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Abstract: Antibiotic pollution beyond the safety limits poses a significant threat to the environmen-
tal sustainability and human health which necessitates the development of efficient methods for
reducing antibiotics in pharmaceutical wastewater. Photocatalysis is a proven technology which
has drawn considerable attention in semiconductor photocatalysts. Our study aims to develop a
highly efficient Cr2O3/ZrO2 photocatalyst for the degradation of tetracycline (TCL) under visible
light. The synthesized catalyst was well characterized by XRD, HR-TEM-SAED, XPS, FT-IR, BET
and UV-Vis-DRS methods. The effects of various parameters on photocatalytic degradation were
evaluated in detail, showing that 97.1% of 50 mgL−1 tetracycline concentrations could be degraded
within 120 min at pH 5 with a 0.1 gL−1 photocatalyst-loading concentration under visible light
(300 W Xe lamp). The uniform distribution of spherical ZrO2 nanoparticles on the surface of the
Cr2O3 nano-cubes efficiently reduced the recombination rate with an energy bandgap of 2.75 eV,
which provided a faster photodegradation of tetracycline under visible light. In addition, a plausible
degradation pathway and photoproducts generated during the photocatalytic degradation of TCL
are proposed based on the LC-ESI/MS results, which suggested that efficient photodegradation
was achieved during the visible light irradiation. Thus, our study reveals that the cost-effective
Cr2O3-based photocatalyst with multi-reusability and efficient energy consumption could be an
efficient photocatalyst for the rapid degradation of TCL during the wastewater treatment process.

Keywords: Cr2O3/ZrO2; visible light; tetracycline; degradation; photocatalysis

1. Introduction

In the recent past, ecological imbalance has become a major environmental issue caused
by the contamination of surface water due to rapid industrial development and the littering
of household waste [1]. Several studies have demonstrated that chemical compounds
released from pharmaceutical industries are known to be highly toxic and hazardous
to aquatic ecosystems when they are left untreated [2,3]. In this context, tetracycline
(TCL) belongs to the group of phenanthrene core antibiotics that are widely used to treat
Gram-positive and Gram-negative bacteria, growth promoters for animals, intracellular
mycoplasma, chlamydia, and rickettsia infections. Consequently, more than 50% of these
antibiotics end up in the environment after they have been consumed by humans and
animals [4]. The release of these antibiotic residues and their metabolites into the aquatic
environment contributes to the rise in antibiotic resistance genes in the aquatic life and
has had a significant influence on the environment. The high hydrophilicity of these
compounds not only makes them biologically toxic for aquatic species but also enriches and
transmits them through the food chain, resulting in serious health concerns for humans [5].
Due to the higher concentrations of these contaminates, clean water has also become scarce
for humans and the environment [6]. Globally, the current unsafe situation has become a
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major concern, and it is expected to become worse as time goes on [7]. Thus, developing
low-cost and efficient wastewater treatment technologies is urgently needed to combat this
growing problem [8,9]. However, adsorption and coagulation processes are considered
ineffective for conventional wastewater treatment systems due to their high operational
costs and significant energy demands [10,11]. Furthermore, these existing water treatment
methods are largely unfruitful due to high salinity and secondary pollutants [12].

The photocatalytic oxidation process is a well-known technology and a viable alter-
native to conventional wastewater treatment [13]. Through the usage of solar light as the
source of energy and high-activity metal-oxide nanoparticles as the processing input, it is
capable of degrading organic pollutants such as tetracycline in a sustainable manner [14].
Semiconductor photocatalysis which utilizes solar energy has drawn significant attention
in the global scientific community due to its great potential in the search for better solutions
to current environmental and energy issues [15]. This has led to the development of several
nanomaterials like g-C3N4, FeAl2O4, Cu2O, Bi2WO6, CdS-N/ZnO, etc., for the photocat-
alytic degradation of various organic pollutants under visible light [16–20]. However, all
these methods have limitations, such as high costs, slow degradation rates, UV-active
materials, and reusability issues. Hence, in recent years, there has been increasing interest
in the development of simple, cost-effective p-n heterojunction semiconductors that can be
used as solar-harvesting photocatalysts to degrade TCL pollutants [21].

