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Abstract
Fe-incorporated BiOCl-nanosheet assembled rods (FBC-NSR) based photoactive materials were synthesized using a 
simple sol–gel process to degrade tetracycline (TC) pharmaceuticals compound (PCs) under solar irradiation. The as-
prepared FBC-NSR-based photoactive materials were characterized using various characterization techniques including 
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), diffuse reflec-
tance spectroscopy (DRS), photoluminescent (PL) spectroscopic analysis, and Fourier transform infrared spectroscopy 
(FT-IR). The structural changes were observed upon doping of Fe metals within the FBC-NSR-based photoactive materials. 
Intriguingly, the band gap value decreased from ~ 1.81 eV to ~ 1.29 eV with increasing the amount of Fe metals (0.5 g, 
and 1.0 g) within the FBC-NSR named as FBC-NSR-2 and FBC-NSR-3-based photoactive materials, respectively. The lower 
band gap value favors the photodegradation of environmental pollution. The synthesized FBC-NSR-3 shows the highest 
degradation ~ 97% and ~ 72.1% at 1 mg/L and 10 mg/L TC antibiotic, respectively. The photodegradation was higher at 
pH 10, indicating •OH radicals play a major role in the photodegradation of TC molecules. PL spectra confirm the higher 
oxygen vacancy, improved transfer of electrons, and separation efficiency of photo-induced electron hole-pairs, thereby 
high photodegradation efficiency. Therefore, the preparation of FBC-NSR-based photoactive materials is simple, cost-
effective, and promising semiconductor materials for the removal of environmental pollution.
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1  Introduction

Pharmaceuticals compounds (PCs) are chemical compounds used for the treatment diagnosis, and prevention of dis-
eases. Approximately, eighty types of PCs including antibiotics are found in water bodies. PCs mainly consist of complex 
molecular combinations containing mainly cyclic compounds [1–3]. A class of PCs, especially antibiotics, are widely used 
for the treatment of bacterial infections in humans and animals. A wide range of antibiotics are available, among them 
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tetracycline (TC) is a broad-spectrum antibiotic that effectively treats bacterial infectious diseases. TC consists of four rings 
in its structure, due to closed ring structure it is difficult to degrade [4–6]. Additionally, TC molecules are not completely 
consumed by the human or animal body, thereby entering into the environment through excretion and contaminating 
soil and water resources. TC molecules are easily adsorbed onto the surface of soil, sediment, and sludge because of their 
polarity and ionic compounds. Moreover, continued exposure to TC molecules significantly decreases the fertility of the 
soil and develops antibiotic resistance, thereby adverse effects on aquatic animals and human health [7–12]. Therefore, 
there is a necessity to remove/degrade TC molecules from the water system.

Several processes such as adsorption, bioremediation, membrane technology, coagulation, and photocatalysis are 
available to remove environmental contamination including TC molecules from wastewater. Among them, photocatalysis 
is one of the important processes to degrade organic contaminates like TC molecules from wastewater. Photocatalysis 
has been widely used for the past decades as it utilizes the ultimate source of energy, “solar energy”. The utilization of 
solar power for wastewater treatment is a step towards sustainable development [13–15]. However, to trap the solar 
energy solar active catalyst/photoactive material is required to initiate the process. The valence electron can absorb 
photo radiation and get excited to move into the conduction band, which can finally degrade organic compounds into 
CO2 and H2O [16, 17]. Several photoactive-based materials such as transitional metal chalcogenide (TMDs) (MoS2, MoSe2, 
MoTe2, WS2, and WSe2), C3N4, BN, MXene, graphene, graphene oxide, black phosphorus, Bi2O3, BiVO4, Bi2WO6, and bismuth 
oxyhalides (BiOX) (X = I, Cl, and Br) based semiconductor materials have been used to degrade different environmental 
pollutants [7, 18–24]. Among all of them, Bi-based compounds are attracted due to their small band gap and large pore 
size distribution. Moreover, the incorporation of metals/non-metals within the Bi-based compounds might tune the band 
gap, thereby significantly improving the photodegradation ability. Several studies have been reporting the applicability 
of Bi-based catalysts for the photodegradation of PCs. BiOX and their oxide have also undergone some modifications like 
metallic and non-metallic doping to tune the band structure or to improve the mechanical strength of photoactive [25, 
26]. Metallic (Fe, Cu, Zn, etc.,) doping might improve the strength and decrease the band gap of Bi-based oxides. Fe metal 
easily incorporates with other materials like metallic/non-metallic composite including BiOX, and has a strong potential 
to conduct oxidation–reduction processes, adjustable crystal sizes, economic value, and lack of toxicity. Moreover, Fe 
metal has the potential to prolong the life span of electron–hole separation by delaying electron–hole recombination. 
Additionally, Fe can effectively degrade TC molecules by exploiting the TC molecules to form chelates with particular 
bivalent metal ions, especially Fe (II), Mg (II), and Ca (II) [27–31]. In this context, Fe metal doping on bismuth-based com-
pounds significantly improves the degradation of organic pollutants, ultimately high degradation ability.

