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A B S T R A C T

Highly efficient visible light photocatalysts are necessary to address the water pollution caused by antibiotics. In 
the present study, bismuth oxybromide-rice husk-derived carbon (BiOBr-RHC) composites (with different wt% of 
RHC) were prepared via a simple solid-state method. Results of the studies indicate that the use of rice husk 
carbon has a considerable effect on the degradation of the commonly used fluoroquinolone antibiotic norfloxacin 
(NOR). BiOBr-RHC-10 exhibits the highest catalytic degradation towards NOR under visible light irradiation 
among the developed composite catalysts. Introducing carbon in the composites provides better separation of 
charge carriers, thereby reducing the recombination rate of electron-hole pairs. The promising visible-light- 
driven catalytic activity of the BiOBr-RHC composite makes it a potential candidate for the effective degrada
tion of the antibiotic present in wastewater.   

1. Introduction

Pharmaceutical compounds have become a major source of water
contamination in recent years owing to their increased consumption and 
persistence in the environment. Both humans and animals greatly 
depend on antibiotics as they can cure several diseases caused by bac
teria [1]. Tetracycline, fluoroquinolones, sulfonamide, diaminopyr
imidines, etc., are popular antibiotics to treat infections. Antibiotics are 
complex, non-biodegradable substances, and once they are consumed, 
the body partially metabolizes them, while the unmetabolized parts are 
discharged through excretion. Even though antibiotics are beneficial, 
their discharge to the environment can cause severe water and soil 
pollution [2]. They can easily accumulate in water, and using such 
polluted water has several adverse effects on the human microbiome, 
which can result in various health issues, including allergic reactions, 
chronic toxic effects on the body, and disruptions in the digestive system 
[3]. Moreover, the presence of antibiotics in waterbodies can lead to the 
breeding of antibiotic-resistant bacteria, a serious health hazard issue 
today. The diseases caused by such bacteria cannot be easily cured using 
presently available antibiotics [4]. The present study focuses on the 

degradation of NOR, a very common antibiotic used to treat various 
diseases, including urinary tract infections, gynecological infections, 
inflammation of the prostate gland, gonorrhea, and bladder infection 
[5]. NOR is a fluoroquinolone antibiotic, and its presence has been 
identified in municipal and hospital wastewater as well as in lakes and 
surface water due to its widespread use. The presence of NOR and other 
antibiotics in aquatic environments can have adverse ecological effects 
[6,7]. To maintain a healthy living environment, it is important to 
remove NOR from water sources through simple and effective ap
proaches. In addition to the removal of various dyes, photocatalysis has 
emerged as a promising method to degrade the various antibiotics. 

To develop visible light-driven catalysts for the degradation of NOR, 
BiOBr has been utilized. Among bismuth-based photocatalysts, BiOBr 
has attracted much interest due to its ability to capture visible solar light 
photons. Bismuth oxybromide is a layered tetragonal phase material 
with [Bi2O2]2+ slabs, and Br atoms are bonded via van der Waals 
interaction. When BiOBr is irradiated with light, photogenerated elec
trons and holes are formed. However, the faster electron-hole recom
bination rate limits its application in photocatalysis [8]. To enhance the 
photocatalytic activity of BiOBr, making a heterojunction structure of 



