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Abstract

In this study, a complete room-temperature process for the synthesis of BiOBr/Bi,O; composites has been developed.
The process is facile, rapid and gives high yield. Initially, BiOBr photocatalyst was synthesized via solid-state synthesis
using polyethylene glycol 400 (PEG400) as a morphology control agent. Subsequently, an in situ method in aqueous
NaOH solution was adopted for the conversion of pristine BiOBr to BiOBr/Bi,O; composites with variable proportion of
a-Bi,0;, at room-temperature. Alkali etching duration played a key role towards crystalline, surface, morphological and
optical properties of BiOBr/Bi,O; composites, as confirmed by XRD, SEM, XPS, FTIR, UV-DRS, BET and PL characterizations.
Compared to pristine BiOBr, the BiOBr/Bi,0; composites exhibited high activity for ciprofloxacin (CIP) degradation under
indoor fluorescent light illumination. Their photocatalytic activity increases with the increase in etching duration up to a
period of 60 min and then decreases. The degradation efficiency of aqueous CIP solution (100 mL, 20 ppm) reached 95.3%
within 90 min in the presence of BiOBr/Bi,0;-60 which showed the best performance, and the composite remained stable
even after five consecutive cycles. Meanwhile, photogenerated holes (h*) and superoxide radical anions (0;)were found
to be the dominant degrading species during active species studies, and a possible mechanism for the photocatalytic
degradation of CIP over BiOBr/Bi,0;-60 composite photocatalyst has been proposed.
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1 Introduction

Due to their frequent use in human and veterinary medi-
cine, current worldwide consumption of fluoroquinolo-
nes is about 44 million kilograms annually [1]. Among the
fluoroquinolones, ciprofloxacin, CIP (Table 1) is commonly
used as a first choice medication for curing complicated
skin and urinary tract infections [2]. However after inges-
tion, CIP is only partially metabolized in the body, and
high percentage of the antibiotic is being excreted into
the environment, which subsequently remains stable
due to its low degradability [3]. The presence of CIP in the
environment has been reported to inhibit spinach plants
growth [4]. Furthermore, new bacterial species that with

time spread antibiotic resistant genes also emerge [5]. As
identified by the World Health Organization (WHO), such
dissemination of antibiotic resistant genes is a great threat
to human health and survival [6]. Thus, the eradication of
antibiotics from the environment is very necessary.

A very famous technique for the removal of organic
pollutants including antibiotics from the environment
is heterogeneous photocatalysis, using TiO, [7]. Vis-
ible light is abundant and represents about 46% of the
energy from the sun. Unfortunately, due to its wide
band gap value of 3.2 eV, only UV light activates TiO,.
In view of the limited portion of UV light from the sun,
demand for visible light active photocatalysts is now an
issue on the rise. However, even with the provision of
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Table 1 Molecular structure some physicochemical properties of
CIpP

Property CIP
Chemical formula C,;H;gFN;04
Therapeuticgroup  Antibiotic
Chemical structure (0] (@)
F
‘ OH
(\N N

HN\) %

Molecular weight 3313

(gmol™)

Isoelectric constants  pK,,=6.1; pK,,=8.7

visible-light active photocatalysts, sometimes weather
challenges such as during haze and rainy days, becomes
another limitation. Sequel to that, the indoor applica-
tion of photocatalysis is now a propitious alternative.
Our preference for indoor fluorescent light illumination
in this research is obviously because of its safety, effi-
ciency and elongated lifetime [8].

Among the famous alternatives to TiO,, Bi-based
semiconductors including Bi,O5 [9], Bi,S; [10], Bi,WOq
[11] and BiOX (X=CI, Br and 1) [12], are continuously
gaining more attention on account of their prospec-
tive application in catalysis. Within the bismuth oxy-
halides, BiOBr is a simple p-type semiconductor having
a band gap of about 2.61-2.90 eV [13, 14]. It consists of
tetragonal [Bi,0,]%* slabs doubly interleaved by slabs
of Br~ atoms to form [Bi,0,Br,] layers [15]. Although it
responds to visible light, however, BiOBr absorbs only a
fraction. This in addition to the recombination of pho-
toinduced electron-hole pairs, makes the visible light
activity of BiOBr limited. Fortunately, the performance
of BiOBr could be improved by forming heterojunctions
in the form of BiOBr/FeWO, [16], BiOBr/Bi,0,CO3 [17],
BiOBr/NaBiO; [18] and BiOBr/BiPO, [19]. Such hetero-
junction might result in enhanced visible light absorp-
tion and/or prevent charge carriers’ recombination.