This study explains the synthesis of Fe-incorporated BiOCl-nanosheet assembled rods (FBC-NSR) based photoactive 
materials using a facile co-precipitation process for the degradation of TC molecules. The in-situ doping of the Fe metals 
within the FBC-NSR skeleton significantly changes the morphology and decreases the band gap value, subsequently 
high degradation ability. The synthesized FBC-NSR-based photoactive agent was characterized by using several tech-
niques including scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), 
photoluminescent (PL) spectroscopic analysis, Fourier transform infrared spectroscopy (FT-IR), and diffused reflectance 
spectroscopy (DRS). The synthesized FBC-NSR-based photoactive materials were tested against TC molecules, which 
show higher photodegradation ability compared with Fe-incorporated FBC-NSR-based materials. The innovation of the 
FBC-NSR-based photoactive materials is the facile and cost-effective synthesis process for the removal of TC molecules. 
The Fe and Bi used in the FBC-NSR have distinct roles. Bi have dual roles, (1) provide exceptional visible region absorp-
tion, and (2) exhibit low band gap value. Fe metals have dual roles, (1) decrease the band gap value, and (2) modulate 
the structure like nanosheets assembled rods, thereby improving photoactive activity. The Fe metal doping within the 
BiOCl significantly improved the photoactive performance by slowing the rate of photorecombination. Moreover, Fe 
metals give more reactive sites and oxygen defects, thereby high photoactive ability.

2 � Materials and methods

2.1 � Chemicals

Bismuth oxide (Bi2O3), hydrochloric acid (HCl), ferric chloride (FeCl3), sodium hydroxide (NaOH), ethylene diamine-
tetra-acetic acid (EDTA), isopropyl alcohol (IPA), hydrogen peroxide (H2O2) and p-benzoquinone (BQ) and ethanol 
(C2H5OH) were purchase from SRL Chemicals, India. TC molecule was procured from Hi-media, India. The high purity 
grades chemicals and reagents were used in this study and solutions were prepared in deionized (DI) water.
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2.2 � Synthesis of FBC‑NSR‑based photoactive materials

FBC-NSR-based photoactive materials were synthesized using a simple co-precipitation process. Briefly, 3.8 g of the 
Bi2O3 was dissolved in 50 mL of DI containing HCl using stirring for 60 min at 60 ℃ to produce a homogenous solution 
of BiOCl. Approximately 1 g of FeCl3 was dissolved in the 50 mL DI water using a constant stirring process at 100 rpm 
for 30 min at room temperature (~ 25 ℃) in a separate beaker to prepare a homogenous solution of the FeCl3. Next, 
a homogenous solution of FeCl3 was mixed into the BiOCl solution and stirred at 100 rpm for 2 h at 80 ℃ to produce 
a FeCl3-BiOCl solution. 6 M NaOH was prepared in 100 mL DI water. The prepared NaOH solution was added drop-
by-drop into FeCl3-BiOCl solution and the solution was continuously stirred at 100 rpm for 2 h at room temperature 
(~ 25 ℃) to produce Fe-incorporated BiOCl-based nanosheets assembled rods (FBC-NSR-3) based photoactive materi-
als. The prepared FBC-NSR-3-based photoactive material was washed several times using C2H5OH and DI water. Next, 
the washed FBC-NSR-3-based photoactive material was dried at 80 ℃ for 24 h to achieve powder of FBC-NSR-3, used 
for further analysis. Similarly, some FBC-NSR without Fe metals, and using 0.5 g of Fe metals, named FBC-NSR-1, and 
FBC-NSR-2, respectively were also prepared for assessment purposes. Figure 1 shows the schematical illustration of 
the various steps involved in the synthesis of FBC-NSR-based photoactive materials and their application. The FBC-
NSR-based photoactive materials are synthesized by using a sol–gel process that has nanosheet-assembled nanorods. 
The sol–gel process mainly involves dissolving precursor (Bi) and Fe metals in a solution followed by hydrolysis and 
condensation reaction using NaOH, which forms FBC-NSR. Moreover, the incorporation of Fe+3 ions into the BiOCl 
might be tuned structural changes mainly the formation of nanosheets assembled nanorods. Additionally, Fe metals 
influence the nucleation and growth processes that promote smaller crystals. The incorporation of Fe metals also 
tuned electronic structure, enhanced charge carrier separation, and reduced band gap value, which significantly 
improved photocatalytic application.