2. Characterization

The X-ray diffraction measurements were carried out to explore the
phase characteristics of the as-prepared samples by using a Rigaku Mini 
Flex X-ray diffractometer in the 2θ range of 5–80⁰. Thermofisher-Nicolet 
iS50 FTIR spectrometer was used to study the chemical structure of the 
samples in the wavenumber range of 400 to 4000 cm−1. To further 
confirm the presence of carbon in the composites, Raman analyses of the 
samples were carried out with the help of a WITEC Alpha 300 
RA–Confocal Raman Microscope. Light absorption properties and band 
gap of the samples were studied by using an Agilent Carry 5000 
UV–visible spectrophotometer in the wavelength range from 200 to 800 
nm. The structure and morphology of the samples were investigated 
using a JOEL-JEM-2100 high-resolution transmission electron micro
scope (HRTEM) and TESCAN MAIA3 XMH field emission scanning 
electron microscope (FESEM). The elemental composition of the com
posite was examined using energy dispersive X-ray spectroscopy (EDS) 
associated with FESEM. Total organic carbon (TOC) was measured by a 
total organic carbon analyzer (Vario TOC cube, Elementar, Germany). 
The surface area, pore volume, and distribution were determined using 
N2 adsorption-desorption isotherms obtained using a Quantachrome 
Nova Touch lx4 Brunauer-Emmett-Teller (BET) Instrument. 

3. Experimental

3.1. Materials

All chemical reagents such as bismuth nitrate pentahydrate (Bi 
(NO3)3.5H2O) (98% purity, CAS number: 10035-06-0) and potassium 
bromide (KBr) (99.99% purity, CAS number: 7758-02-3) were pur
chased from Sigma Aldrich and were used for the preparation of the 
photocatalysts. Rice husk was collected from the local rice miller in 
Kerala, India. Norflox-400 tablet was used for the degradation studies of 

Norfloxacin, which was marketed by Cipla Ltd and purchased from a 
local medical shop. 

3.2. Synthesis of BiOBr-carbon composite 

A solid-state approach was used to synthesize the BiOBr-carbon 
composites. As obtained, rice husks were washed to remove the con
taminants and dried in an oven. The dried rice husks were then heated 
until they were completely turned black. The resultant black-colored 
husk was powdered to a fine carbon-rich material (a photograph of 
the obtained carbon is shown in Fig. 1(a)). For the synthesis of BiOBr- 
carbon composites, 3.15g of Bi (NO3)3.5H2O and a suitable wt% (say 
1, 5, 10, and 20) of rice husk-derived carbon were grinded with the help 
of a mortar and pestle for a few minutes. To this, 0.95g of KBr was added 
and grinded until it formed a slurry. The slurry was then dried at a 
temperature of 90 ◦C for 6h. The samples with 1, 5, 10 and 20 wt% of 
RHC were named BiOBr-RHC-1, BiOBr-RHC-5, BiOBr-RHC-10, and 
BiOBr-RHC-20, respectively. A schematic representation of the synthesis 
of the BiOBr-RHC composite is depicted in Fig. 1(b). 

3.3. Photocatalytic activity 

The photocatalytic degradation studies of NOR by BiOBr and BiOBr- 
RHC composites were conducted under sunlight. For the experiment, 
100 mg of the catalyst was dispersed in 50 ml of the NOR solution with a 
concentration of 10 mg/L and was kept in the dark for 30 min to attain 
an adsorption-desorption equilibrium. Subsequently, the solution was 
placed under solar light. During the studies, an intensity of light around 
1300 × 102 Lux was recorded with the help of a digital lux meter (LX- 
101A). At 30-minute intervals, 3 ml of aliquot was collected from the 
suspension, and the concentration of NOR was estimated using a 
UV–visible spectrophotometer. In order to determine the degradation 
efficiency in the presence of the various prepared catalysts, the decrease 
in absorbance (A) at 273 nm (λmax) of norfloxacin solutions as a function 
of photo-irradiation time was monitored with the help of an Agilent 
carry 5000 UV–visible spectrophotometer. In this study, antibiotic- 
catalyst solutions for degradation studies were prepared in double 
distilled water. Therefore, before monitoring the absorbance of the 
antibiotic in the various samples collected at different time intervals, the 
baseline was corrected by keeping both the reference and sample as 
water. This initial baseline correction using water will provide only the 
absorbance data of the antibiotic sample in the subsequent 
measurements. 

The degradation efficiency of the antibiotic in the presence of various 
catalyst samples at different time intervals was studied from the ob
tained absorbance data by using the following relation (eqn (1)).  