In this study, both pristine BiOBr and BiOBr/Bi,0;
composites were synthesized through a facile and
stepwise room-temperature production process, that
combines both technical and economic feasibility.
Subsequently, the catalysts were characterized using
various techniques, and their photocatalytic perfor-
mance was assessed by degrading aqueous CIP solu-
tion (100 mL, 20 ppm), under indoor fluorescent light
illumination.
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2 Experimental
2.1 Materials

Ciprofloxacin (C;;H,gFN;0;) was purchased from Sigma-
Aldrich. Polyethylene glycol 400 (PEG 400) was obtained
from Merck Chemicals. Bismuth nitrate pentahy-
drate (Bi(NO;);-5H,0), ascorbic acid (CgHgOg), ethanol
(CH;CH,0H), sodium hydroxide (NaOH) and isopropanol
(C3HgO) were provided by QReC Chemicals. Potassium
bromide salt (KBr) was obtained from HMBG Chemicals.
Disodium ethylenediaminetetraaceticacid salt (EDTA-2Na)
was obtained from R&M Chemicals. All received reagents
were used without further purification.

2.2 Synthesis of pristine BiOBr and BiOBr/Bi,0;
composites

The homogeneity of the reaction mixture was considered
important during the synthesis of BiOBr/Bi,O; compos-
ites. Consequently, 5 mmol of Bi(NO;);-5H,0 was initially
grinded in an agate mortar for 10 min. After which, 3 mL
of morphology control agent PEG 400 was added, and
the mixture was further homogenized for 5 min. Finally,
5 mmol of KBr was added and likewise followed by 20 min
grinding, producing an end product. The mixture was
washed using DI water and absolute ethanol, and then
dried at 60 °C for 10 h. The dried product was identified
to be pristine BiOBr and was subsequently used as the
template for the synthesis of BiOBr/Bi,O; composites. To
achieve this, 1 g of the pristine BiOBr was treated in 200 mL
of 0.2 M NaOH and stirred at different time i.e. 10, 30, 60
and 120 min, at room-temperature. The composites were
collected and again purified by washing with DI H,O and
absolute ethanol, and then dried at 60 °C for 10 h. The
samples were labeled as BiOBr/Bi,05-10, BiOBr/Bi,05-30,
BiOBr/Bi,0;-60 and BiOBr/Bi,05-120 based on the alkali
etching duration.

2.3 Characterizations

Phase composition of as-synthesized samples were char-
acterized using advanced X-ray diffractometer (BRUKER
AXS D8) with Cu-Ka X-rays source and sodium iodide
scintillator type detector. Data was collected in the 26
range of 10° < 8 < 70°. Field emission scanning electron
microscopy (Leo Supra 50 VP) was used to investigate
the morphology of the samples. Shimadzu XPS Axis Ultra
DLD instrument was used in conducting surface composi-
tion analysis, and the results were further deconvoluted
using CASA XPS software. Micromeritics (ASAP 2020V4.01)
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instrument was used to obtain the isotherms for nitrogen
adsorption—-desorption. Photoluminescence (PL) spectra
were recorded at room temperature using a Shimadzu RF-
5300PC spectrofluorophotometer. Attenuated total reflec-
tance Fourier transform-infrared (ATR-FTIR) spectra of the
samples were recorded using FT-NIR spectroscope (Perkin
Elmer Spotlight 2000). UV-vis diffused reflectance spectra
(DRS) of samples were recorded on a spectrophotometer
(Cary 5000).

2.4 Photocatalytic activity test

The photocatalytic activities of pristine BiOBr and BiOBr/
Bi,O; composites were determined by degrading aque-
ous CIP solution using indoor fluorescent light (Panasonic
FL40SS.D/36, 36 Watts) as the illumination source. The pro-
cedure involves dispersing 100 mg of the photocatalystin a
250 mL Pyrex beaker containing 100 mL of 20 ppm aqueous
CIP solution. The suspension was initially maintained in the
dark for 30 min with stirring, to attain good dispersion and
to establish adsorption—-desorption equilibrium. It was sub-
sequently illuminated with indoor fluorescent light under
continuous stirring. At a constant time interval, 5 mL aliquots
of reaction suspension were withdrawn using a syringe and
the photocatalyst particles were removed via centrifuga-
tion at 4000 rpm for 10 min. Subsequently, the supernatant
was quickly analyzed for the remnant CIP concentration
using Shimadzu 2600, UV-Vis spectrophotometer version
1.03 equipped with UV Probe 2.42 software. The maximum
absorbance at 276 nm was adopted for the measurement
of temporal change in CIP concentration using deionized
water as a reference sample. During mineralization studies,
total organic carbon content was analyzed using Shimadzu
TOC-L analyzer.

