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ABSTRACT

Pharmaceutical wastewater, including antibiotics, is being increasingly detected in the environment as a form of
micropollutant. Researchers have progressively concentrated on integrating the advanced oxidation process (AOPs)
with photocatalysts such as bismuth oxide (Bi,0,) to degrade antibiotics. The study involved the effective synthesis
of pure Bi,O, and Copper doped Bi,0, (CBO) thin films using the sol-gel process. These thin films were then coated
using the spray coating technique, and studied for their ability to degrade levofloxacin (LFX). The characterization
including UV-Vis and XRD were used to analysed the properties of all synthesized thin films. 3% CBO thin films
have the good quality compared with other thin films with the lowest energy band gap is 2.54 eV and crystallite size
are 28.1938 nm. The degradation efficiency of 3% CBO thin films using photocatalysis is 85.95%. The degradation
kinetic rate value is 0.00637 min! for pseudo-first-order kinetics and 0.00676 min™! for pseudo-second-order kinet-

ics. The reusability of CBO thin films was also evaluated to determine the sustainability of the thin films.

Keywords: thin films, antibiotic degradation, photocatalysis, bismuth oxide.

INTRODUCTION

Nowadays, water pollution has become a ma-
jor issue for many researchers, due to a variety of
contaminants such as pesticides, herbicides, dyes,
and pharmaceuticals [1]. Pharmaceutical usage
has expanded the diversity of contaminants in the
environment, resulting in an increasing finding
of drug-resistant microorganisms [2]. Antibiotics
are the most frequently used pharmaceuticals. Le-
vofloxacin (LFX) (Figure 1) is a third-generation
fluoroquinolone antibiotic that is highly success-
ful in treating severe bacterial infections, osteo-
myelitis, and other diseases [3]. Among the phar-
maceutical compounds, LFX appears as the anti-
biotic most commonly detected in surface water

and waste water at ng-L"' levels [4]. In addition,
the human body can only metabolize 15% to 20%
of LFX; the other component is excreted [5]. The
presence of LFX in the aquatic environment leads
to the development of antibiotic-resistant genes
(ARGs). Furthermore, LFX has been shown to be
hazardous to certain aquatic species, endangering
the ecosystems supporting marine life [6]. Thus,
it is critical to remove LFX from aquatic envi-
ronments in order to enhance public health and
aquatic ecosystem safety.

The techniques reported for the elimination
of LFX, such as adsorption [7], biological tech-
nique [8], electrocatalytic [9], activated sulphate
[10], and photocatalysis [1, 3, 6, 11]. Among vari-
ous method, the photocatalyst method is widely
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Figure 1. Levofloxacin chemical structure

regarded as a very profitable technology for re-
moving contaminants due to its exceptional ef-
ficiency and the simplicity and reusability of its
procedures [12]. Photocatalytic technology has
been widely employed by researchers for the deg-
radation of LFX. The photocatalyst efficiently
decomposes LFX by producing hydroxyl radicals
(OH) more and radicals of superoxide (O,") [13].

The development of photocatalysts driven by
visible-light is essential for visible-light utiliza-
tion. Bi-based semiconductors have been devel-
oped due to the distinctive structure of bismuth,
whose compounds readily form layered struc-
tures and are responsive to visible light. Bismuth
oxide (Bi,0,) is a basic semiconductor composed
of bismuth, with a band gap energy ranging from
2.1 through 3.9 eV, it has been widely used in cat-
alysts [14]. In order to facilitate photocatalysis,
Bi,0, effectively absorbs visible light, producing
electron-hole pairs that aid in the degradation of
contaminants [15]. In addition to heterogeneous
photocatalysis, the semiconductor Bi,O, has been
implemented in thin films [16—18] and nanopar-
ticles [19-21], among others.

Thin films photocatalysts have garnered
significant interest due to their straightfor-
ward preparation, cost-effectiveness, ability to
be applied to various substrates, and environ-
mentally beneficial nature. Furthermore, thin
films offers numerous benefits in comparison
to powders, including less agglomeration and
enhanced catalytic activity without the need
for large quantities of ingredients [22]. The
characteristics of Bi,0, thin films can be con-
trolled through synthesis techniques [23]. Sev-
eral technique have been employed to enhance
the characteristics of Bi,0, thin films such as
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magnetron sputtering [24], chemical vapor de-
position (CVD) [25], pulsed laser deposition
(PLD) [26], spray pyrolysis [27], and sol-gel
[28]. Utilizing the sol-gel method to create
new materials, especially oxide-based coat-
ings, has attracted a lot of scientific attention
in recent years. This method is especially use-
ful for producing thin films with strong control
over composition and microstructure due to
the gentle synthesis conditions [29].