2.3 � Photocatalytic test analysis

The prepared with different Fe metals amounts and without Fe-based FBC-NSR based photoactive agent was used to 
determine the photoactive degradation efficiency of the TC molecules by using a solar simulator (Xenon lamp, 8000 K, 
35 W). Briefly, 200 mL of various concentrations (1, 5, and 10 mg/L) of TC molecules was filled in a photocatalytic 
glass reactor. Next, 200 mg of the prepared FBC-NSR-based photoactive materials were added to the photocatalytic 
reactor and kept for 30 min in the dark. The temperature (~ 25 ℃) of the glass-photocatalytic reactor was maintained 
throughout the process. The samples were collected at different time exposures (-30, 0, 5, 10, 15, 20, 30, 30, 40, 50, 
and 60 min) of solar irradiation. Likewise, concentration study various pH (3, solution, and 10), and scavenger effects 
of 10 mg/L of TC molecules were used to determine the photodegradation ability of TC molecules. For ascertaining 

Fig. 1   A schematical illustra-
tion of the various steps 
involved in the synthesis of 
FBC-NSR-based photoactive 
materials and their application

+ 

Bi2O3 HCl
BiOCl

FeCl3

FeCl3
-BiOCl

NaOH  

FBC-NSR Fe-BiOCl 

Clean Water

Drop by drop

Contaminated water

Photocatalytic Application

Solar Energy FBC-NSR 



Vol:.(1234567890)

Research	 Discover Sustainability           (2024) 5:296  | https://doi.org/10.1007/s43621-024-00439-4

H2O2 and scavenger’s effects of FBC-NSR-based photoactive materials, EDTA, IPA, and BQ were used in radical capture 
tests to scavenge h+, hydroxyl radical (·OH), and superoxide radical (·O2

−), respectively. The collected samples were 
analyzed using a UV–visible spectrophotometer (Thermo Scientific Evolution 2600).

3 � Characterization of the FBC‑NSR

The synthesized FBC-NSR-based photoactive materials with different amounts of Fe metals were characterized by 
using different techniques like scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), 
X-rays diffraction (XRD), diffuse reflectance spectroscopy (DRS), Fourier transform infrared spectroscopy (FT-IR), and 
photoluminescent (PL) spectroscopic analysis. The morphology of the different Fe metals-based FBC-NSR-based 
photoactive materials was observed using SEM (JEOL-JSM-IT 500). The elemental analysis and elemental mapping 
were observed using EDX analysis. The crystalline size and crystallographic indices of the synthesized FBC-NSR-based 
photoactive materials were analyzed using XRD spectroscopy with Cu K α radiation (Kα = 1.541 A°). PL emission 
spectra were measured by using Shimadzu 6000 RF with an excitation wavelength of 350 nm. The band gap value 
of the prepared FBC-NSR-based photoactive materials was determined by using DRS analysis and calculated using 
a Tauc plot.

