e -h" pairs restricts its broader applica-
tion."® Thus, the synthesis of heterostructured photocatalysts,
with characteristics of high e -h" separation efficiency has
recently caught great attention.' To date, numerous catalysts
have been reported for decontamination and water splitting.
Nevertheless, photoactivity in the visible region is limited due to
the wide band gap, making them inefficient for solar light
applications. Thus, the continuous development of novel het-
erojunction  visible-light-driven (VLD) photocatalysts is
a challenge.*

In this framework, ceramic-based biomaterial hydroxyapa-
tite (HA) has earned the utmost importance and shows
a resemblance to the human skeleton and tooth enamel.*
Owing to the excellent biocompatible properties of HA, it is
widely used in chemistry, biology, and medicinal fields and its
derived products have received wide attention.”” A few works
were reported in the literature where HA is coupled to form
a composite for the photocatalytic degradation of dyes, for
instance a-Fe,03-HAp,* CS/HA,** CS/HA/Fe;0,,>® HA/gold,*® and
HA/Fe;04 NPs.””

Heterostructure composites of Bi,Zr,0, have been far less
explored for various applications; a very limited body of litera-
ture is available for the coupling of Bi,Zr,0, with other semi-
conductors. Qu et al. synthesized Bi,Zr,0,/g-C3N,4/Ag;PO,,
a dual Z-scheme photocatalyst, via the facile coprecipitation
method.*® Herein, for the first time, Mentha spicata was applied
as a stabilizing agent to prepare the composite. In this study,
Bi,Zr,0,-hydroxyapatite (BZO-HA) composites with 10, 20, and
30 wt% HA were synthesized by the solution combustion
method for the sensing of dextrose and Pb*", as well as for
antibacterial and photocatalytic study. The synthesized BZO-HA
nanocomposite was characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), Fourier-transform
infrared spectroscopy (FT-IR), electrochemical impedance
spectroscopy (EIS), and UV-visible spectroscopy (UV-vis DRS).
The present work provides a good example for the modification
of BZO-based materials for efficient catalytic activity.

2 Experimental
2.1 Materials

Bismuth nitrate pentahydrate (Bi(NOj);-5H,0, 98%) and zir-
conyl(wv) nitrate hydrate [ZrO(NO3),H,0, 99%], were procured
from Sigma-Aldrich Chemicals, India. Isopropyl alcohol (IPA,
99%) and ammonium oxalate (AO, 99%) were obtained from
Merck, India. Ascorbic acid (AA, 99%), methylene blue (MB,
82%), rose Bengal (RB, 85%), lead(u) nitrate (Pb(NO3),, 99%),
potassium chloride (KCl, 99%), and dextrose were purchased
from Loba chemical company. Analytical (AR) grade reagents
and distilled water were used throughout the reactions.

2.2 Synthesis

2.2.1 Preparation of Mentha spicata (mint) extract. Freshly
picked Mentha spicata leaves (2 g) were collected and washed

RSC Adv, 2023, 13, 28198-28210 | 28199
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Fig. 2 Pictorial representation of preparation of Mentha spicata leaf extract.

with distilled water, followed by drying. The leaves were then
crushed using a mortar and pestle. The crushed leaves were
boiled with 30 mL of water for 30 min. After cooling, the mixture
was filtered using filter paper (Whatman No. 1). The obtained
green-colored extract was used as a reducing and stabilizing
agent (Fig. 2).

2.2.2 Preparation of Bi,Zr,0, (BZO) nanoparticles. In order
to prepare the BZO NPs by combustion method, zirconyl(w)
nitrate hydrate (1.947 g) was combined with bismuth nitrate
pentahydrate (3.326 g) as an oxidizer and mint extract (10 mL)
as fuel. These starting materials were thoroughly mixed in
a porcelain crucible to obtain a homogeneous mixture and then
inserted into a preheated muffle furnace (500 °C). Finally,
yellow-colored BZO nanoparticles were obtained.