Percentage of degradation= (1-C/C0) x100 (1) 

where C0 and C are the concentrations of NOR at initial time t = 0 
min (immediately after adding the catalyst) and t min of irradiation. 
Concentration (C) may be calculated by dividing absorbance (A) by the 
molar extinction coefficient (ε) of the molecule at that particular 
wavelength by following the relation, A = εCl, where l is the path length 
of the cuvette (1 cm) used. Thus, the ratio of C/C0 corresponds to A/A0, 
and the degradation efficiency was calculated using eqn (1). 

3.4. UPLC-Q-TOF-MS analysis 

The chromatographic separation and detection of analytes were 
carried out by ultra-performance liquid chromatograph coupled to 
quadrupole time-of-flight mass spectrometer (UPLC-Q-TOF-MS). The 
Acquity UPLC system is consists of a TUV detector (J12UV750A), a 
column chamber (J12CHA730G), a quaternary solvent manager 
(H12QSM632A), and a sample manager FTN (K12SDI069G). Chro
matographic separation was achieved using a reverse phase BEH C18 

BiOBr with various materials, like TiO2, Bi2WO6, AgBr, or CdS, has been 
reported [9]. Such an approach facilitates better separation of 
electron-hole pair and transfer of electrons or holes to the active sites on 
the heterojunction material [10,11]. It has been also noticed that 
incorporating carbon materials such as carbon nanotube, graphene 
oxide, graphitic carbon nitride, carbon quantum dots, etc., into BiOBr 
facilitates electron transfer as the carbon component can act as an 
electron acceptor [12,13]. However, preparation of carbonaceous ma-
terials either follows a complicated synthesis procedure or involves 
several chemicals that limit their widespread application. In this 
context, the development of carbonaceous material via a simple and 
low-cost approach is very essential. Biochar has gained significant 
attention as a suitable carbon compound for developing promising 
composite catalysts for the treatment of wastewater. The addition of 
biochar helps to promote the better separation of photogenerated elec-
trons and holes, thereby improving its photocatalytic degradation of 
various pollutants such as dyes, antibiotics, pesticides, and organic 
compounds present in wastewater [14,15]. 

In this study, rice husk has been utilized as the material for the 
production of carbon. Rice husk is a widely available material; 
approximately 60 billion tons of rice husks are discarded annually 
worldwide and can be carbonized via a simple approach [16]. To 
develop a catalysts material capable of degrading the antibiotic, a 
composite system combining the bismuth oxybromide and rice husk 
derived carbon was prepared following a simple solid-state method 
involving the physical mixing and grinding of the precursor materials 
followed by drying. The incorporation of rice husk-derived carbon into 
the BiOBr matrix can enhance its photocatalytic efficiency due to its 
improved charge separation abilities. This study serves as a foundation 
of the future investigations on the use of biomass derived carbon for 
developing composite photocatalyst materials for environmental 
remediation. 



column with dimensions of 50 mm × 2.1 mm × 1.7 μm and a flow rate of 
0.3 ml/min. The mobile phase, employed in gradient mode, consisted of 
a mixture of water and acetonitrile with 0.1% formic acid. The total run 
time was 10 min. The UHPLC system was linked to the Waters Xevo G2 
Q-TOF mass spectrometer, equipped with an electrospray ionization
(ESI) interface operating in positive and negative ionization modes. The
injection volume was set at 10 μL. All samples were examined using the
ESI negative ionization mode, scanning the m/z range between 50 and
1000. The mass spectra were acquired with collision energy ranging
from 5 to 30 eV.