2.5 Degradation kinetics

Pseudo-first-order (Eq. 1) and pseudo-second-order (Eq. 2)
are widely used models in describing the kinetics for the
photocatalytic oxidation of many organic compounds [20].
In this study, the kinetics for the photocatalytic degrada-
tion of CIP using pristine BiOBr and BiOBr/Bi,O; composites
was determined by fitting the experimental degradation
data to pseudo-first-order and pseudo-second-order mod-
els, as expressed below:

CO
t

where C, and C, are the are the CIP concentration at irra-
diation time ‘0’ andt; k, is the pseudo-first-order rate con-
stant and k, is the pseudo-second-order rate constant. The
validity of the rate constant is determined by the correla-
tion coefficient (R?) value of the kinetic plot [21].

2.6 Active species studies

Active species trapping experiment was conducted using
similar experimental procedure described in Sect. 2.4,
except adding 1 mmol L™" disodium ethylenediamine-
tetraacetic acid salt (EDTA-2Na), 1 mmol L™ ascorbic acid
(AA) and 10 mmol L™ isopropyl alcohol (IPA) in order to
scavenge holes (h*), superoxide radicals (0)) and hydroxyl
radicals (OH).

2.7 Photocatalyst recyclability

A total of 5 consecutive experiments were repeated to test
the stability of the spent photocatalyst for the repeated
degradation of aqueous ciprofloxacin solution, under
indoor fluorescent light illumination. For this purpose,
after every cycle, the spent photocatalyst was washed
twice using deionized water, rinsed with absolute ethanol
and then dried at 60 °C for 10 h, before subsequent use.

3 Results and discussion
3.1 XRD analysis

XRD patterns of pristine BiOBr and BiOBr/Bi,O; compos-
ites with different Bi,O5 contents are shown in Fig. 1. In
the case of pristine BiOBr, (001), (002), (101), (102), (110),
(111), (112), (200), (113), (201), (104), (211), (114), (212),
(204) and (220) diffraction peaks at 20 values of 10.9°,
21.9°% 25.1°, 31.7°, 32.2°, 34.0°, 39.3°, 46.2°, 46.8°, 47.3°,
50.6° 53.4°,56.2°,57.1°, 66.2° and 67.4° are well indexed
to the standard data for the tetragonal phase of BiOBr [22].
The absence of stray peaks indicates the high purity of
as-synthesized pristine BiOBr. Figure 1b is the enlarged
XRD pattern in the range of 26=20°-35°, so as to further
verify the transformation process from pristine BiOBr to
BiOBr/Bi,O; composites. Firstly, the impact of alkali etch-
ing duration on the spectrum of pristine BiOBr could be
explained using the (111), (120), (012) and (200) diffrac-
tion peaks belonging to a-Bi,O; (JCPDS No. 41-1449) [23].
From the figure, it is clear that, 10 min of alkali etching has
minor influence on the spectrum of pristine BiOBr, since
no diffraction peaks of a-Bi,O; were sighted, but only a
slight decrease in the intensity of pristine BiOBr diffrac-
tion peaks. As etching duration reaches 30 min, the emer-
gence of (120) diffraction peak belonging to a-Bi,O; could
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Fig. 1 XRD pattern of as-synthesized a pristine BiOBr and BiOBr/Bi,O; composites, b enlarged view of diffraction region between 20° and

35°

Table2 Crystalline size and micro-strain of pristine BiOBr and
BiOBr/Bi,0; composites photocatalysts

Sample FWHM Crystalline size  Micro-strain
(nm)

BiOBr 0.0984 87 0.0015

BiOBr/Bi,05-10 0.1378 62 0.0021

BiOBr/Bi,05-30 0.1378 62 0.0021

BiOBr/Bi,05-60 0.1181 73 0.0018

BiOBr/Bi,05-120 0.1378 62 0.0025

be observed. After 60 min of alkali etching, (111), (120),
(012) and (200) diffraction peaks of a-Bi,O; becomes read-
ily visible, although with low intensity, while 120 min of
alkali etching makes the appearance of a-Bi, 0O, diffraction
peaks to become more intense. However, from the figure,
it is clear that, despite the 120 min alkali etching duration,
complete conversion of BiOBr to absolute a-Bi,0; was not
achieved, as diffraction peaks such as (101), (102) and (110)
belonging to tetragonal phase of BiOBr are still present,
although with low intensity. This signifies the co-existence
of BiOBr and a-Bi,0j; in BiOBr/Bi,O; composites.