2.2.3 Preparation of hydroxyapatite (HA). For the prepara-
tion of hydroxyapatite, the synthesis method reported by
Acharya et al.*® was adopted. Silver carp fish waste was used as
a raw material. The bone samples were separated and cleaned
thoroughly with distilled water to remove unwanted particles
and the sterilized in a hot air oven for 1 h at 80 °C. The bones
were later crushed and placed in a ceramic crucible in a muffle
furnace at 900 °C for 3 h to obtain hydroxyapatite crystals.

2.2.4 Preparation of the BZO-HA composite. The BZO-HA
composite was prepared using the solution combustion
method. Typically, Bi(NOj3);-6H,0 (2.5 g), ZrO(NO3),. H,O (1.46
g) and mint extract (6 mL) were homogeneously mixed in
a crucible. Then the prepared HA sample (at 10 wt%, 0.25 g) was
added to the precursor mixture and placed in a furnace at 500 °©
C for 10 min to obtain the BZO-HA (10%) composite. Similarly,
the other compositions with HA at 20% (0.5 g) and 30% (0.75 g)
were prepared and the samples are labelled as BZO-HA (10%),
BZO-HA (20%), and BZO-HA (30%), respectively.

2.3 Characterization

X-ray diffraction patterns of the phase structures of the
prepared samples were examined using a Bruker X-ray powder
diffractometer with CuKo. radiation and A = 1.54187 A in the
range of 20-80°. Fourier-transform infrared spectroscopy (FTIR)
was applied for functional group detection using a Thermo
Fischer Scientific instrument. Field-emission scanning electron

28200 | RSC Adv, 2023, 13, 28198-28210

microscopy (FE-SEM) was carried out using a Model Mira3 -
XMU, TESCAN. UV-Vis diffuse reflectance spectroscopy (UV-vis
DRS) was used to analyze the optical absorption properties of
the samples (Lambda 365 UV-visible Spectrophotometer). An
electrochemical analyzer (CHI 608E potentiostat) was used to
perform the electrochemical studies.

2.4 Antibacterial testing

The synthesized sample BZO-HA (20%) with the best
morphology, crystallinity, shape and size from XRD and SEM
analysis was selected for the antibacterial test using the well
diffusion method. S. typhi and S. aureus inoculums measuring
200 pL each, were evenly distributed using a plate spreader on
sterilized agar plates. Each plate was prepared with five 0.6 cm-
diameter wells using a borer. The wells were filled with 50 puL of
sample containing 100 pg, 200 ng, 300 pg, and 400 ug. The
middle well was filled with 50 pL of DMSO as a negative control.
The bacterial plates were kept at 37 °C during incubation for
24 h and the zone of inhibition was measured in mm.

2.5 Photocatalytic experiments

The catalytic experiments was conducted under the direct
sunlight irradiation on a sunny day in the month of May in the
DSCE college campus, Bangalore from 11:00 am to 1:00 pm. In
this study, the prepared catalyst (100 mg) was dispersed in
250 mL of 20 ppm methylene blue dye solution. Then to ensure
adsorption-desorption equilibrium between the catalyst and
MB dye, the solution was constantly stirred for a period of
15 min in the dark. At regular time intervals, 5 mL of suspen-
sion is taken and the absorbance of the supernatant solution is
recorded in a UV-vis spectrophotometer at 664 nm. Based on the
Beer-Lambert law,* the percentage degradation of the dye was
determined using eqn (1):

% of degradation = (Cy — C,)Cy x 100% (1)

where the absorbance of the dye at the initial stage and at time
“t” is denoted C, and C,, respectively. A similar process was
adopted for RB dye and absorbance of the supernatant solution
was recorded at 540 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.6 Electrochemical measurements

The electrodes were prepared by mixing the synthesized
samples, graphite, and silicon oil in a ratio of 1:3:1 to obtain
a paste. The paste was filled in a Teflon tube and the Teflon tube
was smoothed over wax paper. A copper wire was used for the
electrical contact with the three-electrode system for the elec-
trochemical measurements.*