Following this, Cr2O3 is a widely recognized flagship p-type semiconducting material
that can be used for photocatalysis enhancement. Furthermore, the strategic selection of
Cr2O3 is based on a waste-to-resources conversion strategy, in which carcinogenic hex-
avalent chromium compounds that are utilized in various industrial applications can be
converted into benign trivalent chromium oxide that can be used as a photocatalyst for
environmental remediation. Thus, Cr2O3 has been envisioned as an alternative photoactive
material through a modified method of coupling it with a stable metal oxide. For instance,
Singh et al. proposed a new Fe3O4-Cr2O3 magnetic nanocomposite prepared using a simple
wet chemical method for degradation of 4-chlorophenol under UV light [22]. Similarly,
Ahmed et al. used sol–gel synthesis to prepare spherical mesoporous Cr2O3-TiO2 nanopar-
ticles, and with UV light exposure, the photocatalyst exhibited 90.0% efficiency in removing
methylene blue dye [23]. Consequently, due to its high rate of electron–hole recombination,
Cr2O3 is widely employed as a co-catalyst in conjunction with other semiconducting mate-
rials. Hence, to overcome these drawbacks and make Cr2O3 a visible active photocatalyst,
it must be coupled to a semiconducting material with a slightly higher bandgap [24]. As an
n-type semiconductor, ZrO2 is becoming a widely used material in photocatalysis [25]. The
unique properties of ZrO2 that include high refractive index, high thermal expansion, high
optical transparency, chemical and photothermal stability, excellent corrosion resistance,
and low thermal conductivity have led to its extensive use in photocatalysis in recent
years [26]. However, its large bandgap of 3.87 eV and high electron–hole recombination
rate makes ZrO2’s photocatalytic activity limited to the UV range [27]. Interestingly, several
recent studies have demonstrated that the combination of various other metal oxides with
ZrO2 to form a heterojunction would eventually increase its visible-light-active efficiency
during the degradation process [28].

In response to these observations, we synthesized a stable and efficient heterostructure
Cr2O3/ZrO2 catalyst via the coprecipitation method. The photocatalyst ensures ≥ 97.1%
TCL degradation led by hydroxyl and superoxide radical species. The superior analytical
performance and reusability of the proposed nanocomposite materials make them an
attractive choice for environmental remediation applications in the antibiotic wastewater
treatment process.

2. Materials and Methods
2.1. Synthesis of Cr2O3 Nano-Cubes

Firstly, to synthesize pure chromium oxide cubes, chromium (III) nitrate nonahydrate
(≥99.99%; Sigma Aldrich, Shanghai, China) was used as the precursor. In the initial process,
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the Cr starting material (0.1 M) was mixed constantly for about 0.5 h, followed by the
dropwise addition of ammonia (0.3 M) to control the pH 6.0, to obtain a green-colored
precipitate. Then, the precipitate was separated and washed several times with deionized
water in order to remove any soluble impurities. After obtaining chromium hydroxide
precipitate, it was dried for 24 h at 90 ◦C followed by calcination at 900 ◦C for 5 h to obtain
the chromium oxide cubes with an intense green color.

2.2. Preparation of Cr2O3-ZrO2 Nanocomposite

To prepare the Cr2O3/ZrO2 nanocomposite, the co-precipitation approach was em-
ployed. Initially, zirconium (IV) tetra-butoxide (≥99.99%; Sigma Aldrich, Shanghai, China)
precursor was mixed with 15 mL solution of H2O2 (30% w/v), followed by stirring for
0.5 h, resulting in a white-colored colloidal peroxo complex of Zirconium. To the above
suspension, 50 mL of distilled water and 0.25 g of previously synthesized Cr2O3 cubes
were added, and the suspension was stirred for 24 h. Further, the complete suspension was
then transferred to a Teflon-lined autoclave maintained at 100 ◦C for 12 h. After bringing
the autoclave to room temperature, the catalyst was washed several times with water, dried
at 80 ◦C, followed by calcination at 500 ◦C for 2 h at a ramp rate of 5 ◦C/min. The final
powder was denoted as a Cr2O3/ZrO2 nanocomposite. For comparison, the pure ZrO2
nanoparticles were synthesized by following the same above-mentioned method without
addition of Cr2O3 cubes.

2.3. Instrumentations

Several instruments have been used to characterize the as-synthesized photocatalytic
materials. The wide angel XRD pattern for the synthesized photocatalyst materials were
recorded using a BRUKER D8 Advance X-ray diffractometer (Karlsruhe, Germany) with
2θ ranges from 10◦ to 90◦. The structural pattern and surface morphology of the prepared
nanocomposite materials was studied using HR-TEM-SAED (Thermo Fisher Talos F200S G2
electron microscopes; Pleasanton, CA, USA). The energy band gap measurements for the
prepared nanocomposites were calculated using a UV-Visible spectrophotometer equipped
with diffused reflectance integrating sphere (DRS) (Shimadzu UV-360; Kyoto, Japan). An X-
ray photoelectron spectrometer (XPS) (Thermo Scientific K-AlphaX; Pleasanton, CA, USA)
with monochromatic Al Kα radiation (150 W, 15 kV, and 1486.74 eV) was used to study the
oxidation states and surface composition of the prepared photocatalyst materials. FT-IR
spectral measurements were carried out using a Thermo Scientific (Pleasanton, CA, USA)
Nicolet iS10 model. BET analysis was carried out using a Kubo-X1000 high-performance
micropore analyzer (Bbbm024; Shenzhen, China).