4. Results and discussion

4.1. X-ray diffraction studies

The X-ray Diffraction (XRD) studies were used to determine the 
phase characteristics and structure of the as-prepared samples. The 

broad peak centered at 2θ = 21.9⁰ in Fig. 2(a) is the characteristic peak 
of carbon materials, which is due to the diffraction from the (002) plane 
of carbon [17]. The diffraction pattern of BiOBr thus obtained (Fig. 2(b)) 
can be indexed according to the tetragonal phase of BiOBr (JCPDS Card 
No:73–2061). The intense diffraction peaks were observed in the XRD 
pattern of BiOBr at 10.9, 21.9, 31.7, 44.7, and 50.5◦ corresponding to 
(001), (002), (012), (004), and (104) planes, respectively of the 
tetragonal BiOBr. In the XRD pattern of BiOBr-RHC composites, all the 
diffraction peaks from the BiOBr were noticed [18,19]. However, the 
characteristic peak of carbon was not observed in the pattern of the 
composites, which might be due to the low weight percentage of RHC in 
the composites compared to the BiOBr phase [20–22]. 

4.2. Fourier Transform Infra-Red spectroscopy 

FTIR spectroscopy is used to investigate the functional groups and 
chemical bonding present in the BiOBr, RHC, and BiOBr-RHC 

Fig. 1. Schematic presentation of the preparation of (a) RHC and (b) BiOBr-RHC composite via a solid-state reaction method.  

Fig. 2. X-ray diffraction pattern of (a)RHC and (b)BiOBr-RHC composites (different wt% of carbon).  



The UV–visible diffuse reflectance spectra were utilized to explore 
the light-absorbing capabilities and to calculate band gap energies of the 
BiOBr and BiOBr-RHC composites. The UV–visible absorption spectrum 

of NOR is depicted in Fig. 5 (the chemical structure of NOR is shown in 
the inset), which exhibits a broad absorption peak at 273 nm, followed 
by a narrow, broad peak at 323 nm. The absorption peak at 273 nm 
corresponds to the π-π* transition of C–C bonds, and the absorption peak 
at 323 nm represents the n-π* transition of C–O bonds [29]. The ab
sorption spectra of BiOBr, RHC and BiOBr-RHC composites are depicted 
in Fig. 6(a). The absorption edge at 430 nm indicates that the BiOBr 
sample can absorb visible light photons. 

The photocatalytic activity of a material greatly depends on its band 
gap because it determines the range of photons that can be absorbed by 
the material and electron-hole pair formation. Fig. 6(b) shows the 
Kubelka-Monk plots of BiOBr and BiOBr-RHC composites. The band gap 
energies of the BiOBr-RHC composites tend to decrease from 2.91 to 
2.69eV when the RHC content increases from 1 to 20 wt%. 

Mulliken electronegativity theory is typically used to estimate the 
band edge positions of the conduction band (CB) and valence band (VB) 
based on electronegativity values. According to the theory, the energy 
values of the VB and CB of the material can be calculated using eqns (2) 
and (3).  

EVB = χ - EC + 0.5Eg (2)  

ECB = EVB - Eg (3) 

Where ECB and EVB are the bandgap potentials of the conduction and 
valence bands, respectively, χ represents the absolute electronegativity 
value, and its value is 6.18eV for BiOBr [30–32]. The standard hydrogen 
electrode potential EC is ≈ 4.5eV, and the band gap (Eg) of the BiOBr 
obtained from the Kubelka Munk plots is 2.91eV [33]. On substituting 
these values in eqs (2) and (3), the conduction and valence band po
tentials of the BiOBr were found to be 0.23 eV and 3.13 eV, respectively. 

4.5. Morphological and Elemental analyses 

The morphology of the as-prepared samples was examined using 
FESEM and HRTEM studies. Fig. 7(a) shows the FESEM images of pris
tine BiOBr, composed of agglomerated flake structures. Fig. 7(b) is the 
FESEM image of carbon derived from rice husk, and Fig. 7(c) is the 
image of the BiOBr-RHC-10 composite. Fig. 7(d–f) represents the TEM, 
HRTEM images, and the selected area electron diffraction (SAED) 
pattern of the BiOBr-RHC-10 composite. Inverse fast fourier trans
formation (IFFT) images (Fig. 7(g) and (h)) were used to obtain a better 
lattice spacing for both BiOBr and RHC phases in the BiOBr-RHC-10 
composite. The inverse FFT pattern of the marked region (in Fig. 7(e)) 
of the BiOBr-RHC-10 sample shows the presence of two distinct lattice 
planes with d-spacings of 0.27 and 0.24 nm corresponding to (110) and 
(002) planes of BiOBr and RHC, respectively [34]. The SAED pattern of
the BiOBr-RHC-10 shown in the inset of Fig. 7(e) indicates the poly
crystalline nature of the composite.