3 Results and discussion

3.1 Characterization of samples

3.1.1 XRD analysis. The XRD patterns confirmed the phase
structure and crystallinity of the prepared samples (Fig. 3). The
Bi,Zr,0, (BZO) exhibited sharp diffraction peaks at 27.7°, 28.5°,
31.1°, 33.25°, 44.3°, 47.5°, 51.2°, 55.5°, and 56.9° which corre-
spond to the (220), (222), (044), (400), (333), (404) (620), (226)
and (444) reflections, respectively. The diffraction planes were
in good agreement with the reported literature.”*-** The intense
and strong diffraction peaks of BZO confirmed the high crys-
tallinity of the sample. The characteristics diffraction peaks
obtained for pure hydroxyapatite (HA) were amorphous in
nature and the peaks at 2 theta values of 25.8°, 31.73°, 32.3°,

*HA #2210, « BZO BZO

(a)

o
3

BZO-HA(30%)
(e)

BZO-HA(20%)
(d)

Intensity (arb.units)

BZO-HA(10%)

20 30

40 50 60 70
20 degree

80

Fig. 3 XRD patterns of the prepared samples: BZO (a), HA (b), BZO-HA
(10%), BZO-HA (20%) and BZO-HA (30%) (c—e).
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39.7°,46.6°,49.5°, 51.4°, 53.2°, and 58.1° are well indexed to the
(002), (211), (112), (310), (222), (213), (410), (004), and (501)
planes, respectively, of the hexagonal phase with P6s/mmc (176)
space group and are in accordance with the standard JCPDS
card No. 09-0432. It was found that on coupling HA with BZO
(Fig. 3d and e), diffraction peaks for HA appeared at 25.8°, 31.7°,
46.6°, 39.7°, and 53.4°. For BZO-HA (20%) and BZO-HA (30%),
no peaks of other phases were observed. However, in the XRD
pattern for BZO-HA (10%), impurity peaks of the ZrO, phase
were observed at 24.8°, 29.8°, and 49.6°, which are indicated by
# in the XRD pattern. On further increasing the concentration of
HA in the composite, the impurity peaks disappeared slowly
and also no peak shift was observed in the composite. Thus, the
coexistence of HA peaks in BZO confirmed the formation of
a composite.

The crystallite sizes of the BZO, HA, and composites were
calculated by means of the Debye-Scherrer equation. The crys-
tallite sizes for BZO, HA, BZO-HA (10%), BZO-HA (20%), and
BZO-HA (30%) were deduced to be 13.71 nm, 19.72 nm,
16.11 nm, 25.29 nm, and 23.55 nm respectively. Thus, XRD
results revealed that the obtained samples are of high
crystallinity.

3.1.2 SEM analysis. The micro-surface morphology of the
prepared catalyst was characterized by the SEM analysis. Typical
SEM images of Bi,Zr,0; (BZO), hydroxyapatite (HA), and the
composites (BZO-HA) are displayed in Fig. 4. As shown in the
Fig. 4a, BZO consists of smooth and irregular triangular plates
while HA showed ultrathin nanoflakes with partial folds on the
surface (Fig. 4b). However, on forming the composite BZO-HA
(10%), it was observed that HA particles are distributed on the
surface of the BZO, leading to the formation of a hetero-
structure. With increasing concentration of HA (20% and 30%)
a hierarchical cluster structure formation was witnessed (Fig.
4c-e).

3.1.3 UV-vis diffuse reflectance spectroscopy. The optical
properties of BZO, HA and the composite samples are illus-
trated in Fig. 5. The spectra of the composites displayed intense
light absorption in the region of 500-550 nm. The optical
absorption edge is extended to around 475 nm for the BZO
particles. However, low light absorption ability was observed for
the HA, which might be due to the light scattering effect.** The
reflection in the visible range was imperfect for HA and a small
absorption in this range is observed. The experimental band
gaps for BZO and BZO composites were calculated from the
Tauc plots using the Kubelka-Munk equation, F(R) = (1 — R)*/
2R,* where R is the total diffuse reflectance of the representative
samples and F(R) is the ratio of the absorption and scattering
coefficients of the samples.

The E, values of 2.26, 3.61 2.67, 2.79, and 2.86 eV for BZO,
HA, BZO-HA (10%), BZO-HA (20%), and BZO-HA (30%),
respectively, were obtained from the intercept of the tangent to
the absorption curves and are listed in Table 2. The calculated
band gap of HA is consistent with the reported literature indi-
cating the presence of oxygen vacancies in the phosphate
group.®**” The band gap of the BZO-HA composites increased
upon incorporation of HA, which might be due to the interac-
tion between the chemical constituents of HA and BZO.