Sahoo and Panigrahi, reported that Bi,O,
doped graphene obtained by modified sol-gel
technique [28]. Xiaohong et al. discovered that
Bi,0, thin films, produced by the sol-gel method
and coated using a dip-coating technique, dem-
onstrated photocatalytic activity in the degra-
dation of Rhodamine B [30]. Ilsatoham et al.
also showed that Bi,0, thin films fabricated us-
ing the sol-gel technique. The sol-gel process,
when combined with spray coating, has sev-
eral advantages over other regularly employed
techniques for preparing Bi,O; thin films. These
advantages include user-friendly interface, me-
ticulous regulation of chemical composition,
cost-effective machinery, deposition at low
temperatures, and the capability to generate
superior films in diverse forms and dimensions
[31]. Consequently, this methodology is being
employed as a promising and feasible method
for synthesizing materials.

Doping Bi,0, thin films with metal ions,
such as copper (Cu), can enhance their perfor-
mance. The selection of the Cu element was
based on its widespread utilization in metal-
doped semiconductor photocatalysts. In addi-
tion, the atomic number of copper (Cu) is rela-
tively smaller than that of bismuth (Bi), which
aids in the ion replacement process [32]. There
is a limited amount of literature available on Cu
doping Bi,0, (CBO) thin films. Hence, this work
intended to investigate the influence of Cu dop-
ing on the structural and optical properties of
Bi,0, thin films. The films were produced using
the sol-gel process and applied onto a glass sub-
strate using spray coating. The structural analy-
sis involves examining the formation of phases
and the degree of crystallinity in of CBO thin
films. The study of optical qualities encompass-
es the analysis of spectra and the determination
of bandgap energy. Furthermore, the study ex-
amines the photocatalytic efficiency of the pro-
duced CBO thin films in the breakdown of LFX
antibiotic contamination.
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MATERIALS AND METHOD

Materials

Bismuth (III) nitrate, Bi (NO,),*5 H,O, cop-
per (I) nitrate Cu (NO,),-3H,0 were purchased
by Sigma Aldrich company and used as a Bi and
Cu precursor. Sodium hydroxide (NaOH), nitric
acid (HNO,), and Ethylene glycol were purchased
by Merck KGaA as a solvent. The solutions were
prepared using deionized water. The solvents uti-
lized for CBO thin films deposition include ac-
etone, methanol, and deionized water. The CBO
thin films were utilized during the application step
of LFX. The Levofloxacin Hemihydrate tablets
were obtained from a local pharmaceutical com-
pany in Semarang, Central Java, and subsequently
prepared to be used as the LFX stock solution.

Preparation of CBO thin films

CBO thin films were produced via the sol-gel
procedure and coated using the spray coating tech-
nique. According to Figure 2, the CBO precursor
needs to be prepared beforehand. The process of
creating a CBO precursor operates as follows: 500
mg of bismuth nitrate was dissolved into 50 mL
of 5% HNO,, stirred for 10 minutes at room tem-
perature to ensure uniformity. Subsequently, cop-
per nitrate was added into the uniform solution,
exhibiting concentration variations of 0, 1, 3, 5,

Bi(NO3)s.5 H20
+ HNO3

Dissolution with
suspension and adding
ethylene gycol

Stirring for 10
minutes

Precipitate

and 7%. In addition, the mixture was uniformly
blended for a duration of 10 minutes at room tem-
perature using a stirrer set at a speed of 500 rpm.
Afterwards, 250 mL of NaOH was poured into the
homogeneous solution, and stirred for a duration
of 2 hours. After allowing the solution to stand and
form a suspension, the precipitate was isolated.
The precipitate was once again dissolved in 50 mL
of 5% HNO, and adding 10 mL of ethylene glycol.
The solution is heated on a hotplate at a tempera-
ture of 175 °C for a period of 30 minutes, with si-
multaneous stirring at a speed of 670 rpm, result-
ing in the formation of a transparent and uniform
mixture. Subsequently, a transparent solution will
be used to a CBO thin films deposition.