EDS measurement was carried out using the BiOBr-RHC-10 sample, 
and the spectrum of the sample is shown in Fig. 8. The recorded EDS 
profile confirms the presence of elements, such as Bi, O, Br, and C, in the 
sample. 

4.6. BET analysis 

The N2 adsorption–desorption isotherms and the pore size distribu
tions of the BiOBr, RHC, and BiOBr-RHC-10 are depicted in Fig. 9. The 
BiOBr, RHC and BiOBr-RHC-10 composites have specific surface areas 
(SBET) of 1.09, 8.09, and 1.91 m2g-1 and corresponding total pore volume 
(at p/p0 = 0.99) noticed for the samples are 0.011, 0.016 and 0.008 
cm3/g, respectively. 

4.7. Photocatalytic degradation studies of pharmaceutical pollutant 

4.7.1. Photocatalytic degradation of NOR 
The photocatalytic degradation of NOR under visible light was 

Fig. 3. FTIR spectra of BiOBr, RHC, and BiOBr-RHC composites with different 
wt% of the carbon. 

composites (Fig. 3). The bands observed at 1111 and 1623 cm− 1 indicate 
the presence of C–O and C––C bonds, which can be associated with 
carboxyl groups or aromatic structures in the RHC sample. The broad 
band at 3400 cm− 1 is associated with the O–H bond stretching [16]. The 
characteristic band centered at 498 cm− 1 corresponds to the vibrational 
stretching of Bi–O bonds in the tetragonal BiOBr. Moreover, the band 
centered at 843 cm− 1 arises due to the symmetric stretching vibration of 
Bi–O bonds [23]. The characteristic bands of both BiOBr and RHC were 
present in the BiOBr-RHC composites. 

4.3. Raman spectroscopy analysis 

Raman spectroscopy was also used to confirm the presence of carbon 
in the BiOBr-RHC composites, and the obtained Raman spectrum of the 
BiOBr is shown in Fig. 4(a). The peak centered at 89 cm− 1 is associated 
with the A1g first-order Raman mode of bismuth in the BiOBr sample 
[24]. The 114 and 160 cm-1 peaks can be assigned to the internal A1g 
and E1g stretching modes of Bi–Br bonds. The peak observed at 377 
cm− 1 is due to the Bi–O bond vibration [25]. The Raman spectrum of 
carbon is depicted in Fig. 4(b), which possesses a D band centered at 
1366 cm− 1 and a graphitic G band at 1590 cm− 1. The intensity ratio of 
the D band to the G band (ID/IG) is often used to measure the crystallinity 
or structural disorder in carbon materials. The ID/IG ratio of the rice 
husk-derived carbon is 0.67, suggesting a higher crystallinity of the 
carbon material derived from rice husk [26]. The Raman spectra of the 
composites exhibit the vibrational modes of both BiOBr and RHC, and 
the Raman spectra of BiOBr-RHC composites obtained are shown in 
Fig. 4(c). In the context of Raman spectroscopy for carbon materials, 
second-order Raman spectrum often involves the 2D band and its 
combinations. It appears that in the Raman spectra of BiOBr-RHC-1 and 
BiOBr-RHC-5 composites, a band around 3000 cm− 1 is assigned to the 
second-order harmonic of the 2D band [27,28]. It is evident from Fig. 4 
(d) that as the amount of carbon increases from 1 to 20%, the intensity of 
the peak from the carbon counterpart increases, which also validates the 
successful incorporation of RHC in the composites.