RSC Adv, 2023, 13, 28198-28210 | 28201
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Fig. 4 FESEM images of (a) BZO, (b) HA, and (c—e) BZO-HA composite
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composites.

Furthermore, the optical phonon energy of the composites was
enhanced compared to that of bare BZO, which can be assigned
to the Burstein-Moss effect. Similar results were reported by
Guo et al.*® Thus the catalytic performance not only depends on
the light absorption phenomenon but on other factors, as re-
ported in the previous literature.*

3.1.4 FTIR analysis. The FTIR spectra for the BZO, HA and
the composites of BZO with HA are shown in Fig. 6. The peak
observed at 820 cm ™" is due to the NO;~ group present in the
BZO material. The peak around 1250 cm ™' is due to carbonyl
double bonded (C=C) carbons of aromatic compounds present
in Mentha spicata leaf extract. In the spectra for HA and the
composites of HA with BZO, the peak around 870 cm ™" was
found to be due to »,(CO;3)*" stretching, the region at 1350-

28202 | RSC Adv, 2023, 13, 28198-28210
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(a) UV-vis diffuse reflectance spectra (DRS) and (b) band gap versus photon energy plots of the as-synthesized BZO, HA and BZO-HA

1470 cm ™" belongs to »5(C0O;)>".* The v; and v, bands around
1260 cm " and 650 cm ' are from PO,>” and PO, groups,
respectively. The broad band found at 2500 cm " corresponds
to the C-H stretching of the aromatic ring. The band at
3750 cm ! indicates the OH group stretching vibrations.*
3.1.5 Electrochemical studies. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were employed
to study the electrochemical features of the as-synthesized HA
and BZO-HA nanocomposites. The CV measurements were
performed using the conventional three-electrode setup in
aqueous 0.1 M KCl as the electrolyte. Fig. 7a-d display the CV
curves in the range of potentials between +1.0 and —1.0 V for HA
and BZO-HA (10%, 20% and 30%) nanocomposite-modified
graphite electrodes with varying scan rate from 0.01 to 0.05 V

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Specific capacitance calculated from CV curves at various
scan rates

Specific capacitance (x10 > F g~ )

Scanrate  BZO-HA (10%) BZO-HA (20%) BZO-HA (30%) HA

BZO-HA (30%)

BZO- HA (20%)

% Transmittance

BZO-HA (10%)

HA

500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (cm™)

Fig. 6 FTIR spectra of BZO, HA and BZO-HA composites.

s~*. The presence of redox peaks confirmed the pseudocapaci-
tance behaviour of the electrodes.”**

The specific capacitance (SPcv) was evaluated from the CV
plots using eqn (2), as depicted in Table 1.
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It is clear from Table 1 that the BZO-HA (10%)-modified
graphite electrode exhibited the highest specific capacitance
with high exposure area as compared to other electrodes. This
observation revealed that the BZO-HA (10%) modified graphite
electrode has excellent electrochemical behaviour. The stability
of the nanomaterial was confirmed by CV at different scan rates
(0.01 mV s '-0.05 mV s ') for the BZO-HA (10%)-modified
graphite electrode, as depicted in Fig. 7a. It was predicted that
the shift in the cathodic and anodic peak areas of CV curves
when the scan rate was increased from 0.01 mV s~ to 0.05 mV
s~ ' due to an internal resistance over the electrode surface.***
All the CV curves retained their redox peaks at different scan
rates, confirming the pseudocapacitance behaviour of the
nanomaterial. As can be seen in Table 1, there is a decreasing
trend in SPcv values with increasing scan rates owing to
a comparatively insufficient faradaic redox process at higher
scan rates.*>*
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Fig. 7 CV curves at various scan rates for HA and the BZO-HA (10%, 20% and 30%) nanocomposites (a—d).
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Fig. 8 Nyquist plots for HA and BZO-HA (10%, 20% and 30%) nanocomposites at various scan rates.