The CBO thin films were deposited utiliz-
ing the spray coating method. Spray coating is a
technique where a pressurized gas flow has been
utilized to push tiny particles of coating material
onto a surface, known as a substrate. The CBO
precursor solution will be spread over a glass
substrate that has been prepared and has dimen-
sions of 25.4x76.2 mm and a thickness of 1-1.2
mm. The glass substrate conducted a methodical
cleaning process utilizing liquid acetone, metha-
nol, and aqueous solutions for a duration of 15
minutes. Next, the substrate’s glass was heated to
a temperature of 450 °C. for a duration of 30 min-
utes. This procedure has been performed relying
on prior research completed by Ilsatoham et al.
[31]. Next, about 50 mL of the CBO precursor

Adding

Stirring for 2
hours

Figure 2. Preparation of precursor for CBO thin films
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solution was applied over a glass substrate with
a separation interval of approximately 30 cm.
The deposition process was conducted perpen-
dicularly using an airbrush sprayer, as depicted in
Figure 3. Following the deposition procedure, the
temperature of the hotplate was systematically re-
duced to create a uniformly thin films that does
not develop any cracks. The CBO thin films were
thereafter subjected to annealing in a furnace at a
temperature of 350 °C for a duration of 2 hours.

Characterization of CBO thin films

The CBO thin films were analysed using
CBO thin films characterization techniques
to evaluate its crystal structure, composition,
shape, and optical characteristics. The initial
study of the CBO thin films was conducted us-
ing the spectrophotometer ultraviolet-visible
(UV-Vis) (Flame, Ocean Optics). The optical
features of CBO thin films were assessed using
UV-Vis spectra, which measured wavelengths
ranging from 200 to 1000 nm. Subsequently,
the band gap energy values of the CBO thin
films were determined using the Tauc plot
approach. Further, it was subjected to X-ray
diffractometer (XRD) instrument (Shimadzu
7000 type) for structural analysis and crys-
tal phase with Cu-K « radiation with angular
range from 0.02° to 20, and from 20° to 60°.

Photocatalytic study of LFX degradation

The photocatalytic activity of CBO thin films
was assessed by measuring the degradation of
LFX in the presence of UV radiation. A stock

Sprayer gun i .

Figure 3. Schematic of the spray-coating
technique for CBO thin films deposition
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solution of LFX was prepared specifically for LFX
tablet with a concentration of 50 mg/L (50 ppm).
LFX solution was homogenized using ultra-turra
with a stirring speed at 450 rpm for 30 min. Each
prepared sample was placed into a 50 mL of LFX
solution. The experiment was conducted within
an enclosed box that was supplied with a UV-C
lamp (Philips TUV-30-W, 265 nm, Netherlands)
operating at the room temperature. To ensure
uniform lighting for the solution, the UV-C
light was placed in the middle of the sample.
Before activating the UV-C lamp, the LFX so-
lution was permitted to remain undisturbed for
a duration of 30 minutes in order to attain a
state of adsorption equilibrium, thereby ensur-
ing that solely photocatalytic activity occurred
throughout the experiment. Subsequently, the
LFX solution is placed under irradiation for a
period ranging from 0 to 5 hours, during which
the LFX concentration is assessed at 30-minute
intervals. The concentration of the LFX solu-
tion was evaluated during the photodegradation
process using a UV-VIS spectrophotometer,
along with its corresponding absorption spec-
tra before and after treatment. Degraded LFX
concentration was calculated using the formula

(Eq. 1) [33].

- C
Degradation (%) = — v £ % 100% =
(o]
=22t % 100%

o

where: C represents the starting concentration of
LFX (mg/L), C, represents the concentra-
tion of LFX at certain time (mg/L), 4, rep-
resent the absorbance of LFX at different
times (a.u), and 4 is the blank absorbance
of the original solution (a.u).

Degradation kinetics of LFX

The proposed model for photocatalytic activ-
ity aims to offer a more rigorous methodology for
the degradation of LFX. Subsequently, the kinetic
model was used to evaluate the degradation kinet-
ics of LFX. Equation 2 and 3 displays the math-
ematical equations of the kinetic model, which
consist of pseudo-first-order and pseudo-second-
order kinetic models.

lng—z = —ky.t )
1 1
C_t:_C_o = kz.t (3)
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where: k, —represent the rate constant of pseudo-
first-order kinetics, and k, — represent
the rate constant of pseudo-second-order
kinetics.

RESULTS AND DISCUSSION

Visual characteristic of CBO thin films

The synthesis of CBO thin films was effective-
ly achieved by the sol-gel method, and they were
then put onto a glass substrate utilizing spray-
coating procedures. Figure 4 displays the surface
colour of CBO thin films at different concentra-
tions of Cu doping. The Pure Bi,0, was complete-
ly formed, as evidenced by the yellow hue of the
product. As an increasing concentration of Cu is
introduced into Bi,0,, a progressive transition in
surface colour from green to brown transpiration
is observed. When blue dissolved Cu nitrate is
combined with yellow dissolved Bi nitrate, colour
shifts occur; as a result, the surface colour will
turn green and brownish in the opposite direction.