2.4. Photocatalytic Methodology

Photocatalytic activity of the Cr2O3/ZrO2 catalyst was assessed in terms of degrada-
tion of TCL. The experiment was conducted in a laboratory-scale photocatalytic chamber
equipped with a 300 W Xe lamp (simulated solar light). Initially, 100 mg of the photocatalyst
was suspended in 100 mL of an aqueous solution containing 50 mgL−1 TCL. To eliminate
the background reductions (adsorption/desorption) in TCL drug concentrations, the tubes
containing TCL solutions and photocatalyst material were stirred in dark conditions for
20 min. The degradation efficiency of the samples was measured by collecting 2.5 mL
aliquots at fixed intervals during irradiation. Before HPLC analysis, 2 mL of the sample
was centrifuged, then filtered through 0.2 mm syringe filters. To monitor the decrease in
TCL concentration, the withdrawn samples were analyzed using HPLC at its character-
istic absorbance of 354 nm with an UV detector, while acetonitrile (30% v/v) and water
(70% v/v) were used as the mobile phase at a flow rate of 1 mL min−1. Meanwhile, the
HPLC that connected to a tandem mass spectrophotometer (LC-ESI/MS/MS) was used
to identify the degradation products during degradation. The ESI method was used in
identifying the mass, helium gas was utilized at a flow rate ~1 mL min−1, and a 16 V of
fragment voltage was maintained during analysis. We followed the same procedure under
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visible light irradiation to optimize various physiochemical parameters that may influence
degradation efficiency.

3. Results and Discussion
3.1. Characterization

To determine the crystal structure and phase orientation of the prepared nanomaterials,
XRD analysis was performed. Figure 1 illustrates the wide range of XRD patterns of Cr2O3,
ZrO2, and Cr2O3/ZrO2 NCs materials as well as their JCPDS card patterns. The XRD
diffraction pattern of the synthesized Cr2O3 nanoparticles observed at respective 2θ values
and the corresponding indexed planes are 2θ = 24.80 (0 1 2), 33.82 (1 0 4), 35.80 (1 1 0),
41.17 (0 0 6), 42.73 (1 1 3), 45.53 (2 0 2) 51.43 (0 2 4), 56.30 (1 1 6), 59.41 (0 1 8), 62.80 (2 1 4),
and 64.95 (3 0 0). These reflection planes indicated that the synthesized nanoparticles
have a rhombohedral phase with an R3c space group, in accordance with the JCPDS Card
No. 85-0869. In the same manner, the diffraction peaks of the pure ZrO2 NPs reveal the
peaks with the following values 2θ = 28.8 (−11.1), 32.01 (−11.1), 50.10 (12.2), and 61.76
(−13.1) indicating that the ZrO2 is in monoclinic phase (JCPDS Card No. 37-1484). As a
result of coupling the ZrO2 with Cr2O3, no significant change in the peak position of the
Cr2O3 lattice planes was observed, and both the rhombohedral and monoclinic distribution
were clearly visible in the Cr2O3-ZrO2 nanocomposite, indicating that ZrO2 had no effect
on the Cr2O3 matrix. This observation confirms that ZrO2 was deposited only on the Cr2O3
NP surface, possibly because Zr4+ has a larger ionic radius than Cr3+. Furthermore, peaks
corresponding to ZrO2 and Cr2O3 are clearly observed on the nanocomposite, indicating
that no other detectable impurities are present. In addition, the Debye–Scherrer equation
D = Kλ/β cos θ was applied to further determine the average crystalline size for the
nanocomposite, in which β represents the full width at half maximum (FWHM) of the
diffraction peak, θ indicates the angle between the incident and diffracted beams, λ specifies
the wavelength of X-ray beam (1.540 Å for CuKα), and K is the shape factor (0.9). The
crystalline size of the prepared composite has been carried out using the major intense
peaks and their average size has been calculated as mentioned above. The crystalline size
of the Cr2O3, ZrO2, and Cr2O3/ZrO2 nanocomposite was found to be around 30.91, 25.84,
and 27.50, respectively.

The light absorption properties of the as-prepared catalysts were investigated using
diffuse reflectance UV-Vis spectroscopy (UV-Vis-DRS). The spectral results indicated that
Cr2O3 enhanced ZrO2 absorption in the visible region, with a slight redshift in the absorp-
tion edge. This indicates that the Cr2O3/ZrO2 heterostructure photocatalysts have effective
activity in the visible range. Due to its octahedral geometrical preferences, the absorption
spectra for pure Cr2O3 NPs exhibits three major peaks. This is the reason for the curved
wave pattern in Tauc’s plot of the corresponding band gap energy of the Cr2O3 NPs. The
band gap energy of the nanocomposite (Cr2O3/ZrO2) was calculated using Tauc’s plot
using the formula: αhν = A (hν − Eg) n. Where A is constant, Eg represents band gap
energy, the exponent n = 1

2 for direct band gap transition, hν is photon energy, and α is
the attenuation constant. According to the results, the energy band gaps of pristine Cr2O3,
ZrO2, and Cr2O3/ZrO2 are found to be 2.12, 3.81, and 2.75 eV, respectively (Figure 2a). As
a result of these increased absorptions as well as the reduced band gap energy in ZrO2, the
photocatalyst obtained higher efficiency under the visible light illumination.