Fig. 8a-d show the EIS spectra of HA and the BZO-HA (10%,
20% and 30%) nanocomposite-modified graphite electrodes.
The high-frequency regions displayed by the respective elec-
trodes comprise a semicircle while a straight line was displayed
for the lower frequency regions. Using the diameter of the
semicircle, the charge transfer resistance (R.) values of the
electrode and electrolyte interface can be obtained. The

(a) 104 —e— BZO-HA (10%)
e BZO-HA (20%)
—a— BZO-HA (30%)
0.8 —r—HA
—+—BZO
U 0.6
o
0.4+
0.2 1
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0 20 40 60 80 100
Time (min)

(©)

% Degradation

Fig. 9
scavengers on MB dye degradation. (d) Reusability.
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calculated R values of the HA and BZO-HA (10%, 20%, 30%)
nanocomposite-modified graphite electrodes were found to be
1500 Q, 120 ©, 100 ©Q and 900 Q, respectively. There was a slight
appearance of a semicircle for BZO-HA (20%). The slope from
the straight line in the low-frequency region for BZO-HA (10%)
tended slightly towards 90° as compared to the other modified
electrodes, which confirms the capacitive nature. The BZO-HA

(b) —e— BZO-HA (10%)
—e— BZO-HA (20%)
—a— BZO-HA (30%)

——HA

——BZO

45 60
Time (min)
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(d)

-
=
e

3
o
e

Removal Efficiency (%)

o
5
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(a) Plot of (C/Co) vs. irradiation time for the pure BZO, HA and BZO-HA composites. (b) In plot of (Co/C) vs. irradiation time. (c) Effects of
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(20%) nanocomposite-modified electrode exhibited a low R
value, which revealed that the material can be utilized as
a semiconducting material for enhancing photocatalytic
applications.>*>?

3.2 Photocatalytic evaluation of the BZO, HA and BZO-HA
composites

To evaluate the photocatalytic properties, a series of experi-
ments were carried out with the BZO-HA composites under
visible light irradiation. The degradation profiles for MB and RB
are presented in Fig. S1 and S2.1 The characteristic absorbance
peaks of MB and RB at wavelengths of 664 nm and 540 nm,
respectively, gradually decreased within the 90 min irradiation
time. It is clear from the obtained absorbance plot that the BZO-
HA (20%) composite could effectively decompose the dyes
compared to bare BZO and HA. The photocatalytic activity
performance is enhanced compared to that BZO because the
recombination of electron and hole pairs decreases due to the
greater charge separation in the composites. Fig. 9a and 10a
present the MB and RB degradation efficiency of the different
photocatalysts over time.

The degradation efficiency for MB was found to be in the
sequence BZO-HA (20%) > BZO-HA (30%) > BZO > BZO-HA
(10%) > HA while the degradation efficiency for RB follows the
order BZO-HA (20%) > BZO-HA (30%) > BZO-HA (10%)> BZO >
HA. The removal efficiencies of MB and RB with BZO-HA (20%)
were found to be 90.32% and 98.44%, respectively. To better
understand the photocatalytic efficiency, a pseudo-first-order
model was established for the experimental data to obtain the
kinetic results. The plots of In Cy/C as a function of time for
BZO, HA, and BZO-HA composites are shown in Fig. 9b and 10b.

(a) ,
1.04 = BZO-HA (10%)
Daﬂ& Light *  BZO-HA (20%)
' 4 BZO-HA (30%)
089 1\, v HA
: \\ - + BZO
L\f 0.6 H .
o H >
044 I
E Y . ; & v
0.2 E - . : s
0.0{ o
0 20 40 60 80 100
Time (min)
(©
100+ S04
_ 804
g
= 604
-cE 60 49.62
)
R 40- 3548 —
B
20
0- ] > > >
) y‘w {’\.o,‘ o ‘0,\\ g 9,\\
& o) ¥ &

» K

Fig. 10
scavengers on RB dye degradation. (d) Resuablity.
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The rate constants for BZO-HA (20%) for MB and RB dye were
estimated to be 0.020 min~" and 0.04 min ", respectively. The
percentage degradation efficiencies and rate constants for pure
BZO, HA, and the nanocomposites for MB and RB dye are
summarized in Table 2. The superior performance by the
composite BZO-HA (20%) is possibly due to the aggregated
morphology and the synergistic effect between BZO and HA,
which further hinders photogenerated electron and hole
recombination. Thus, the MB and RB dye degradation efficiency
with the composite photocatalyst was improved markedly
compared to the bare catalyst. For comparison, other reported
catalysts for the degradation of RB and MB dye are shown in
Table 3.