It corresponds to Le Chatelier’s Principle,
which examines the impact of varying conditions
on a system in equilibrium. The addition of co-
loured ions to a process will result in the forma-
tion of a darker compound. Mendoza et al. also
documented the phenomenon of colour change
resulting from the systematic integration of Cu,
leading to a darker hue of the material. The colour
transitions from a subtle shade of grey to a subtle
shade of brown [34]. Hemathangam et al. also re-
ported the addition of Cu at high concentrations
results in a darker discoloration of thin films [35].

Pure Bi.0s

1% CBO \ 3% CBO \ 5% CBO | 7% CBO \

Optical study

The study of CBO thin films for LFX deg-
radation places considerable focus on the optical
characteristics, including as transmission, absorp-
tion, and energy gap. Figure 5 displays the optical
transmittance curves at various concentrations as
a function of wavelength. The optical transmit-
tance spectra of the pure Bi,O, and CBO thin
films were measured in the wavelength range of
200 to 1000 nm. The transmittance of pure Bi,0,
is around 40%. The transmittance of CBO thin
films decreases from 25% to 5% when the Cu
doping concentration increases from 1% to 5%.
However, when the Cu concentration reaches
7%, the transmittance increases again to 30%.
The transmittance spectrum exhibits a contrast-
ing pattern to the absorption spectrum, indicating
the comparatively low transmittance of CBO thin
films in comparison to pure Bi,0O,. The decrease
in transmittance observed in CBO thin films can
be attributed to the enhanced crystallization pro-
cess. The decrease in transmittance of the CBO
thin films was attributed to the scattering of light
on their rough surfaces, which occurs as the grain
size increases. Another observation about these
transmittance spectra is the shift of the absorption
edge towards longer wavelengths. The changes
in absorption and transmission can be ascribed
to the variation in thickness and the fundamental
variations in the absorption characteristics of the
CBO thin films [35].

Figure 6 exhibits the optical absorption spec-
tra of undiluted Bi,O, and CBO thin films at
room temperature, spanning a wavelength range
from 200 to 1000 nm. The absorbance spectra of

Figure 4. Visual characteristics of the CBO thin films
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Figure 5. The transmittance spectra of CBO thin films

pure Bi,0O, have distinct peaks at a wavelength of
295 nm, which are observed to be the minimum
and progressively grow with the addition of Cu
to Bi,O,. The UV-Vis spectra of undiluted and
copper-doped bismuth oxide thin films display a
discrepancy in the wavelength of the peaks cor-
responding to the maximum absorption.

The addition of copper (Cu) into the Bi,O,
thin films results in an enhancement of the optical
absorption properties, as well as a displacement
of the optical absorption maximum towards the
higher wavelength range spanning from 295 nm
to 330 nm. With an increase in Cu concentration,
there will be a corresponding increase in the ab-
sorption coefficient. The results indicate a rise in
the optical band gap. The highest absorption co-
efficient was observed at a concentration of 3%
CBO, measuring 3.2485 average units (a.u.), and
exhibited a progressive reduction from 5% CBO
to 7% CBO. The creation of hole carriers after the
addition of Cu doping is the fundamental source
of this phenomena, which results in the Femi lev-
el transitioning into the valence band and align-
ing with the density of states [36]. The observa-
tion reveals that an increase in Cu doping leads
to a more pronounced alteration in the absorption
spectrum. The obtained calculations align with
the band gap analysis described below, which is
in accordance with the experimental findings.

The energy band gap is a crucial optical prop-
erty that plays a significant role in defining a ma-
terial’s photocatalytic capacity. The addition of
copper to the Bi,O, element will greatly modify
its photocatalytic bandwidth, consequently im-
pacting the range of responses exhibited by the
photocatalyst under visible light. This alteration
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Figure 6. The absorbance spectra of CBO thin films

enables the photocatalyst to absorb visible light
across different wavelengths, ultimately influenc-
ing its catalytic activity. Subsequently, it is im-
perative to examine the level of Cu doping in the
Bi,0, photocatalyst, as the degree of Cu doping
in the crystal structure of Bi,0, does not exhibit
a direct correlation with its capacity to modify
UV-vis light absorption and bandwidth gap. The
optical band gap value (£) of samples have been
calcuated by fitting the absorption data using
Tauc-plot equation,

ahv = A (hv — Eg)" “4)

Many factors determine the absorption coef-
ficient, represented by a, v is the frequency of the
incoming photon, Eg represents the band gap en-
ergy value, and n is a value that is equal to 1/2 for
a direct band gap and 2 for an indirect band gap
compound, A4 is an energy-independent constant,
and h is Planck’s constant.