4 � Results and discussion

4.1 � SEM analysis

Figure 2 shows the SEM images of the FBC-NSR-1 (without Fe metal loading) and different amounts of Fe metals incor-
porated in FBC-NSR-based photoactive materials. Figure 2a-a1 shows the SEM images of the FBC-NSR-1-based photo-
active material at higher and lower magnifications. The SEM images show the micron-sized cuboidal structures with 
tetrahedron shape at both ends. The rough surface and porous texture of the surface of FBC-NSR-1-based photoactive 
material. Interestingly, micron-sized FBC-NSR-1 entangles each other to form a flower-like structure (Fig. 2a1). Figure 2b-
b1 shows the SEM images of FBC-NSR-2-based photoactive material at higher and lower magnifications. The SEM images 
show the rough rod-like structure of FBC-NSR-2. The rough surface and some nanosheets were observed in the higher 
magnification SEM images of FBC-NSR-2 (Fig. 2b1). Figure 2c-c1 shows the rod-like structure of the FBC-NSR-3-based 
photoactive materials. Interestingly, rough, and nanosheet-assembled rods were observed to attribute Fe metals to 
help in the formation of nanosheets. Upon increasing the amount of Fe metals within the FBC-NSR-3-based photoac-
tive materials, nanosheets are assembled and form a rod-like structure, which might provide a more active site for the 
exposure of TC molecules. Furthermore, the incorporation of Fe metals substantially changes the morphology of FBC-
NSR-3 aided advantages to tune the band gap value, thereby high photodegradation ability, we will revisit this aspect 
in the subsequent section.

Figure 3 shows the elemental analysis and mapping of the FBC-NSR-based photoactive materials. Figure 3a shows 
the elemental analysis of FBC-NSR-1-based photoactive material. The presence of Bi, O, and Cl confirms the synthesis 
of BiOCl. Figure 3b shows the elemental analysis of FBC-NSR-3-based photoactive material. The presence of Fe, Bi, O, 
and Cl confirms that the nanosheet-assembled rods are made up of Fe-BiOCl. Figure 3c shows the elemental mapping 
of FBC-NSR-3-based photoactive material. The elemental mapping confirms the uniform distribution of Fe within the 
FBC-NSR-based photoactive material.

4.2 � XRD analysis

Figure 4 shows the XRD analysis of the prepared different Fe metal-incorporated FBC-NSR-based photoactive materi-
als. The XRD spectra of the FBC-NSR-1 show the diffraction peaks at 2θ position of 24.70, 25.90, 27.06, 32.7, 33.48, 36.8, 
40.26, 46.41, 48.67, and 54.81 attributed tetragonal phase of BiOCl (JCPDS No-06–0249) [32, 33]. Similar peaks were also 
observed in the prepared FB-NSR-based photoactive materials. Moreover, two new diffraction peaks at 2θ position of 
30.6 and 33.61 were observed in FBC-NSR-based photoactive agents attributed to a cubic phase of Fe3O4, which confirms 
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the synthesis of FBC-NSR (JCPDS No- 74–0748) [34]. Moreover, the changes in the dominating faces at (101) and (110) 
were observed due to the formation of nanosheets, which are assembled into rod-like structures, which was confirmed 
from the SEM images. The changes in the dominating faces and formation of nanosheets significantly improved the 
exposure of TC molecules [35], thereby high photoactive activity. The high crystallinity of FBC-NSR-3-based photoactive 
materials is due to the stabilizing effects of Fe3+ ions on the BiOCl lattice. The charges and ionic radius of Fe3+ ions are 
like those of Bi3+, which allow Fe3+ ions to substitute on the BiOCl lattice without any considerable distortion, thereby 
a stable and ordered crystalline structure. Furthermore, Fe3+ ions can act as nucleation sites during the sol–gel process, 
which increase the smaller grain size or uniform crystal growth and improves crystallinity [36, 37]. The smaller grains size 
and high crystallinity might be improved photocatalytic activity of the FBC-NSR-based photoactive materials, discuss 
later in the manuscript.

4.3 � FTIR analysis

Figure 5 shows the FTIR spectra of the different FBC-NSR-based photoactive materials. As depicted in the figure, the 
characteristic peaks were observed at 530 and 1389 cm−1. The peak at 530 and 1389 cm−1 were assigned to be Bi-O and 
Bi-Cl, respectively, which confirm the synthesis of FBC-NSR-1. The new peaks at 525 and 633 cm−1 were observed in the 
sample of FBC-NSR-3 attributed to Fe and Fe–O, which confirm the Fe metal doping within the FBC-NSR-1-based pho-
toactive. Additionally, the shifting of a peak at 1389–1525 cm−1 is mainly due to the incorporation of Fe metals. These 

Fig. 2   SEM images of the dif-
ferent photoactive materials. 
a-a1 FBC-NSR-1, b-b1 FBC-
NSR-2, and c-c1 FBC-NSR-3
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Fig. 3   Elemental analysis and mapping of the different FBC-NSR-based photoactive materials. a, b elemental analysis, and c elemental map-
ping

Fig. 4   XRD spectra of the dif-
ferent Fe metals incorporated 
FBC-NSR-based photoactive 
materials
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characteristic peaks observed in the FBC-NSR-1 and FBC-NSR-3 confirm the synthesis of photoactive materials, which 
was also confirmed from EDX, and XRD analysis.