Furthermore, the crystalline size (d) and micro-strain (g)
values of pristine BiOBr and BiOBr/Bi,O; composites are
calculated using Egs. (3) and (4), and the results are sum-
marized in Table 2.

094
"~ Bcoso

3)
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where A is the wavelength of the XRD, B is the full width
at half maximum (FWHM) of the diffraction peak and 6 is
the diffraction angle.

From Table 2, it is clear that BiOBr/Bi,O; composites
have average crystalline size around 62-75 nm, with
BiOBr/Bi,0;-60 having the least micro-strain value, an
indication of good crystalline nature of BiOBr/Bi,0;-60
composite [24].

3.2 FESEM analysis

FESEM analysis was carried out to determine the morphol-
ogy of pristine BiOBr and the effect of alkali etching dura-
tion on the morphology of BiOBr/Bi,O; composites. As
shown in Fig. 2a, b, pristine BiOBr is composed of individ-
ual nanosheets with thickness in the range of 22-24 nm,
which assembled to form a porous flower-like structure
with an average diameter in the range of 1.8-2.1 um. With
the commencement of alkali etching treatment, a change
in morphology of the etched BiOBr samples was observed
and varies based on the etching duration. For instance,
10 min of alkali etching treatment leads to a slight crum-
bling in the porous flower-like morphology. After 30 min
of etching treatment, early stage growth of a-Bi,O; rods
was sighted. After 60 min etching treatment, a-Bi,O; rods
surrounded by BiOBr have been formed, with an average
diameter in the range of 650-750 nm. However, as shown
in Fig. 2f, after 120 min of alkali etching treatment, a-Bi, O,
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Fig.2 FESEM images of pristine BiOBr (a, b), BiOBr/Bi,05-10 (c), BiOBr/Bi,0;-30 (d), BiOBr/Bi,05-60 (e) and BiOBr/Bi,05-120 (f)

rods formed giant rod-like structures having an average
diameter in the range of 1-2.5 um, and very less BiOBr
nanosheets around the rods. In summary, NaOH played
the role of being a dehalogenation agent. Therefore, the
transformation from pristine BiOBr to BiOBr/Bi,O; compos-
ites happens because during the etching process, alkali
cleavage results in the decay of Br atom in BiOBr. The Bi>*
ions are unstable in alkaline solution, and subsequently
precipitate on the outer surface of BiOBr and transform
into a-Bi, 05 phase. Sequel to that, extending alkali etching
duration leads to more a-Bi,O; phase.

3.3 FTIR-ATR analysis

The chemical structures of pristine BiOBr and BiOBr/Bi,0;
composites were further analyzed by examining surface
functional groups of the photocatalysts using FTIR-ATR
analysis in the range of 600-3800 cm™" and the spectra is
shown in Fig. 3. For the pristine BiOBr, absorption bands
in the range of 600-1000 cm™' are related to the stretch-
ing vibration of Bi-O bond [25], while those between
1000 and 1500 cm™' belongs to Bi-Br band [26]. In the
case of BiOBr/Bi,O; composites, obvious changes which
have been attributed to the partial conversion of BiOBr
into BiOBr/Bi,O; composites were observed. For instance,

BiOBr Ay —

BiOBI/Bi,05-10

gy S
—\/_____,A
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Transmittance
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Fig.3 FTIR spectra of as-synthesized pristine BiOBr and BiOBr/Bi,O;
composites

new band appears at about 1062 cm™, and its intensity

increases with increase in alkali etching duration. Such
band is attributed to the new vibrations resulting from
interaction of Bi-O bonds in Bi,O; with their surroundings
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Fig.4 XPS spectra of BiOBr/Bi,0;-60 composite: a survey spectrum, b Bi 4f, ¢ O 1s and d Br 3d

[27]. Finally, carbon dioxide from the atmosphere, follow-
ing etching treatment which is conducted in air, gave rise
to the bands at about 845 and 1392 cm™' in the BiOBr/
Bi,O; composites. In general, for both pristine BiOBr and
BiOBr/Bi,05 composites, bands at about 1620 cm™ and
3530 cm™ are due to bending vibrations of free water mol-
ecules and O-H stretching vibrations [28].