The energy band gap of pure Bi O, is deter-
mined to be 3.05 eV through measurement. The
introduction of varying amounts of Cu (1%, 3%,
5%, and 7%) led to a reduction in the energy band
gap, with values of 2.93, 2.54, 2.62, and 2.83 eV
correspondingly. An increase in the amount of
Cu element leads to a decrease in the band gap
value, which in turn enhances the optical activ-
ity. The minimum energy band gap was obtained
by CBO 3%, which is 2.54 eV. A small energy
band gap indicates a decrease in the breadth of the
energy band gap between the valence band and
the conduction band. UV light irradiation induces
excitation, hence lowering the energy threshold
for electron transfer from the valence band to the
conduction band. This enables the generation of
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Figure 7. The bandgap energy plot of thin films: (a) pure Bi,0,, (b) 1%
CBO, (c) 3% CBO, (d) 5% CBO, and (e) 7% CBO

electrons and holes. Enhancing the photocatalytic
activity can be achieved by generating a greater
number of electrons and holes.

Structural analysis

The XRD pattern is used to determine the
crystal microstructure of the resulting samples.
In Figure 8(a) shows the full spectrum of XRD
for pure Bi,0, and 1%, 3%, 5%, and 7 % CBO
thin films between 20° and 80°. Figure 8b dis-
plays the XRD spectra of pure Bi,O, and CBO

thin films. As shown in Figure 8b the pure Bi,O,
thin films exhibit seven major diffraction peaks
at 20: 27.88°, 31.67°, 32.68°, 46.17°, 46.91°,
54.22°, and 55.49° which matched with miller in-
dex (201), (002), (220), (222), (400), (203), and
(421). The XRD pattern of pure Bi,0, thin films
closely matches the structure of Bi,O, (pdf data
card number ICDD-00-027-0050), showing the
process of creating a singular phase of Bi,O, The
pure Bi O, thin films corresponds to tetragonal
Bi,0, (B-Bi,0,) with space group p-421c and lat-
tice parameters such as a = b: 7.742 A, ¢: 5.631
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A, a =B =y:90° and cell volume: 337.51 A%
Using the XRD data and Equation 5, the lattice
parameter an of a tetragonal Bi,O, structure was
determined.
1 h2+k2+12
Ak T @ )

where: a — lattice parameter, d,,, — the inter-plane
spacing, and h, k, and | are the indices of

the planes.

Interestingly, the introduction of Cu doping
upon CBO thin sheets results in the appearance
of a new phase at 20: 25.74°, 29.23°, 29.92°, and
47.98° with miller index (210), (211), (002), and
(410) as shown in Figure 8b. The doping of Cu
in the CBO thin films affects the sample’s parent
phase, this results in the emergence of supplemen-
tary diffraction peaks linked to copper or copper
oxide. The presence of Cu-doped Bi,O, can be
classified as a surface or interface phenomenon.
The intensity of all the planes exhibits an upward
trend as the copper concentrations increase from
1% to 3%. However, after 3% copper concentra-
tion, the intensity starts to decline. These findings
align with prior research indicating that the addi-
tion of copper at a concentration of 3-4% led to a
reduction in diffraction intensity [37], [38].

The result of 3% CBO thin films based on
XRD pattern corresponds to Copper Bismuth
Oxide (Bi,,,Cu O, ) phase according to
pdf data card number ICDD-00-049-1765. No
peaks indicating impurities were seen in the
patterns, confirming the formation of pure Cu-
Bi,0, (CBO). Overall, the diffraction peaks ex-
hibit sharpness and a consistent baseline. The
data suggests that the presence of 3% CBO thin
sheets significantly impacts the crystal structure.
The lattice parameters value of 3% CBO thin
films are a=b: 7.7365 A, c: 5.6324 A, a=f=y:
90°, and cell volume: 337.12 A3. The size of
the crystallite (D) was determined using the
Debye-Scherrer formula. Additionally, the lat-
tice parameters, dislocation density (), and mi-
crostrain (&) were also calculated and presented
in Table 1. The formulae provided were used to
examine the crystallite size, dislocation density,
and microstrain.

kA
bs = Bcosé (6)
1
6 =152 (7)
__B
~ 4tand (8)
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where: D_— crystallite size (nm), k = 0.94 repre-
sents the Scherrer constant, 1 = 1.5406 A
represengts the X-Ray wavelength, f —the
full width and half maximum (FWHM), 0
— the Bragg angle diffraction peak in radi-
ans, 0 — dislocation density (line/m?), and
& — microstrain (e).