4.4 � Optical properties

4.4.1 � PL spectroscopic analysis

The PL emissions spectra of different FBC-NSR-based photoactive materials were determined at an excitation wavelength 
of 350 nm to understand the charge separation and photogenerated charge carriers at the surface of FBC-NSR. Figure 6 
shows the PL emissions spectra of the different FBC-NSR-based photoactive materials. As depicted from the figure, the 
major emission was observed at 466 nm wavelength, while the minimal emission was at 540 nm wavelength in the FBC-
NSR-1-based photoactive. Interestingly, upon the incorporation of Fe metals within the FBC-NSR-1, major emission was 
observed at 540 nm-wavelength. Moreover, increasing the Fe metal content from (0.5–1.0 g) intensity of the emission 
peak at 540 nm-wavelength significantly improved attributed structural changes, which is confirmed by SEM images. 
The higher intensity in the PL emissions spectrum mainly depends on the particle size and oxygen defects. The smaller 
particle size has higher oxygen vacancy and greater excitation formation, thereby high intensity of PL spectra [38–40]. 
The data indicates that the optical properties were significantly improved by the incorporation of Fe metals within the 
FBC-NSR-based photoactive materials. The Fe metals incorporation within the FBC-NSR-based photoactive materials 
significantly enhances the transfer of electrons and separation efficiency of photo-induced electron hole-pairs of Fe 
metal incorporated FBC-NSR-based photoactive [41, 42], thereby high photodegradation efficiency, discussed later in 
the manuscript.

Fig. 5   FTIR Spectra of the 
different FBC-NSR-based 
photoactive materials

Fig. 6   PL emission spectra of 
the different FBC-NSR-based 
photoactive materials
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4.4.2 � DRS analysis

Figure 7 shows the band gap values of the prepared different FBC-NSR-based photoactive materials. The band gap val-
ues of the different FBC-NSR-based photoactive materials were determined by DRS spectroscopy and calculated using 
Tauc plots. The optical band gap value has been read as the intercept of the plot, according to the Tauc Plots. Figure 7a 
shows the band gap value of FBC-NSR-1-based photoactive materials. As depicted in the figure, the calculated band 
gap value was observed at ~1.81 eV. Figure 7b shows the band gap value of the FBC-NSR-2-based photoactive material. 
As depicted from the figure, the calculated band gap value decreases from ~1.81 to ~1.36 eV upon incorporation of Fe 
metals. Figure 7c shows the band gap values of FBC-NSR-3-based photoactive materials. As depicted from the figure, 
upon increasing Fe metals from 0.5 to 1.0 g in FBC-NSR-3-based photoactive materials, the band gap value significantly 
decreases from ~1.36 to ~1.29 eV due to structural changes upon incorporation of Fe metals within the FBC-NSR-based 
photoactive materials, which was earlier conform from SEM images. Fe metals loading within the FBC-NSR-1-based 
photoactive materials might decrease the band gap values which might be beneficial for the photodegradation ability 
of TC molecules.

Figure 7d shows the optical properties of the different FBC-NSR-based photoactive materials. As depicted from the 
figure, photon adsorption capacity was up to 560 nm, whereas upon incorporation of Fe metals adsorption capacity 
was significantly improved up to 800 nm attributed to continued adsorbed light, thereby high photodegradation of TC 
molecules, discussed later in the manuscript. Moreover, no adsorption edges were observed upon incorporation of Fe 
metals within the FBC-NSR-based photoactive materials mainly due to Fe metallic characteristics [7, 43, 44].

Fig. 7   Band gap value and adsorption spectra of the different FBC-NSR-based photoactive materials. a–c band gap value, and d optical 
properties
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4.5 � Photodegradation test assay

Figure 8 shows the photodegradation test assay of the different FBC-NSR-based photoactive materials against TC mol-
ecules. Figure 8a shows different metal amounts based on FBC-NSR-based photoactive materials at 10 mg/L of TC mol-
ecules. As depicted from the figure, photodegradation of the TC molecules increased with increasing the loading of Fe 
metals within the FBC-NSR-based photoactive materials. The least photodegradation efficiency of ~28.4% was observed 
using FBC-NSR-1-based photoactive materials (without Fe loading), whereas the highest photodegradation efficiency 
of ~72.1% was observed using FBC-NSR-based photoactive materials. The incorporation of Fe metals within the FBC-
NSR-based photoactive materials significantly changes the morphology, which was confirmed from SEM images. The 
sheet-like structure assembled and formed of rods-like structure, which significantly increased the active site, thereby 
the highest photodegradation efficiency. Therefore, the highest Fe-loading FBC-NSR-3-based photoactive materials 
were used for further experiments.