The presence of multiple functional groups in pure Cr2O3, ZrO2, and Cr2O3/ZrO2
nanocomposites was confirmed by FT-IR analysis (Figure 2b). From the results, it shows
that the strong vibration at 540 cm−1 was assigned to pristine Cr2O3 that indicates the
presence of a Cr-O bond, while the strong vibration at 620 cm−1 was ascribed to the Cr2O3
crystalline peak. Similarly, the strong vibration peak at 530 cm−1 could be assigned to
the Zr-O bond in pristine ZrO2. As a result of the intervening peak at 530 cm−1 of ZrO2
in Cr2O3/ZrO2 nanocomposites, a peak broadening was observed for the twin peaks
(540 cm−1 and 620 cm−1) of Cr2O3. This further supports the formation of Cr2O3/ZrO2
nanocomposites. A sharp band that appeared on all three peaks at 1620 cm−1 may be related
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to the bending mode of hydroxyl groups from the surface-adsorbed molecules [29–31]. As
a result of the formation of heterostructures, atmospheric CO2 will react with the surface
hydroxyl groups of Cr2O3/ZrO2, which will result in the consumption of hydroxyl groups
at vibrational band at 3450 cm−1. These FTIR results are in complete agreement with our
XRD results.

Water 2023, 15, x FOR PEER REVIEW  5  of  17 
 

 

 

Figure 1. p-XRD pattern of pure Cr2O3, ZrO2, and Cr2O3-ZrO2 nanocomposites. 

The light absorption properties of the as-prepared catalysts were investigated using 

diffuse reflectance UV-Vis spectroscopy (UV-Vis-DRS). The spectral results indicated that 

Cr2O3 enhanced ZrO2 absorption in the visible region, with a slight redshift in the absorp-

tion edge. This indicates that the Cr2O3/ZrO2 heterostructure photocatalysts have effective 

activity in the visible range. Due to its octahedral geometrical preferences, the absorption 

spectra for pure Cr2O3 NPs exhibits three major peaks. This is the reason for the curved 

wave pattern in Tauc’s plot of the corresponding band gap energy of the Cr2O3 NPs. The 

band gap energy of the nanocomposite (Cr2O3/ZrO2) was calculated using Tauc’s plot us-

ing the formula: αhν = A (hν − Eg) n. Where A is constant, Eg represents band gap energy, 

the exponent n = ½ for direct band gap transition, hν is photon energy, and α is the atten-

uation constant. According to the results, the energy band gaps of pristine Cr2O3, ZrO2, 

and Cr2O3/ZrO2 are found to be 2.12, 3.81, and 2.75 eV, respectively (Figure 2a). As a result 

of these increased absorptions as well as the reduced band gap energy in ZrO2, the pho-

tocatalyst obtained higher efficiency under the visible light illumination. 

The presence  of multiple  functional  groups  in pure Cr2O3, ZrO2,  and Cr2O3/ZrO2 

nanocomposites was confirmed by FT-IR analysis (Figure 2b). From the results, it shows 

that the strong vibration at 540 cm−1 was assigned to pristine Cr2O3 that indicates the pres-

ence of a Cr-O bond, while the strong vibration at 620 cm−1 was ascribed to the Cr2O3 crys-

talline peak. Similarly, the strong vibration peak at 530 cm−1 could be assigned to the Zr-

Figure 1. p-XRD pattern of pure Cr2O3, ZrO2, and Cr2O3-ZrO2 nanocomposites.

The morphological characteristics of the synthesized composite were investigated
through HR-TEM. The results clearly evidenced that Cr2O3 are in nano-cubes (Figure 3a),
while ZrO2 are in slightly agglomerated particles (Figure 3b). It is evidenced that there
is a formation of a Cr2O3/ZrO2 heterojunction during the coprecipitation process as it
can be seen from the images that the Cr2O3 nano-cubes are clearly visible and the ZrO2
nanoparticles are agglomerated with equal distribution under Cr2O3 nano-cubes (Figure 3c).
In addition, the average particle size of Cr2O3, ZrO2, and Cr2O3/ZrO2 NCs was calculated,
and the corresponding values are about 36.5 nm, 27.5 nm, and 30.5 nm, respectively [10,32].
Additionally, the high-magnification TEM images clearly revealed that the lattice fringes
of Cr2O3 and ZrO2 with d-spacing values are about 0.332 and 0.237 nm (Figure 3d,e).
Likewise, the SAED analysis of Cr2O3/ZrO2 composite confirms the microcrystalline phase
and the indexed planes match the p-XRD analysis (Figure 3f). With these morphological
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features, it could be suggested that better adsorption and diffusion of TCL analytes are
achievable, which enables effective removal under visible light.