The pure Bi,0, has a crystallite size of 15.0779
nm. Upon increasing the concentration of Cu
from 1% to 3%, the crystallite size exhibited an
increase to 22.8398 and 28.1938 nm, respectively.
The 3% CBO has the smallest FWHM value of
0.2856 and the largest crystal size of 28.1938 nm.
In addition, the size of the crystallites decreased
further when 5% and 7% of Cu was added. The
inclusion of Cu led to variations in the crystallite
size. The better crystallinity was shown by the
smaller FWHM value, which indicates that it is
simpler for nearby atoms to change the length and
orientation of their bonds.

(a) ¢3-Bi,0; eCu
” . \ L 7'1/_:1 CBO|
= “ | 5% CBO
= A /A A\
o
-~ .
=y 3% CBO
[
< M s 1
2
£ n
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Ma N
§ S Teo PURBEO,
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(b) 3% CBO
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E)
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Figure 8. (a) Full spectrum of XRD, and
(b) detailed XRD diffractogram pattern of
pure Bi, O, and 3% CBO thin films
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Increasing the amount of Cu doping in Bi,0,
leads to an increase in the capacity of the unit cell
and crystallite size. However, this can disrupt the
arrangement of atoms and the stability of Bi,0,.
The disparity in size and charge between Cu and
Bi ions can lead to chain distortions and flaws in
materials [39]. The addition of a small amount
of Cu to Bi,0, (1% CBO) causes a disturbance
in its crystal structure as a result of disparities in
ion sizes. This results in the formation of imper-
fections, impeding the process of crystal growth
and leading to a reduction in size [40]. It is evi-
dent that there is an inverse relationship between
the FWHM and the size of the crystallite. As
the FWHM decreases, the size of the crystallite
grows. Nevertheless, both the dislocation density
and micro strain see a decrease. Defects in the
material can be detected by analyzing the dislo-
cation density and micro strain. The presence of
these flaws in the CBO can lead to a reduction
in the photocatalytic efficacy of antibiotics. From
the outcome, it is evident that the 3% CBO thin
films were expected to exhibit good photocata-
lytic activity.

Levofloxacin degradation performance

The study examined the efficacy of a photo-
catalyst produced using pure Bi,O, and CBO thin
films in degrading LFX. Doping Cu into the Bi,0,
photocatalyst will have a substantial impact on its
bandgap, thus altering the range of light that the
photocatalyst can respond to. This modification
enables the photocatalyst to absorb UV light with-
in various wavelengths, ultimately influencing its
catalytic activity. The process entailed the degra-
dation of LFX, which had an initial concentration
of 50 parts per million (ppm). The photocatalytic
activity was evaluated by periodically measuring
the absorbance at a specified wavelength (290
nm) while exposing it to UV radiation. The deg-
radation efficiency was measured by monitoring
the variation in absorbance at a wavelength of 4

=290 nm. The evaluation of the effectiveness of
degradation was a pivotal result of this study.

Figure 9 demonstrates that the 3% CBO thin
films exhibited the best degrading efficiency,
compared with pure Bi,O, and variation of con-
centration CBO thin films. In the absence of Bi,O,
thin films, we observed minimal degradation of
levofloxacin throughout our photolysis and pho-
tocatalysis tests. The photolysis of LFX was also
studied at same conditions but without the pres-
ence of catalyst. The lack of a catalyst resulted in
a small decrease of 9.13% in LFX concentration
over a period of 5 hours, suggesting that photo-
degradation was insignificant. The results suggest
that the photolysis process only using UV irradia-
tion is not efficient for the degradation of LFX.
This process occurs when photocatalysts are add-
ed to the matrix, leading to changes in the catalyst
structure and the initiation of photocatalytic reac-
tions on the catalyst surface.

CBO thin films exhibit a higher photocata-
lytic activity compared to pure Bi,O,. The deg-
radation efficiency for a 5-time photocatalytic
process utilizing different concentrations of CBO
thin films (pure Bi,0,, 1%, 3%, 5%, and 7%) is as
follows: 46.93%, 75.21%, 85.95%, 79.34%, and
68.97%, respectively. The results indicated that