To analyze the active radical responsible for the photo-
catalytic degradation mechanism, radical-trapping experiments
were performed. The scavengers ammonium oxalate (AO),
ascorbic acid (AA), and isopropanol (Pr) were employed to trap
photogenerated holes, superoxide anion (O, ) and hydroxyl
radicals (OH"), respectively.”® The degradation efficiency for MB
dye with BZO-HA (20%) composite decreased to 35.4%, 40.82%,
and 49.62% while for RB dye the degradation efficiency is only
32.65%, 35.89% and 40.35% with the addition of AO, AA, and
Pr, respectively (Fig. 9c and 10c). This data reveals that all three
radicals actively participated in the catalytic mechanism. From
a practical application view, repeated cycles of MB and RB
removal were carried out with BZO-HA (20%). After each cycle,
the catalyst was centrifuged and washed with deionized water. A
slight decrease in the degradation efficiency was observed from
the 1st to the 3rd cycle. The catalyst showed good degradation
efficiency (80.5% and 87.9%, respectively) for MB and RB dye
even after the 3rd repeated cycle (Fig. 9d and 10d).
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(a) Plot of (C/Co) vs. irradiation time over pure BZO, HA and the BZO-HA composites. (b) In plot of (Co/C) vs. irradiation time. (c) Effects of

RSC Adv, 2023, 13, 28198-28210 | 28205


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05222b

Open Access Article. Published on 25 September 2023. Downloaded on 11/8/2025 4:23:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 2 Degradation efficiency, kinetic data, calculated valence band (VB) and conduction band (CB) edge potentials for BZO and HA, and band

gap energy (eV) of BZO, HA and BZO-HA composites

Degradation
efficiency (%) K (min™")
Conduction band Valence band Band gap energy
Photocatalyst MB RB MB RB potential (CB) (eV) potential (VB) (eV) (Ey)
BZO 65.4 83.3 0.013 0.022 0.43 2.69 2.26
HA 55.6 77.5 0.009 0.017 —0.415 3.19 3.61
BZO-HA (10%) 57.4 86.1 0.008 0.021 2.67
BZO-HA (20%) 90.3 98.4 0.020 0.041 2.79
BZO-HA (30%) 73.5 92.6 0.015 0.031 2.86
Table 3 Comparison of the degradation efficiency of previously reported photocatalysts for MB and RB dyes
Sample Dye Concentration Degradation efficiency (%) Time Ref.
BaTiO5/GO MB 5mgL! 95 3h 57
g-C3N,/ZnO MB 10 ppm 90 120 min 58
SnO,/TiO, MB 5 ppm 95 25 min 59
Ag/CeO,/graphene MB 20 mg L* 75 120 min 60
Sn-doped CeO,-Fe,0; MB 10mgL* 94.6 2h 61
CuO-Pb,0; RB — 99 90 min 62
a-Fe,0;@CeO0, RB 5 ppm 93 75 min 63
Ag/CeO, RB 02gL™! 96 3h 64
WO,/0-ZnM00, RB 1uM 9 180 min 65
Sm-doped CeO, RB 5 ppm 90 90 min 66
Fe-NiO RB 5 ppm 86 60 min 67
MB 5 ppm 85 60 min
BZO-HA (20%) RB 20 ppm 98.4 90 min Present work
MB 20 ppm 90.3 90 min

3.2.1 Proposed photocatalytic mechanism. For the efficient
generation and separation of electron-hole pairs, the proper
band structure of the photocatalyst is very essential. The band
potentials can be theoretically predicted using empirical eqn (3)
and (4):*