Water 2023, 15, x FOR PEER REVIEW  6  of  17 
 

 

O  bond  in  pristine  ZrO2. As  a  result  of  the  intervening  peak  at  530  cm−1  of ZrO2  in 

Cr2O3/ZrO2 nanocomposites, a peak broadening was observed for the twin peaks (540 cm−1 

and 620 cm−1) of Cr2O3. This further supports the formation of Cr2O3/ZrO2 nanocompo-

sites. A sharp band that appeared on all three peaks at 1620 cm−1 may be related to the 

bending mode of hydroxyl groups from the surface-adsorbed molecules [29–31]. As a re-

sult of the formation of heterostructures, atmospheric CO2 will react with the surface hy-

droxyl groups of Cr2O3/ZrO2, which will result in the consumption of hydroxyl groups at 

vibrational band at 3450 cm−1. These FTIR results are in complete agreement with our XRD 

results. 

 

Figure 2. (a) Tauc plot (inset: UV-vis absorption spectra) and (b) FT-IR spectra of pure Cr2O3, ZrO2 

and Cr2O3–ZrO2 nanocomposites. 

The morphological  characteristics of  the  synthesized  composite were  investigated 

through HR-TEM. The results clearly evidenced that Cr2O3 are in nano-cubes (Figure 3a), 

while ZrO2 are in slightly agglomerated particles (Figure 3b). It is evidenced that there is 

a formation of a Cr2O3/ZrO2 heterojunction during the coprecipitation process as it can be 

seen from the images that the Cr2O3 nano-cubes are clearly visible and the ZrO2 nanopar-

ticles are agglomerated with equal distribution under Cr2O3 nano-cubes  (Figure 3c).  In 

addition, the average particle size of Cr2O3, ZrO2, and Cr2O3/ZrO2 NCs was calculated, and 

the corresponding values are about 36.5 nm, 27.5 nm, and 30.5 nm, respectively [10,32]. 

Additionally, the high-magnification TEM images clearly revealed that the lattice fringes 

of Cr2O3 and ZrO2 with d-spacing values are about 0.332 and 0.237 nm (Figure 3d,e). Like-

wise, the SAED analysis of Cr2O3/ZrO2 composite confirms the microcrystalline phase and 

the indexed planes match the p-XRD analysis (Figure 3f). With these morphological fea-

tures,  it  could  be  suggested  that  better  adsorption  and diffusion  of TCL  analytes  are 

achievable, which enables effective removal under visible light. 

Figure 2. (a) Tauc plot (inset: UV-vis absorption spectra) and (b) FT-IR spectra of pure Cr2O3, ZrO2

and Cr2O3–ZrO2 nanocomposites.
Water 2023, 15, x FOR PEER REVIEW  7  of  17 
 

 

 

Figure 3. TEM images of (a) Cr2O3, (b) ZrO2, and (c) Cr2O3–ZrO2; (d,e) HR-TEM images and (f) SAED 

pattern of Cr2O3–ZrO2 nanocomposites. 

Surface composition, purity, and elemental analysis were carried out by X-ray pho-

toelectron spectroscopy (XPS) for the as-prepared composite catalyst. From the results, it 

can  be  seen  from  the  survey  scan  spectrum  of  the Cr2O3/ZrO2  nanocomposite which 

showed all the elements of the composite and confirms their uniform distribution in the 

composite (Figure 4a). Accordingly, the Cr2O3/ZrO2 nanocomposite exhibited high-inten-

sity peaks at 180.32 eV, 580.25 eV, and 530.87 eV, ascribed to Zr 3d, Cr 2P, and O 1s, re-

spectively. It is worth mentioning that the absence of the N 1s peak suggests that the NO3− 

ion has been successfully removed from the precursor Cr(NO3)9H2O during the synthesis 

and calcination process. The high-resolution Cr 2p spectrum (Figure 4b) shows two well-

resolved peaks at 574.6 and 584.7 eV corresponding to Cr 2p3/2 and Cr 2p1/2 peaks, respec-

tively. In addition, the energy separation of 9.8 eV between the 2p3/2 and 2p1/2 peaks indi-

cated  that  the Cr 2p orbital contains chromium  in a  trivalent state  (Cr3+). Likewise,  the 

deconvoluted Zr 3d orbital (Figure 4c) shows distinct states of Zr 3d3/2 and Zr 3d5/2, with 

binding energies of 198.8 eV and 182.1 eV, respectively, indicating an oxidation state of 

Zr4+. Furthermore, the O 1s high resolution spectrum (Figure 4d) displays a former peak 

at 529.6 eV, that is assigned to the lattice oxygen of the composite, while the other intense 

peak at 532.3 eV could be ascribed to the OH species that result from the chemisorbed 

water [33–36]. According to the XPS results, the atomic percentages of the nanocomposite 

elements are found to be chromium (Cr3+)—25.5%, zirconium (Zr4+)—12.3%, oxygen (O)—

41.7% and carbon (C)—20.5%, confirming the uniform distribution of the elements and 

the formation of a heterostructure between them. 