85.95%

79.34%

75.21%

68.97%

46.93%

9.13%

Figure 9. Levofloxacin degradation efficiency

Table 1. Computed crystallographic parameters for Pure Bi,O, and CBO thin films

Sample 26 () FWHM (8) | Crystallite size (nm) D'jl';g’;‘:g?jfgi"y M'Cros%’f;” (€)x
Pure Bi,O, 27.8795 0.5341 15.0779 4.3986 9.3888
1% CBO 29.95932 0.3509 22,8398 19169 5.7229
3% CBO 27.961 0.2856 28.1938 1.2580 5.0050
5% CBO 27.95432 0.5004 16.0892 3.8630 8.7728
7% CBO 27.95143 0.7005 11.4949 7.5681 12.2805
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the addition of Cu altered the degrading activity
of the Bi203 catalyst. The thin films with a 3%
concentration of CBO exhibit the highest level of
degrading efficiency. This is a result of the pre-
dominant synergistic effects caused by Cu?* ions.
The inclusion of Cu*" ions increased the quan-
tity of active sites on the catalyst and reduces the
rate at which holes and electrons combine again,
therefore improving the photocatalytic efficiency
of CBO thin films. The activity of the catalyst may
be influenced by the various constituents pres-
ent in Cu doped Bi,0; thin films, maybe due to
the specific surface area of the synthesised CBO
thin films [41]. The findings demonstrate that the
inclusion of Cu in Bi O, thin films at concentra-
tions of up to 3% enhances photocatalytic activ-
ity. However, exceeding this threshold of 3% Cu
concentration leads to a decline in photocatalytic
activity. At higher concentrations, the presence of
particles acts as a barrier, creating a mask on the
photosensitive surface. This barrier obstructs or
reflects the passage of light, preventing photons
from reaching the antibiotic’s surface [42].
Figure 10 demonstrates a notable reduction in
the absorption intensity of LFX as the duration of
UV irradiation increases. Increasing the length of
irradiation resulted in the formation of a higher
number of degrading species from the active Bi
and Cu?* photocatalyst, resulting in a bigger con-
centration of degraded LFX. According to the re-
sults, the initial reduction in LFX concentration
was remarkably significant, suggesting that the

antibiotic underwent fast degradation. Neverthe-
less, the rate of reaction decelerates over time and
ultimately achieves its minimum velocity. Dur-
ing the initial stages of the testing, it is clear that
there are a significant number of empty areas on
the catalyst surface. The number of active sites
initially grows and thereafter decreases progres-
sively over time. After approximately 210 min,
the rate of degradation becomes consistent in
the state of equilibrium and enters a stable state.
Therefore, the highest level of degradation of
LFX occurs after 210 min when exposed to UV
light and catalyst, making it the most favourable
time for degradation.

Antibiotic concentrations decrease when LFX
breaks down into CO, and H,O. This is caused by
a degradation process between LFX and hydroxyl
radicals (‘OH), which are created from the de-
composition of H,O molecules upon the absorp-
tion of UV photons (hv). The chemical process
of photolysis is as follows due to the presence of
only the UV and LFX reaction:

HO+hv— OH+H" + ¢ 9)

The generation of OH radicals in the pho-
tolysis reaction is somewhat challenging, lead-
ing to limited -OH radical production. The slow
degradation process of LFX results in a low
percentage of degradation. In the photocatalytic
process, however, the presence of CBO thin films
makes the ‘OH radical formation process more
involved in the degradation of LFX, resulting in

—a— UV
—e— Pure Bi203
—4—1% CBO
0,24——3% CBO
—+—5% CBO
—<— 7% CBO

0 50 100

150 200 250 300

Time (minutes)

Figure 10. Absorbance decrease graph of LFX
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an enhanced degradation of LFX. In order to elu-
cidate the impact of CBO thin films on the photo-
catalytic process, the mechanism of photocataly-
sis was considered. Typically, the photocatalytic
process begins when CBO thin films are exposed
to UV-light possessing energy equal to or greater
than the band gap energy of CBO thin sheets. UV
light irradiation caused excitation of electrons
from the valence band to the conduction band in
CBO thin films.

The act of stimulating an electron from the
valence band to the conduction band leads to
the creation of an electron-hole pair, as illus-
trated in the subsequent equations. The -OH
radicals, hydrogen ions (H), and hydrogen per-
oxide (H,0,) were generated through the reac-
tion of water molecules with the hole (h"). The

H,0O, generated during the reaction underwent
decomposition into two ‘OH radicals, which
were mainly accountable for the degradation of
LFX. The conduction band enabled the genera-
tion of superoxide radicals (-O,) by involving
electrons. The H,O, molecule was synthesized
by mixing them, due to the high reactivity of re-
active oxygen species (ROS). The degradation
of ciprofloxacin occurred due to the disintegra-
tion of the H O, molecule into -OH radicals. The
mechanism depicting the degradation of LFX
through active species is shown in Figure 11.
The kinetics of the catalytic elimination
of LFX using bismuth oxide thin films were
analyzed using the pseudo-first order and sec-
ond order models. Figure 12a and 12b show
graphs of the natural logarithm of the ratio of
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Figure 11. Mechanism for the degradation of LFX
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Figure 12. Levofloxacin degradation results following by (a) pseudo-
first-order kinetics, and (b) pseudo-second-order kinetic
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Table 2. Kinetic rate constant for degradation of LFX

First-order-kinetics Second-order-kinetics
Sample
k (min") k (min) R?