4.4. UV–visible spectroscopy 



studied using BiOBr and BiOBr-RHC composites as the catalysts and the 
obtained C/C0 plots are shown in Fig. 10(a). The degradation of NOR in 
the BiOBr-RHC composites is assessed spectrophotometrically by 
monitoring the decrease in absorbance value at 273 nm. Observed NOR 
removal efficiency of various composite catalysts in 3h is in the order: 
BiOBr-RHC-10 (93%) > BiOBr-RHC-1 (75%) ~ BiOBr-RHC-5 (75%) >
pristine BiOBr (73%) > BiOBr-RHC-20 (32%). It appears that the 

degradation behavior of BiOBr-RHC-5 and BiOBr-RHC-1 is close to that 
of pristine BiOBr. The study reveals that incorporating RHC into BiOBr 
materials enhanced its visible-light-driven photocatalytic activity to
wards the degradation of NOR. However, it has been noticed that the 
photodegradability of the composite materials decreased when the RHC 
content was increased from 10 to 20 wt% in BiOBr-RHC composite. The 
excessive use of RHC in the BiOBr composite can mask the BiOBr par
ticles, which can reduce the formation of photogenerated electron-hole 
pairs in BiOBr, and this may presumably be the reason for the observed 
reduction in the photodegradation ability of the BiOBr-RHC composite 
at higher RHC loading [35]. The results of the study indicate that the 
optimum amount of RHC for showing better catalytic reduction of NOR 
is 10 wt%. The degradation kinetics of NOR is well fitted to the first 
order pseudo kinetic equation (eqn (4)), and the (-ln C/C0) versus irra
diation time curve of the different catalysts is provided in Fig. 10(b).  

(-ln C/C0) = kt (4) 

C0 and C are NOR concentrations at time t=0 min and t min and k is 
the rate constant. It can be noticed from Fig. 10(b) that the BiOBr-RHC- 
10 composite exhibits the highest rate constant value of 0.01123 min−1. 
Studies further confirm that BiOBr-RHC-10 composite is a promising 
catalyst material for NOR degradation under visible light irradiation and 
a degradation efficacy of 93% can be achieved towards NOR in 180 min. 
The optimum introduction of RHC into BiOBr can effectively promote 
the separation efficiency of electron-hole pairs and improve photo
catalytic performances. 

A comparative study of the photocatalytic performance of the BiOBr- 

Fig. 4. Raman spectra of (a)BiOBr, (b)RHC, and (c)BiOBr-RHC composites with different wt% of carbon (d) portion of the spectra of BiOBr-RHC composites from 
1200 to 2000 cm−1. 

Fig. 5. UV–Visible spectrum of Norfloxacin.  



RHC composite towards the degradation of NOR removal and that of a 
few other previously reported photocatalysts are presented in Table 1. 
The comparison with other previously reported photocatalysts indicates 

that the BiOBr-RHC composite is a suitable photocatalytic material for 
NOR degradation, making it a promising candidate for applications in 
wastewater treatment. 

Fig. 6. UV–Visible spectra of (a) BiOBr, RHC, and BiOBr-RHC composites with different wt% of carbon (b)Kubelka-monk plot showing the band gap energies of the 
BiOBr and BiOBr-RHC composites. 

Fig. 7. FESEM images of (a)BiOBr (b)RHC (c)BiOBr-RHC-10 (d) TEM image (e)HRTEM image with the SAED pattern of BiOBr-RHC-10 in inset, (f) and (g) IFFT 
images of BiOBr and RHC. 