Figure 3. TEM images of (a) Cr2O3, (b) ZrO2, and (c) Cr2O3–ZrO2; (d,e) HR-TEM images and
(f) SAED pattern of Cr2O3–ZrO2 nanocomposites.

Surface composition, purity, and elemental analysis were carried out by X-ray photo-
electron spectroscopy (XPS) for the as-prepared composite catalyst. From the results, it can
be seen from the survey scan spectrum of the Cr2O3/ZrO2 nanocomposite which showed
all the elements of the composite and confirms their uniform distribution in the composite
(Figure 4a). Accordingly, the Cr2O3/ZrO2 nanocomposite exhibited high-intensity peaks
at 180.32 eV, 580.25 eV, and 530.87 eV, ascribed to Zr 3d, Cr 2P, and O 1s, respectively. It is
worth mentioning that the absence of the N 1s peak suggests that the NO3− ion has been suc-
cessfully removed from the precursor Cr(NO3)9H2O during the synthesis and calcination
process. The high-resolution Cr 2p spectrum (Figure 4b) shows two well-resolved peaks at
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574.6 and 584.7 eV corresponding to Cr 2p3/2 and Cr 2p1/2 peaks, respectively. In addition,
the energy separation of 9.8 eV between the 2p3/2 and 2p1/2 peaks indicated that the Cr
2p orbital contains chromium in a trivalent state (Cr3+). Likewise, the deconvoluted Zr 3d
orbital (Figure 4c) shows distinct states of Zr 3d3/2 and Zr 3d5/2, with binding energies of
198.8 eV and 182.1 eV, respectively, indicating an oxidation state of Zr4+. Furthermore, the O
1s high resolution spectrum (Figure 4d) displays a former peak at 529.6 eV, that is assigned
to the lattice oxygen of the composite, while the other intense peak at 532.3 eV could be
ascribed to the OH species that result from the chemisorbed water [33–36]. According
to the XPS results, the atomic percentages of the nanocomposite elements are found to
be chromium (Cr3+)—25.5%, zirconium (Zr4+)—12.3%, oxygen (O)—41.7% and carbon
(C)—20.5%, confirming the uniform distribution of the elements and the formation of a
heterostructure between them.
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In addition, the BET and pore size distribution analysis were conducted on the pre-
pared samples to determine the surface area and pore characteristics (Figure 5). The surface
area of the bare Cr2O3 was found to be about 23.83 m2/g with a pore volume and pore di-
ameter of 0.033 cm3/g and 4.05 nm, respectively. Similarly, the BET surface area of pristine
ZrO2 nanoparticles was found to be about 14.74 m2/g with a pore volume and diameter
of 0.0012 cm3/g and 2.90 nm, respectively. However, the Cr2O3/ZrO2 nanocomposite
exhibits an increased surface area of 38.43 m2/g as well as a mid-way pore volume of
0.025 cm3/g and pore diameter of 4.35 nm. The increased surface area and pore properties
of the Cr2O3/ZrO2 nanocomposite confirm that ZrO2 nanoparticles have been dispersed
onto the surface of Cr2O3 nanoparticles rather than intercalated into the lattice (Figure 5).
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3.2. Catalytic Degradation of TCL and Pathway of the Cr2O3-ZrO2 Composite

The photocatalytic degradation of TCL via the as-prepared Cr2O3-ZrO2 composite
has been carried out on a laboratory-designed photoreactor (Figure 6). Firstly, the effect of
pH, in which three different values of pH 5 (acidic), pH 7 (neutral), and pH 9 (basic) were
investigated to understand its influence on TCL degradation. The results indicated that all
the pH levels showed higher efficiency in TCL degradation while the acidic pH showed
the highest efficiency in TCL degradation after 120 min under visible light. The results
indicated that the basic pH has significantly reduced the TCL degradation because at the
basic pH the catalyst surface would be negatively charged, hence the unstable negatively
charged TCL molecules would easily repel by the catalyst, thus the degradation has been
decreased (Figure 6a). However, the acidic pH is more favorable for TCL degradation
in which the surface attraction of the TCL molecule and the positively charged catalyst
surface are higher to provide active sites and generate highly reactive organic species
to degrade the TCL molecule under visible light [37,38]. To demonstrate the surface
charge of the Cr2O3/ZrO2 nanocomposite, the zeta potential analysis at various pH levels
was measured to elucidate the isoelectric point of the photocatalyst, and, as shown in
Figure S1, the composite has the isoelectric point at pH 6.22. The enhanced photocatalytic
degradation of TCL at pH 5.0 is attributed to the strong electrostatic interaction of the
positively charged surface of the Cr2O3/ZrO2 photocatalyst, with the anionic tetracycline
drug molecule. Beyond the isoelectric point (>6.22), the decline in photocatalytic drug
degradation efficiency is attributed to the electrostatic repulsion between the negatively
charged photocatalyst surface and the anionic tetracycline drug molecules.