Pure Bi,O, 0.00193 0.9389 0.00101 0.9354
1% CBO 0.00492 0.9642 0.00389 0.9138
3% CBO 0.00637 0.9897 0.00676 0.8809
5% CBO 0.00566 0.9633 0.00511 0.9051
7% CBO 0.00389 0.9842 0.00274 0.9511

100

85.95 84.92 83.89 82.83

81.32

—~ 80

60

404

Degradation efficiency (%

1st 2nd 3rd 4th 5th
Figure 13. Photocatalytic stability of 3%
CBO thin films with LFX solution

concentration at time t to the initial concentra-
tion (/n (Ct/Co)) plotted against time, and the
reciprocal of the difference between the concen-
tration at time t and the initial concentration (1/
Ct-1/Co) plotted against time, respectively. The
rate constant for the degradation of LFX, along
with k (rate constant) and R? are listed in Table
2. The kinetic data indicate that the degradation
of LFX corresponds to the first pseudo-order
model rather than the second order model. This
is supported by the higher R? values seen for
the first order, suggesting that the degradation
process is more efficient.

Under similar conditions, thin films of CBO
with a concentration of 3% exhibit the highest
degrading rate constant. Specifically, the value is
0.00637 min! for pseudo-first-order kinetics and
0.00676 min! for pseudo-second-order kinetics.
The degradation rate constant for pure Bi,0, thin
films is 0.00193 min-'and 0.00101 min™' for pseu-
do first and second-order kinetics, respectively.
The rate degradation refers to the rate at which
a material breaks down LFX. A greater rate deg-
radation number indicates a faster degradation of
the material, resulting in a lower amount of LFX
remaining in the material.
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Photocatalyst stability test

The efficiency and reusability of a photo-
catalyst are crucial factors in the photocatalytic
process. The stability of 3% CBO thin films was
evaluated during five degradation experiments
using a solution containing 50 parts per million
(ppm) of LFX. The concentration of LFX and the
degree of degradation yielded significant insights
into the degradation experiment. Following each
cycle, the thin films were washed with deionized
water to remove any LFX solution that had been
absorbed on their surface, and then dried. The
thin films were utilized in the second cycle with-
out any application of heat. Figure 13 illustrates
the enduring durability of the 3% CBO thin films,
even after undergoing 5 cycles of regeneration.

The thin films in degrading LFX decreased
the degradation efficiency from 85.95 % (1%
cycle), 84.92% (2™ cycle), 83.89% (3™ cycle),
82.83% (4" cycle), and 81.32% (5" cycle). The
decrease in degradation effectiveness is attribut-
able to the diminishing number of active sites on
the surface of the photocatalyst, which occurs af-
ter multiple usage and leads to alterations in the
structure and characteristics of the thin films [43].
A gradual decrease in the degrading efficiency of
thin films was observed, a phenomenon common-
ly encountered in catalysis. Nevertheless, the 3%
CBO thin films exhibited excellent recyclability
without any decrease in activity.

CONCLUSIONS

The study successfully fabricated and ana-
lysed various CBO thin films using advanced
methods. The decreasing effectiveness of both
pure Bi,O, and all CBO thin films was examined
in comparison to LFX solution in aquatic condi-
tions. The liberated copper is considered to have
a key role in the reduction in the energy band gap
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CBO thin films during the process. The 3% CBO
thin films have demonstrated superior degrading
efficiency for LFX when exposed to UV radiation.
The characterization results indicated that the thin
films with 3% CBO exhibited the small est energy
band gap, larger crystallite size, and broader range
of sensitivity to UV light compared to the other
samples. The purity of the synthesized compos-
ite was assessed using X-ray diffraction (XRD)
analysis. The degradation efficiency of 3% CBO
thin films using photocatalysis is 85.95%. The
degradation kinetic rate value is 0.00637 min’!
for pseudo-first-order kinetics and 0.00676 min™!
for pseudo-second-order kinetics. The proposed
mechanism for the enhanced degrading efficiency
of the 3% CBO thin films has also been clarified.
The thin films containing 3% CBO have exhibited
exceptional reusability, even after experiencing
five cycles of deterioration for LFX. This charac-
teristic positions it as a highly probable candidate
for environmental applications on a commercial
scale. The addition of Cu to Bi,O, enhances pho-
tocatalytic activity against LFX. It is inexpensive
and environmentally safe, making it suitable for
use in wastewater treatment materials.
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