3.4 XPS analysis

Surface composition and chemical state of BiOBr/Bi,05-60
composite photocatalyst was further investigated using
X-ray photoelectron spectroscopy. Figure 4 consists of a
full survey pattern and high resolution Bi 4f, O 1s and Br
3d spectra of BiOBr/Bi,05-60 composite. Survey spectrum
in Fig. 4a confirms the existence of Bi, O and Br elements
on the surface of BiOBr/Bi,0;-60 composite. The Bi 4f
spectrum in Fig. 4b shows a binding energy at 157.4 eV
for Bi 4f,/, and at 162.8 eV for Bi 4f; ,, of Bi** in BiOBr [29].
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Subsequent deconvolution of the Bi 4f spectrum leads to
the formation of two new peaks at 158.6 eV and 164.2 eV,
which are due to Bi** from Bi,0O; [30]. The O 1s spectrum
can also be deconvoluted into two peaks at 528 eV and
529.3 eV, which are ascribed to Bi-O in BiOBr and Bi-O in
Bi,O5 [31]. Finally, the slight shift to lower binding energy
of the two peaks in the Br 3d spectrum at 66.6 eV and
68.7 eV ascribed to Br 3d;/, and Br 3d;,, further confirms
the interface interaction between BiOBr and Bi, 05 [32].

3.5 Optical absorption property

Optical absorption property of pristine BiOBr and BiOBr/
Bi,O; composites was probed using UV-Vis diffuse reflec-
tance spectroscopy. The digital images of pristine BiOBr
and BiOBr/Bi,O; composites are shown in Fig. 5a, where
the color of the composites gradually deepens as etch-
ing duration is being extended. It is clear from Fig. 5b
that, both pristine BiOBr and BiOBr/Bi,O; composites
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have absorption edges in the visible region, with the
absorption edges of BiOBr/Bi,O; composites shifting
slightly to longer wavelengths as alkali-etching duration
is being extended. Such result is an indication that, the
formation of heterojunction between pristine BiOBr and
a-Bi, 05 could result in more visible light photocatalytic
activity. Subsequently, their band gap energy was evalu-
ated using Tauc’s equation based on DRS results.

ahv = A(ho — Eg)”/2 (5)

where a, u, A and E; are the absorption coefficient, light
frequency, proportionality constant and band gap energy.
The intercept of the tangent lines to the plot of (ahu)'2
versus photon energy (hv) in Fig. 5c—g gave an estimate
of the band gap. a-Bi,O; has a band gap of about 2.55 eV

T T T T T T T T T
20 22 24 26 28 30 32 34 36 38 40
e

20 22 24 26 28 30 32 34 36 38 40
E (eV)

synthesized pristine BiOBr (c), BiOBr/Bi,05-10 (d), BiOBr/Bi,05-30
(e), BiOBr/Bi,05-60 (f) and BiOBr/Bi,05-120 (g)

[33]. The band gaps of pristine BiOBr and BiOBr/Bi,O; com-
posites are summarized in Table 3.

3.6 Specific surface area and pore structure

Surface areas and pore size distribution of pristine
BiOBr and BiOBr/Bi,O; composites were determined
by nitrogen adsorption and desorption isotherms, as
shown in Fig. 6. From the figure, both pristine BiOBr
and BiOBr/Bi,O; composites have type IV sorption iso-
therm with H3 hysteresis loop, a common feature of
catalysts with aggregation of nanosheets [34]. Pore
size distribution (PSD) of the photocatalysts (as shown
in the insets), range between 2 to more than 50 nm,
thus indicating the co-existence of mesopores and
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Table 3 Surface areas, pore

d band Samples BET surface area  Total pore volume  Average pore diam- Band gap (eV)

parameters_an_ and gap (m%/g) (cm/q) eter (nm)

values of pristine BiOBr

and BiOBr/Bi,0; composite BiOBr 17.09 0.095 24.40 2.84

photocatalysts BIOBI/Bi,05-10 16.83 0.060 16.33 275
BiOBr/Bi,05-30 15.86 0.058 15.24 2.71
BiOBr/Bi,05-60 15.26 0.057 14.58 2.65
BiOBr/Bi,05-120 10.82 0.036 13.45 2.62