4.7.2. Cycle test 
The stability of a catalyst is crucial for long-term application. How

ever, photo-corrosion or photo-dissolution during photocatalytic re
actions can lead to a reduction in photocatalytic activity. To assess the 
stability and reusability of BiOBr-RHC-10, recycle tests were conducted 
using NOR and the XRD patterns of BiOBr-RHC-10 before and after the 
tests were also examined. The results, as depicted in Fig. 11(a), reveal a 
slight decrease in the photocatalytic activity of the BiOBr-RHC 

photocatalyst throughout four cycles. This decrease in degradation ef
ficiency is likely to be attributed to the inevitable loss of the catalyst 
during the experimental process [42]. Additionally, the XRD results in 
Fig. 11(b) demonstrate no noticeable change peak in the XRD pattern of 
the sample after four cycles. The crystal structure of BiOBr-RHC-10 after 
four cycles remains well-maintained, suggesting excellent stability of 
BiOBr-RHC-10 even after repeated use. 

Fig. 8. EDS spectra of BiOBr-RHC-10 composite.  

Fig. 9. (a) N2 adsorption-desorption isotherms and the inset shows the corresponding pore size distribution of the (a)BiOBr (b)RHC (c)BiOBr-RHC-10 composite.  

Fig. 10. (a)Photocatalytic degradation curves of NOR (b) the kinetic plot of NOR degradation with different photocatalysts under visible light irradiation.  



4.7.3. Analysis of NOR photodegradation intermediates and mineralization 
pathways 

TOC analysis was used to assess the degree of mineralization, as 
shown in Fig. 12. The results indicate that on sunlight exposure of 180 
min, the mineralization percentage reached 57%. The observed per
centage of TOC in comparison with degradation efficiency (C/C0) may 
be attributed to the higher stability of the NOR molecule with its aro
matic ring structure having extended delocalized π-electrons. Addi
tionally, generating numerous intermediate products during the 
degradation process could still contribute to the TOC of the solution 
[43]. 

By assessing the mass-to-charge ratio (m/z) of the molecular ion 
peak, it is possible to determine the relative molecular mass. Mass 
spectrometry serves as a method to ascertain the relative molecular mass 
of unidentified substances. The UPLC/Q-TOF/MS results can provide the 
molecular weight of degradation products. The structure of Norfloxacin 
(C16H18FN3O3) comprises a piperazine ring and a quinoline ring, with 

the side chain consisting of carboxyl, ethyl, and fluorine atoms with m/z 
value of 320 [44]. The fragmented product with a protonated form of 
m/z value of 350 (C16H17FN3O5) was observed. Subsequent products 
with m/z values of 322 (C15H17FN3O4), 279 (C13H12FN2O4), and 251 
(C12H12N2O3), were probably resulted from the partial elimination of 
–CO, –C2H5N, –CO respectively. Additionally, another product with a
protonated m/z of 304 (C15H14N3O3) was also present, attributed to the
dehydroxylated form of NOR [39,45].

4.7.4. Reactive species and possible mechanism 
Different reactive species role in NOR degradation is validated with 

the help of scavenger studies, and the obtained C/C0 plots thus obtained 
are shown Fig. 13(a). To perform the scavenger studies, isopropyl 
alcohol (IPA), p-benzoquinone (BQ), dimethyl sulfoxide (DMSO), and 
ethylene diamine tetra acetic acid (EDTA) were added to the NOR 
BiOBr-RHC-10 solution as scavengers for hydroxyl radical, oxide radical, 
electrons, and holes, respectively. The percentage of degradation NOR in 
180 min in the presence of various scavengers are presented in Fig. 13 
(b). Degradation efficiency is considerably reduced in the presence of 
EDTA and BQ, which reveals that both holes and oxide radicals are the 
active species involved in the degradation of NOR when BiOBr-RHC is 
used as the catalyst. Feng Cao et al. al noticed similar behavior of hole 
and oxide radicals as the active species in the degradation of antibiotics 
in water [46]. 