Figure 8b shows the UV-VIZ spectra of TC at 10 mg/L of TC molecules using FBC-NSR-3-based photoactive materials. 
As depicted from the figure, the intensity of the TC peak decreased with increasing the irradiation time from 0 to 60 min, 
attributed to the effective degradation of TC with time. The minimum intensity of peaks/higher photodegradation was 
observed at 60 min of exposure to solar irradiation.

Figure 8c shows the degradation of different concentrations of the TC molecules using FBC-NSR-3. As depicted from 
the figure, upon increasing the concentration of TC molecules from 1 to 10 mg/L, the photodegradation efficiency 
of the FBC-NSR decreases from ~97% to ~72.1%, which shows the efficiency of photoactive at lower concentration of 
TC molecules. The degradation was found to be ~69%, ~72%, and ~97% for 10, 5 and 1 mg/L, respectively. The higher 

Fig. 8   Photodegradation of TC molecules using different FBC-NSR-based photoactive materials. a different Fe metals loaded FBC-NSR, b UV-
VIZ spectra of TC molecules at 10 mg/L at different time intervals, c different concentrations of TC molecules and d Dimensionless concen-
tration as a function of deterioration time at different concentrations
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degradation of TC molecules at lower concentrations is due to the greater availability of active FBC-NSR surface, which 
can be easily accessible by the TC molecules, thereby high photodegradation efficiency. Contrary, relatively lesser avail-
ability of the active surface of FBC-NSR at higher concentrations of the TC molecules. The superior photodegradation 
ability of the FBC-NSR-based photoactive materials is mainly due to the formation of nanosheets-assembled rod-like 
structures that have high surface roughness. Several studies have suggested that the nanosheets assembled structured 
and high roughness of the photoactive materials significantly improved the active surface that increases the adsorption 
of photoelectrons, subsequently, accelerating the change transfer, thereby high photodegradation efficiency [45–47].

The dimensionless concentration as a function of deterioration time is displayed in the figure (Fig. 8 (d)) Over time, 
the deterioration increases for different TC concentrations due to the dissociated TC molecule, the highest degradation 
is observed at 1 mg/L of TC concentration. More dissociated ion concentration of TC results in increased TC degradation 
efficiency. Table 1. Shows the different photoactive materials for the degradation of TC antibiotics. The data shows that 
the prepared FBC-NSR-3-based photoactive materials have comparable degradation of TC molecules.

4.6 � Effect of pH on TC degradation

Figure 9a shows the photoactive degradation of TC molecules at different pH of 10 mg/L of TC molecules. The photoac-
tive degradation of TC molecules demonstrates a significant dependence on pH conditions. As depicted in the figure, 
the photodegradation efficiency of the FBC-NSR-based photoactive materials increased with increasing the pH of TC 
molecules. The least photodegradation ~ 33.3% of the TC molecules underwent at pH 3, attributed to photodegradation 
efficiency decrease in an acidic environment. Moreover, the photodegradation of TC molecules using FBC-NSR-based 
photoactive materials significantly improved upon changing the pH environment from acidic to neutral. Additionally, 
photodegradation efficiency increased with the increasing pH of the TC molecules from neutral to basic (pH 10). The 
highest photodegradation ~ 93.8% of TC molecules was observed at pH 10 after 60 min of solar irradiation. This empha-
sizes how basic pH values, especially pH 10, have a positive impact on the process of photodegradation of TC molecules. 
Additionally, about ~ 84% of the photodegradation happened in the first 20 min of exposure to solar light, suggesting 
that the FBC-NSR-based photoactive materials accelerated the pace of disintegration.