macropores. The specific surface area was calculated
using Brunauer-Emmet-Teller (BET) equation and the
results are presented in Table 3. From the results, ini-
tially pristine BiOBr have a BET specific surface area of
17.0858 m? g~'. Alkali etching for a period of 60 min
gave a BiOBr/Bi,O; composite with a BET specific sur-
face area quite close to that of pristine BiOBr. However,
extending alkali etching duration to a period of 120 min
results in a significant decrease in BET specific surface
area of BiOBr/Bi,05-120 to 10.8216 m? g™'. In summary,
such a decrease in surface area of the BiOBr/Bi,0; has
been attributed to the conversion of pristine BiOBr from
plates-like morphology to a mixture of plates-like and
rod-like BiOBr/Bi,O; composites. The decrease in pore
size and volume is also attributed to the collapse of
pores during the etching process.

3.7 Photoluminescence spectra

Figure 7 is the photoluminescence emission spectra of
pristine BiOBr and various BiOBr/Bi,O; composite photo-
catalysts. The recombination rate is predicted using the
intensity of the photoluminescence, as lower photolu-
minescence intensity implies low recombination rate of
photogenerated charge carriers, while higher photolu-
minescence intensity implies high recombination rate of
photogenerated charge carriers [35]. Compared to pristine
BiOBr, BiOBr/Bi,O; composites have lower photolumines-
cence intensity, with the BiOBr/Bi,05-60 composite having
the least. Based on the results, the heterostructure formed
between BiOBr and Bi,O; could enhance the separation
efficiency of photogenerated charge carriers.

3.8 Photocatalytic activity

Initially, a blank study conducted at ambient temperature
and atmospheric pressure showed that CIP is not self-
degradable under indoor fluorescent light illumination.
Subsequently, the photocatalytic activity of the as-syn-
thesized catalysts was evaluated by degrading CIP under
the same condition. The UV spectra representing temporal
change in aqueous solution of CIP is shown in Fig. 8a-e.
The effective decomposition of CIP is represented by the
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decrease in peak intensity at 276 nm. Figure 9a shows the
photodegradation efficiency of CIP as a function of irradia-
tion time using various photocatalysts. Due to the formed
heterojunction, BiOBr/Bi,O; composites displayed bet-
ter photocatalytic activity as compared to pristine BiOBr
which has low visible light catalytic activity. The degrada-
tion efficiency of CIP over pristine BiOBr is only 72.8% in
90 min, while 95.3% of CIP was photodegraded over BiOBr/
Bi,0;-60 composite, which showed the best performance.
The decrease in photodegradation efficiency in the case
of BiOBr/Bi,03-120 composite is related to the recombina-
tion of photogenerated charge carriers and possibly, the
drastic loss in surface area.

Meanwhile, as shown in Fig. 10, the TOC value of 20 ppm
ciprofloxacin solution was found to be 18.09 mg L™, but
decreased to 11.29 mg L™', after 30 min adsorption by
BiOBr/Bi,0;-60, and subsequently to 6.48 mg L' after
90 min of photocatalytic degradation. Such results have
further demonstrated the mineralization ability of BiOBr/
Bi,0;-60 composite photocatalyst.

3.9 Degradation kinetics

The experimental data for the photocatalytic degrada-
tion of CIP using pristine BiOBr and BiOBr/Bi,O; com-
posite photocatalysts was subsequently examined using
the pseudo-first-order and pseudo-second-order kinetic
models. The value of the correlation coefficient (R?) of the
kinetic plots was used in selecting the best fitted model.

3.9.1 Pseudo-first-order kinetic model

Figure 11 is the pseudo-first-order plot for the degra-
dation of CIP by pristine BiOBr and BiOBr/Bi,O; com-
posite photocatalysts under indoor fluorescent light
illumination. From the high value of the correlation
coefficients, it could be predicted that, the degradation
process follows pseudo-first-order kinetic model. Fur-
thermore, from the rate constants presented in Table 4,
the photocatalytic activity sequence is Kgiog/8i203-60 >

Kgiogr/8i203-30 > KgioBr/Bi203-10 > Kgiosr/8i203-120 > Kgiogr an
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Fig.6 N, adsorption—desorption isotherm of a pristine BiOBr, b BiOBr/Bi,0;-10, ¢ BiOBr/Bi,05-30, d BiOBr/Bi,0;-60 and e BiOBr/Bi,0;-120
composites. The inset is the corresponding pore size distribution

indication that optimized alkali etching duration has

3.9.2 Pseudo-second-order kinetic model

impact towards enhancing the visible-light performance

of BiOBr.