Eyg = X — E. + 0.5E, (3)
ECB = EVB - Eg (4)

where Eyy is the valence band edge potential, X is the electro-
negativity of the semiconductor, E. is free electrons on the
hydrogen scale (~4.5 eV)), and E, is the band gap energy of the
photocatalyst. The electronegativities of BZO and HA were
found to be 6.06 and 5.89 eV respectively.*** The VB and CB
values of the BZO and HA samples based on the experimental
results were found to be 2.69, 3.19 eV, and 0.43, —0.415 eV,
respectively. Thus the CB and VB potentials of BZO and HA are
at appropriate positions for the construction of a hetero-
junction. The photocatalytic mechanism scheme is presented in
Fig. 11. According to the literature, both HA and BZO can
generate electrons and holes under visible light. The CB edge
potential of HA (—0.415 eV) is negative and lower than that of
BZO (0.43 eV), and the VB potential of HA (3.19 eV) is more
positive than that of BZO (2.69 eV). The photogenerated elec-
trons on the surface of the HA easily migrate to the CB of the
BZO while the holes present in the VB of the HA move to the VB
of the BZO. Therefore, a type I heterojunction is effectively

28206 | RSC Adv, 2023, 13, 28198-28210

formed and this phenomenon reduced the recombination of
photogenerated electron-hole pairs. For BZO-HA (20%), the CB
potential (—0.415 vs. NHE) of HA is more negative than the
standard redox potential of O,/O, (—0.33 eV chem vs. NHE, pH
7). So, free electrons on the surface of HA react with the
adsorbed oxygen molecule producing ‘O, species. Further-
more, the standard VB potentials of BZO and HA (2.69 and 3.19
eV) are more positive than the redox potential of ‘OH/OH™
(+1.99 eV vs. NHE) and 'OH/H,0 (+2.27 €V vs. NHE).* It can be
concluded that the h* can react with OH™ and H,O to give rise to
'OH radicals. The results from the radical scavenger experi-
ments also proved that holes, superoxide, and hydroxyl radicals
were responsible for the degradation of the dye. Thus, the BZO-
HA (20%) composite showed efficient photocatalytic activity
compared to the single components.

3.3 Sensor studies of graphite-BZO-HA composite electrode

The prepared graphite-BZO-HA (10-30%) electrodes were
extended toward sensor applications by electrochemical char-
acterization. In the sensor examinations, we utilized prepared
electrodes for sensing dextrose and lead metal in 0.1 M KCl
electrolyte. The CV analysis of the prepared graphite-HA bare
electrode was examined in the potential range of —0.8 V to
+1.0 V, which confirmed little or no sensing ability for dextrose
and lead nitrate (concentration 1-5 mM) (Fig. 12a and b).
However, the prepared composite nanomaterials with different
percentages of HA showed excellent sensing properties for lead

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Schematic band diagram of the BZO-HA composite.

nitrate and dextrose. As presented in Fig. 13, the sensing of the
prepared graphite-BZO-HA (10%) electrode for lead nitrate in
0.1 M KCl electrolyte was confirmed by the presence of a redox
potential peak at —0.24 V (Fig. 13a) and for dextrose at 0.18 and
—0.58 V (Fig. 13b). The redox peaks appeared at varied potential
positions with respect to CV of BZO-HA (10-30%) in the bare
electrolyte, which confirmed the sensibility of the electrode for
lead.

Strong redox peaks were observed for dextrose as well as for
lead nitrate using the prepared graphite-BZO-HA (20%) elec-
trode in the potential range of —1.0 V to +1.0 V. The appearance
of redox peaks at varied potential positions of —1.02, —0.38,
—0.52 and —0.78 V with respect to the bare electrolyte indicates
the sensing capacity for lead nitrate and redox peak potentials
at —0.48 and —0.60 V for dextrose, as shown in the Fig. 13c and
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d, respectively. Similarly, the increased HA concentration in the
BZO-HA (30%) composite material shows less sensing property
towards lead nitrate and dextrose compared to graphite-BZO-
HA (20%). Strong redox peaks for dextrose and lead nitrate
were observed for the prepared graphite-BZO-HA (20%) elec-
trode in the potential range of —1.0 V to +1.0 V.