When NOR solution containing BiOBr-RHC composites was exposed 
to light, the photogenerated electrons-holes were formed as provided in 

Sl. 
No 

Photocatalyst NOR 
concentration 

Light 
sources 

Degradation 
efficiency 

References 

1. rGO/Bi2WO6 10 ppm 300W 
Xenon 
lamp 

87.49 % 
180min 

[36] 

2. Fe3O4/ 
MWCNTs +
H2O2 (Fenton 
process) 

0.5 mg/mL 300W 
Xenon 
lamp 

91.36% 
180 min 

[37] 

3. CdS/BiOBr 10 mg/L 15W 
Panasonic 
cool 
daylight 
lamp 

100% 
240 min 

[38] 

4. TiO2−X 

polymorphs 
0.1 mg/L 300 W Xe 

lamp 400 
nm with 
cut-on 
filter 

100% 
240 min 

[39] 

5. RGO-ZnS 20 mg/L 300W Hg 
vapor 
lamp 

92% 
360min 

[40] 

6. AgI/SnO2 20 ppm Xenon 
lamp400 
nm with 
cut-on 
filter 

100% 
300 min 

[41] 

7. BiOBr-RHC 10 mg/L Sunlight 93% 
180 min 

This work  

Fig. 11(a). Four cycles of NOR degradation and (b) XRD pattern before and after four cycles of NOR degradation for BiOBr-RHC-10.  

Fig. 12. TOC removal of NOR.  

Table 1 
Comparison of the performance of BiOBr-RHC composite with other promising 
photocatalysts for NOR degradation.  



eqn (5). These photogenerated electrons in the CB of the composite are 
likely to transfer to the surface of RHC because they can act as an 
electron acceptor (eq (6)). The transferred electrons (e−) from the con
duction band of BiOBr can participate in the reduction reactions. As 
given in eq (7), these electrons can reduce oxygen molecules (O2) to 
form superoxide radicals (O2

. ). Simultaneously, holes (h+) are formed in 
the valence band of BiOBr (eq (5)) and can react with water molecules 
(H2O) to generate hydroxyl radicals (OH.), and it is provided in eq (8). 
The superoxide radicals (O2

. ) and positive holes (h+) can react with NOR 
molecules given in eq (9) and undergo a series of oxidation reactions, 
resulting in the degradation of NOR into carbon dioxide (CO2), water 
(H2O), and small byproducts. The introduction of RHC also allows NOR 
molecules to be adsorbed on its surface and facilitates a fast electron 
transfer path [35,47]. A schematic illustration showing the possible 
mechanism of the photocatalytic degradation of NOR by BiOBr-RHC 
composites is given in Fig. 14.  

BiOBr−RHC + hυ→ (e−
CB + h + VB) (5)  

BiOBr (e−
CB) → RHC(e−

CB) (6)  

e− + O2 → O.
2 (7)  

h++ H2O →H++ OH (8)  

h++ O.
2 →CO2 + H2O + small byproducts (9)  

5. Conclusion

In summary, BiOBr-RHC composites were prepared via a solid-state
reaction method, and the photocatalytic degradation studies of NOR and 
the mechanisms involved were investigated. The phase characteristics 
and crystallinity, chemical bonding, and light absorption properties of 
the as-developed composites were studied using XRD, FTIR, and 
UV–visible spectroscopy, respectively. Raman spectroscopic analysis 
confirmed the presence of the carbon in the composites. The composite 
of BiOBr-RHC with 10 wt% of carbon shows improved photocatalytic 
degradation of NOR (93% in 180 min) under visible light irradiation. 
The involvement of reactive species in the reaction was determined 
through radical scavenger experiments, revealing that hole and oxide 
radicals played a more prominent role. The intermediate products of 
norfloxacin degradation were identified via UPLC/Q-TOF/MS analysis. 
The introduction of rice husk-derived carbon provides better separation 
and transfer of electron-hole pairs that can enhance better photo
catalytic activity. The studies confirm that BiOBr-RHC composites can 

Fig. 13. (a) C/C0 curves of BiOBr-RHC-10 composite and (b) the degradation percentage in radical scavenging experiments.  

Fig. 14. Schematic representation of the photocatalytic degradation of NOR by BiOBr-RHC composite.  
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