In addition, the effect of catalyst load on the degradation of TCL has also been analyzed
during photodegradation. From the results, it indicated that in the dark, there is no
significant reduction in TCL concentration due to physical adsorption on the catalyst.
Meanwhile, the degradation efficiency has been increased with the increase in the amount
of the catalyst from 0.25 g/L to 1.0 g/L. However, subsequently, the efficiency has declined
with the increase in catalyst load to 2.0 g/L (Figure 6b). This could be because with the
increase in the catalyst load after the optimum ratio, the viscosity of the suspension would
increase and subsequently decreases the light penetration onto the catalyst. This could
lead to a reduction in light availability for the active sites of the catalyst, which could
significantly decrease the degradation efficiency [39]. Thus, it was found that 1.0 g/L
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of the catalyst was the optimum catalyst load for the enhanced TCL degradation under
visible light.
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From the above results, it is observed that at the optimum conditions the composite
exhibited about 97.2% of TCL degradation in 120 min. It is worth mentioning that the
pure Cr2O3 and ZrO2 showed insignificant degradation efficiency in TCL degradation
(Figure 6c,d). This could be because the energy band gap of Cr2O3 is too low which leads
to the absorption of the visible light more easily to generate charge carriers, however, the
recombination rate is significantly higher. Similarly, ZrO2 has a slightly higher energy band
gap, which is insufficient to generate photo-induced charge carriers. Thus, the composite
has obtained an optimum energy band gap in which the photogenerated charge carriers
would easily transfer to generate active radical species like OH•− and O2

•− to degrade the
TCL to a lower molecule.

Furthermore, the plausible degradation pathway of TCL by the Cr2O3/ZrO2 nanocom-
posite at the optimized conditions was investigated by LC-ESI/MS analysis (Figure 7). The
results showed that there could reasonably be three sites to be attacked by the reactive
oxygen species (OH•− or O2

•−). Initially, the hydroxyl radical attacks the amine group and
breaks the bond to form DP-1 (m/z = 430); similarly, in the other way, it could be attacked
by the super oxide anion to form DP-2 (m/z = 490). Furthermore, the degradation products
undergo effective attack by the hydroxyl radical to form hydroxylated compounds (DP-3,
DP-4, and DP-5). Eventually, after formation of hydroxylated compounds, they further
undergo an effective attack by both the hydroxyl and superoxide anion radicals to form ring
opening structures (DP-8 to DP-12), which would further mineralize to generate smaller
mineral acids, H2O and CO2.
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3.3. Photocatalysis Degradation Mechanism

To understand the possible reactive oxygen species involved in the degradation, a
series of radical trapping and quantification experiments was carried out. The results
indicated that after the addition of isopropyl alcohol (OH•− scavenger) the degradation
efficiency of TCL was significantly reduced, while benzoquinone (O2

•− scavenger) has
less influence than isopropyl alcohol on the TCL degradation. Furthermore, the addition
of triethanolamine (h+ scavenger) had a slightly lower influence on the TCL degradation
(Figure 8a). These phenomena were further supported by the radical quantification results
(Figure 8b,c) (Figure S2) and confirmed that the OH•− and O2

•− species generation was
increased with the increase in irradiation time and produced more species to be involved
in TCL degradation.

Furthermore, the photocatalytic degradation mechanism of TCL by the Cr2O3/ZrO2
composite was proposed and is shown in Figure 9. It is feasible to propose a traditional
heterojunction-type photocatalytic mechanism for Cr2O3 and ZrO2 since these semicon-
ductors can form a unique p-n heterojunction structure. Upon visible light illumination, it
is possible for electrons from the valence band (VB) of Cr2O3 to become excited to the con-
duction band (CB) of Cr2O3, creating holes. Meanwhile, the matched energy between ZrO2
and Cr2O3 allows for the migration of photogenerated electrons from Cr2O3 CB to ZrO2
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CB, which produces superoxide radicals via further reaction with the dissolved oxygen. In
the similar way, the holes in the VB of ZrO2 can be relocated to the VB of Cr2O3, allowing
for the formation of hydroxyl radicals by the photochemical reactions. As a result, the prob-
ability of electron/hole recombination is considerably reduced, since electrons concentrate
primarily on the CB of ZrO2 while holes stay in the VB of Cr2O3. As a result of the reduced
electron/hole recombination and the formation of reactive oxygen species, tetracycline
drug molecules are mineralized into CO2, H2O, and other non-toxic compounds.

Water 2023, 15, x FOR PEER REVIEW  12  of  17 
 

 

   

Figure 8. Radical quantification of (a) O2•− and (b) OH•−; (c) photocatalytic efficiency of nanocompo-

site in the presence of different trapping agents. 