The presence of redox peaks at potential positions of —0.07
and 0.48 V indicates the sensing capacity for lead nitrate and
redox peak potentials at 0.09 and 0.69 V for dextrose as shown in
Fig. 13e and f, respectively. Hence, the obtained data reveal that
the BZO-HA (20%) electrode sensing properties towards lead
nitrate and dextrose are better than those of BZO-HA (bare HA,
10% and 30%), which confirms that the synthesized BZO-HA
(20%) nanocomposite can be used as a better candidate for
the sensor applications.

3.4 Antibacterial activity

The synthesized BZO-HA (20%) was analyzed for antibacterial
activity against both Gram-positive and Gram-negative bacteria,
S. aureus and S. typhi, with DMSO as a negative control. The
potential activity of the sample is directly proportional to the
zone of inhibition, as shown in Fig. 14 and Table 4. Past studies
revealed several mechanisms for growth inhibition. The posi-
tively charged ions, like Ca®" and Na*, are drawn to the surface
of the bacteria whose cellular membranes have negative charges
because they contain phosphate and carboxyl groups.®® The
resultant electrostatic interactions may alter the cellular
membrane physically, resulting in cell damage and increasing
the penetration of the ions.* The positive metal ions from BZO-
HA can result in significant quantities of reactive oxygen species
that lead to denaturation of the proteins inside the cell,
particularly those of the ribosomes. These substances, when
present in excess, limit cellular respiration, disrupt lipids and
nucleic acids, and also trigger a reaction akin to apoptosis.”
The presence of minerals like Na* and Ca®" in the as-
synthesized BZO-HA gives it antibacterial properties. The anti-
bacterial efficacy of BZO-HA was discovered to increase with
concentration. This is explicable by the fact that BZO-HA (400
ug) has the highest concentration of Ca®" and Na“, and the
presence of TCP (tricalcium phosphate) which improves Mg?*
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Fig. 12 CV plot of HA electrode for sensing lead nitrate and dextrose molecule at a concentration ranging from 1 to 5 mM (a and b).
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Fig. 13 The CV plots of the prepared BZO-HA electrodes for sensing lead nitrate at concentrations ranging from 1 to 5 mM (a, c and e); and CV
plot of the prepared BZO-HA electrodes for sensing dextrose at concentrations ranging from 1 to 5 mM (b, d and f).

Fig. 14
and C. control.

28208 | RSC Adv, 2023, 13, 28198-28210

Inhibition zones of (a) S. typhi (b) S. aureus for the BZO-HA (20%) sample with concentrations of 1. 100 pg, 2. 200 ug, 3. 300 ug, 4. 400 ug,
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Table 4 Inhibition zones in mm for BZO-HA (20%) against S. typhi and
S. aureus
BZO-HA (20%)
Concentrations
(ng mL™Y) S. typhi S. aureus
100 19 15
200 21 18
300 24 20
400 26 23
Control — —

and Na' solubility and bioresorbability and so enhances the
antibacterial activity.”™

4 Conclusion

In the present work, BZO-HA composites were successfully
synthesized by a simple combustion method and SEM-EDS,
FTIR, XRD, electrochemical, and UV-vis techniques were
employed to characterize the composites. The catalyst efficiency
was assessed in the presence of sunlight for degradation of MB
and RB dyes under optimum conditions. The BZO-HA (20%)
catalyst was proved to be the most efficient one as compared to
the other as-prepared photocatalysts. The photogenerated
holes, hydroxyl radical, and superoxide anion are responsible
for the excellent photocatalytic degradation of MB and RB dyes.
In addition, the as-prepared BZO-HA (20%) composite exhibited
better antibacterial activity against S. aureus and S. typhi
bacterial pathogens owing to the synergistic effect between BZO
and HA particles, and the generation of reactive oxygen species.
Moreover, the BZO-HA (20%) composite-modified electrode
showed high selectivity for the determination of dextrose and
lead nitrate in 0.1 M KCl as an electrolyte over the applied
potential range from —0.8 V to +1.0 V for 1-5 mM concentra-
tions of analytes. Finally, these results may be a promising route
to prepare new semiconductor-based photocatalysts for a wide
spectrum of applications.
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