Figure 12 is the pseudo-second-order kinetic plot for the
degradation of aqueous CIP solution using pristine BiOBr
and BiOBr/Bi,0; composite photocatalysts under indoor
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Fig.7 Photoluminescence spectra of as-synthesized pristine BiOBr
and BiOBr/Bi,O; composites

fluorescent light illumination. As shown in Table 4, the
pseudo-second-order kinetic model have low correlation
coefficient (R?) values compared to that of pseudo-first-
order kinetic model. Such information can be used to con-
clude that, the degradation of aqueous CIP solution using

25 25

pristine BiOBr and BiOBr/Bi,O; composite photocatalysts
under indoor fluorescent light illumination does not fit the
pseudo-second-order kinetic model.

As shown in Table 4, the pseudo-first-order rate con-
stant for BiOBr/Bi,05-60 is four times higher than that of
pristine BiOBr. Such result has further demonstrated the
enhanced visible light degradation of CIP by BiOBr/Bi,0;-
60 composite.

3.10 Active species studies

This study was conducted by introducing various scaven-
gers, with the purpose of quenching the activity of pho-
togenerated species involved in the degradation of CIP by
BiOBr/Bi,05-60, and the results are presented in Fig. 13.
From Fig. 13a, it is clear that, the degradation of CIP by
BiOBr/Bi,05-60 was significantly inhibited in the presence
of EDTA-2Na and AA. This implies that holes (h*) and super-
oxide radical anions ('0;) played a dominant role in the
degradation of CIP by BiOBr/Bi,0;-60. However, the deg-
radation of CIP by BiOBr/Bi,05-60 remained uninhibited
in the presence of IPA, an indication that hydroxyl radicals
(‘OH) had no role in the photocatalytic degradation of CIP
by BiOBr/Bi,0;-60. This can be confirmed from the rate
constant (k) values in Table 5. Such findings revealed that,

25
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Fig.8 Temporal evolution of the absorption spectrum of ciprofloxacin solution (20 ppm) in the presence of a pristine BiOBr, b BiOBr/Bi,0;-
10, ¢ BiOBr/Bi,053-30, d BiOBr/Bi,0;-60 and e BiOBr/Bi,05-120 composites under indoor fluorescent light illumination
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holes (h*) and superoxide radical anions (0;)are the main
active species involved in the photocatalytic degradation
of CIP by BiOBr/Bi,05-60 composite.

3.11 Proposed photocatalytic mechanism

The mechanism for the photocatalytic degradation of CIP
by BiOBr/Bi,0;-60 composite photocatalyst under indoor
fluorescent light illumination would be proposed using
results from active species studies which confirmed holes
and superoxide radical anions as the main degrading spe-
cies, photoluminescence which confirmed the separa-
tion of photogenerated charge carriers in BiOBr/Bi,05-60
composite photocatalyst and by determining the valence
band (VB) and conduction band (CB) edge potentials of

3.0
" BIOBr
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o
S 15
£
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Fig. 11 Pseudo-first-order kinetic plot for the degradation of CIP
using pristine BiOBr and BiOBr/Bi,O; composite photocatalysts
under indoor fluorescent light illumination

Table 4 Pseudo-first-order and pseudo-second-order rate con-
stants and correlation coefficients for the photocatalytic degrada-
tion of CIP using pristine BiOBr and BiOBr/Bi,O; composite photo-
catalysts

Sample Pseudo-first order Pseudo-second order

rate model rate model

k(min~")  R? k (min") R?
BiOBr 0.00607  0.98122 8.043x10™* 0.95002
BiOBr/Bi,05-10 0.01058  0.99826  0.00156 0.97732
BiOBr/Bi,05-30 0.01540  0.98956  0.00264 0.90254
BiOBr/Bi,05-60 0.02511 0.97531 0.01038 0.70075
BiOBr/Bi,05-120  0.00945 0.97164 0.00113 0.91403
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Fig. 12 Pseudo-second-order kinetic plot for the degradation of
CIP using pristine BiOBr and BiOBr/Bi,O; composite photocatalysts
under indoor fluorescent light illumination

a-Bi,0; and BiOBr and the schematic illustration is shown
in Fig. 14.