Furthermore, the photocatalytic degradation mechanism of TCL by the Cr2O3/ZrO2 

composite was proposed and is shown in Figure 9. It is feasible to propose a traditional 

heterojunction-type photocatalytic mechanism for Cr2O3 and ZrO2 since these semicon-

ductors can form a unique p-n heterojunction structure. Upon visible light illumination, 

it is possible for electrons from the valence band (VB) of Cr2O3 to become excited to the 

conduction band (CB) of Cr2O3, creating holes. Meanwhile, the matched energy between 

ZrO2 and Cr2O3 allows for the migration of photogenerated electrons from Cr2O3 CB to 

ZrO2 CB, which produces superoxide radicals via further reaction with the dissolved ox-

ygen. In the similar way, the holes in the VB of ZrO2 can be relocated to the VB of Cr2O3, 

allowing for the formation of hydroxyl radicals by the photochemical reactions. As a re-

sult,  the probability of electron/hole recombination  is considerably reduced, since elec-

trons concentrate primarily on the CB of ZrO2 while holes stay in the VB of Cr2O3. As a 

result of the reduced electron/hole recombination and the formation of reactive oxygen 

species, tetracycline drug molecules are mineralized into CO2, H2O, and other non-toxic 

compounds.   

In addition, the recycle test has also been performed by centrifuging the used catalyst 

at 5000 rpm for 5 min and collected, followed by drying at 60 °C before using it in the next 

cycle. From the results, as shown in Figure 10a, the proposed nanocomposite materials 

can undergo six successive cycles without losing their photocatalytic efficiency. In addi-

tion, the XRD results reveals an unaltered crystallinity along with retention of the struc-

tural characteristics of the photocatalyst even after six cycles of usage (Figure 10b). The 

superior performance of the proposed photocatalyst has been compared with similar type 

of photocatalysts reported in the literature [32–39], and the observations are described in 

Table 1. 

Figure 8. Radical quantification of (a) O2
•− and (b) OH•−; (c) photocatalytic efficiency of nanocom-
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In addition, the recycle test has also been performed by centrifuging the used cata-
lyst at 5000 rpm for 5 min and collected, followed by drying at 60 ◦C before using it in
the next cycle. From the results, as shown in Figure 10a, the proposed nanocomposite
materials can undergo six successive cycles without losing their photocatalytic efficiency.
In addition, the XRD results reveals an unaltered crystallinity along with retention of the
structural characteristics of the photocatalyst even after six cycles of usage (Figure 10b).
The superior performance of the proposed photocatalyst has been compared with similar
type of photocatalysts reported in the literature [32–39], and the observations are described
in Table 1.
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Table 1. Comparison of literature reports on the degradation of tetracycline drug with the pro-
posed method.

S. No. Photocatalyst Light Source Degradation
Time

Degradation
(%)

Catalyst
Amount (mg)

Drug Conc.
(mg/L) Ref.

1. α-Fe2O3/g-C3N4
NCs Visible (32 mW/cm2, W) 180 min 95.0 50 10 [40]

2.
Black Phospho-

rus/BiOBr
NCs

Visible (300 W/cm2, Xe) 90 min 79.0 100 50 [41]

3. BiWO6 Visible (300 W/cm2, Xe) 180 min 79.7 30 20 [42]

4. WO3/g-C3N4 Visible (300 W/cm2, Xe) 60 min 78.0 50 80 [43]

5. (Bi)BiOBr/rGO
NCs Visible (300 W/cm2, Xe) 140 min 98.0 50 20 [44]

6. Ni-WO3 LED (35W) 105 min 76.0 50 10 [45]

7. BiVO4/Fe2O3 Visible (300 W/cm2, Xe) 60 min 91.5 30 15 [46]

8. CuS/CdS NCs Solar Light 50 min 90.0 50 20 [47]

9. Cr2O3/ZrO2 Visible (300 W/cm2, Xe) 120 min 97.1 100 50 Present Work

4. Conclusions

A novel Cr2O3–ZrO2 nanocomposite has been successfully synthesized for the efficient
degradation of the tetracycline antibiotic under visible light. Our results indicated that
the ZrO2 nanoparticles were uniformly distributed on the Cr2O3 cubes which facilitates a
strong interaction to form a heterojunction which further leads to improving the charge
separation rate and reducing the recombination rate. Furthermore, the composite showed
enhanced degradation efficiency towards TCL, which was about 97.1% after 120 min of
visible light irradiation at the optimal conditions (pH = 5, catalyst load = 0.1 gL−1, and
TCL concentration = 50 mgL−1). The radical trapping and the active species scavenging
experimental results revealed that the OH•−, O2

•−, and photogenerated holes are the main
species involved in the TCL degradation. Thus, our study suggests new insights into the
preparation of Cr- and Zr-based metal oxide heterojunctions with efficient visible light
harvesting capabilities for degradation of antibiotic pollutants under visible light during
pharmaceutical wastewater treatment processes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15203702/s1, Figure S1: Zeta potential vs. pH for Cr2O3-ZrO2
nanocomposite; Figure S2: (a) Reaction pathway between terepthalic acid and hydroxyl radical with
the formation of fluorescent 2-hydroxy terepthalic acid (b) Reaction pathway between NBT and
superoxide radicals with the formation of formazan.
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