Figure 9b shows the scavenger effect of the TC molecules by using different scavengers. The maximum degradation 
(100%) of TC molecules was achieved by using H2O2 in TC molecules attributing •OH radicals play an important role in 
the degradation of TC molecules. The degradation of TC molecules significantly reduces upon incorporating IPA and 
EDTA within the TC molecules. The IPA competes with the available •OH radicals, since fewer •OH radicals are available 
to degrade TC molecules, thereby lowering the degradation of TC molecules. The EDTA decreases the quantity of charge 
carriers that can decrease the generation of •OH radicals, which lowers the degradation of TC molecules. The incorporation 
of BQ within the TC molecules also decreases the degradation of TC molecules, as BQ scavenges O2•–, which also reduces 
the amount of reactive oxygen species (ROS) that are available to degrade TC molecules [57, 58]. The data suggests that 
the •OH radicals have significant roles in the degradation of TC molecules.

Figure 9c shows the recyclability test assay of FBC-NSR-3-based photoactive materials using 10 mg/L of TC molecules. 
The prepared FBC-NSR-3-based photoactive materials effectively degrade TC molecules up to five consecutive cycles. 

Table 1   Different photoactive 
materials for the degradation 
of TC antibiotics

S. No Photoactive materials Synthesis process Degradation (%) Exposure 
time (min)

Refs.

1 MnFe2O4-BiOI Green synthesis 76.02 200 [48]
2 BiOCl-CeO2 Hydrothermal 80 120 [49]
3 BiON/BiOCl0.9I0.1 Hydrolysis 88 25 [50]
4 Fe3O4-BiOCl-BiOI Solvothermal 89 80 [51]
5 BiOCl-TiO2 Solvothermal 82 180 [52]
6 BiOI-BiOBr Solvothermal 91.92 90 [53]
7 BiOI-MIL-125 Hydrothermal 80 240 [54]
8 BiVO4 Hydrothermal 72 240 [55]
9 BiOCl-Bi2Ti2O7 nanorods Electrospinning 90 120 [56]
10 FBC-NSR-3 Sol–gel 72.1 60 This study
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Moreover, marginal changes in the degradation of TC molecules were observed up to five cycles attributed to the excel-
lent reusability of FBC-NSR-3-based photoactive materials.

4.7 � Plausible mechanism of the TC degradation

The photodegradation mechanism seems to be closely related to the kinetics of protonation and deprotonation of TC 
molecules. TC molecules acquire a negative charge in alkaline pH environments, which increases the density of anions, 
mainly •OH radicals. This increased anion density, particularly at pH 10, encourages the production of •OH radicals, 
which are essential for propelling the processes involved in photodegradation [59–61]. The prepared FBC-NSR-based 
photoactive materials highlight the significant influence of pH on the photodegradation of TC molecules, with basic 
pH conditions being more favorable for effective degradation, mainly because of increased production of •OH radicals.

Figure 10 shows the probable mechanism of FBC-NSR-based photoactive materials. The FBC-NSR-based photoac-
tive material is exposed to solar irradiation, eventually, the generation of photoelectrons, leaving the holes behind. The 
FBC-NSR-based photoactive materials simply trap generated photoelectrons, leading to the separation of charges. Next, 
these photoelectrons form superoxide radicals with adsorbed O2 and holes react with H2O to form OH· radicals. The OH· 
radicals react with TC to form CO2 and H2O. The photodegradation of TC molecules using FBC-NSR-based photoactive 
materials was similar to the photodegradation of Congo red [62].

FBC − NSR + h� → e− + h+

Fig. 9   Photodegradation of TC molecules at 10 mg/L by using FSC-NSR-3-based photoactive materials. a different pH of TC molecules, b 
scavenger’s effects, and c recyclability test
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5 � Conclusion

The Fe metals incorporated FBC-NSR-based photoactive was successfully synthesized using a simple sol–gel process. 
The structural changes were observed upon incorporation of Fe metals within the FBC-NSR-based photoactive materi-
als. Upon increasing the Fe metals, the formation of nanosheets which were assembled into rods-like structures, was 
confirmed from SEM images. Moreover, Fe metals significantly decreased the band gap values from ~ 1.89 to ~ 1.29 eV, 
which was the ideal band gap of any photoactive material. The higher photodegradation of ~ 97% at 1 mg/L of TC mol-
ecules was observed within 60 min of solar irradiation. Moreover, high photodegradation ability at pH attributes the •OH 
radicals play a major role in the photodegradation of TC molecules. Therefore, the prepared FBC-NSR-based photoactive 
materials might become a promising material to degrade numerous environmental pollutions.
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