BiOBr is a p-type semiconductor with bandgap of
2.84 eV having VB and CB at 3.096 and 0.256 eV, and a
Fermi level close to its VB [36], while a-Bi,O; is an n-type
semiconductor with bandgap of 2.12 eV having VB and
CB at 2.33 and 0.11 eV, and a Fermi level close to its CB
[37]. Thus, when a-Bi,O5 and BiOBr are in contact, a p—n
heterojunction will be formed upon successful equilibra-
tion of their Fermi levels. Such equilibration is possible via
the downward movement of the Fermi level of a-Bi,0s,

0.7
—
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o
Q
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0.24 —=— No scavenger
—e—|PA
0.1 AA
—v— EDTA-2Na
0'0 T T T T
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Irradiation time (min)

In (C/C)

Table 5 Correlation coefficients and rate constants of CIP degra-
dation by BiOBr/Bi,05-60 composite photocatalyst, in the absence
and presence of various scavengers, under indoor fluorescent light
illumination

Radical quenchers K (min™") R?

No scavenger 0.02516 0.9751
IPA 0.02164 0.9886
AA 0.00375 0.9960
EDTA-2Na 0.00033 0.9616

and the upward movement of the Fermi level of BiOBr. It
is important to further point out that, the positive move-
ment of Fermi level of a-Bi,O; promotes the positive shift
of its VB and CB, while the negative movement by the
Fermi level of BiOBr promotes the negative shift of its VB
and CB [38].

Subsequently, upon illumination with visible light,
both BiOBr and a-Bi,O; will produce photogenerated
charge carriers, however, since the CB edge of BiOBr is
now at higher position due to the Fermi level upshift, and
because of the breadth of the CB of BiOBr which permits
the photoexcitation of electrons to high levels of CB [39],
electrons at the CB of BiOBr yield "O; by reacting with
dissolved oxygen, while the direct oxidation ability of the
BiOBr holes have decreased due to the rise in position of
the VB of BiOBr. On the other hand, the electrons at the
CB of a-Bi,0; transfer and combine with the holes on the
VB of BiOBr, a process that inhibits their recombination.
Finally, the lowering in position of the holes of a-Bi,0;
due to Fermi level downshift strengthens their oxidation
ability [40].

b
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Fig. 13 Photocatalytic degradation (a) and kinetics curve (b) of CIP degradation by BiOBr/Bi,0;-60 composite, in the absence and presence

of various scavengers, under indoor fluorescent light illumination
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Fig. 14 Proposed mechanism
for the photocatalytic degrada-
tion of CIP over BiOBr/Bi,0;-60
composite under indoor fluo-
rescent light illumination

Ex =0.11eV

Eva=2.33¢

a—Bi203

=0.256 eV

=3.096eV

BiOBr

(a) Before contact

3.12 Reusability studies

The stability of a catalyst in the overall photodegradation
process is also an issue of major concern. For such reason,
the performance of BiOBr/Bi,0;-60 composite photocata-
lyst towards the degradation of CIP was tested five times.
Based on the results presented in Fig. 15, it is clear that,
the BiOBr/Bi,05-60 composite photocatalyst maintained a
significant performance even after five repeated cycles of

BiOBr

ﬂ.—BizOg

(b) After contact

ciprofloxacin degradation. This shows that BiOBr/Bi,05-60
composite photocatalyst is reusable.

4 Conclusion

In summary, BiOBr/Bi,O; composite photocatalysts have
been synthesized through a facile room-temperature
production process, which combines both technical and
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Fig. 15 Reusability studies of BiOBr/Bi,05-60 composite photocata-
lyst for the degradation of CIP under indoor fluorescent light illumi-
nation

economic feasibility. Compared to pristine BiOBr, the
BiOBr/Bi,O; composite photocatalysts displayed higher
performance for CIP degradation. Among the BiOBr/Bi, O,
composite photocatalysts, BiOBr/Bi,05;-60 showed the
best performance, as it was able to degrade 95.3% of aque-
ous ciprofloxacin solution (100 mL, 20 ppm) at the rate
of 0.02516 min~" within 90 min. Such enhanced perfor-
mance is attributed to the formed heterojunction between
BiOBr and Bi, 05 which improves visible light absorption
and inhibits the recombination of photogenerated charge
carriers. Furthermore, the BiOBr/Bi,0;-60 composite pho-
tocatalyst maintained reasonable efficiency even after
five cycles, and therefore can be a promising candidate
for the treatment of wastewater contaminated by organic
pollutants.
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