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The fabrication and characterization of a ZnO/g-CsN4 nanostructured photocatalyst for improving
photodegradation of tetracycline hydrochloride (TC-HCI) as an antibiotic pollutant in wastewater
under simulated solar light were given in this study. The ZnO/g-C3sN4 nanostructure was synthesized
using the deposition—precipitation method, and the morphology and structure of the photocatalyst
revealed that the hybrid structure was composed of well-crystalline ZnO nanostructures and
homogeneously dispersed g-CsN4 nanosheets, implying a homogeneous and strong interaction of g-
CsNa with ZnO nanostructures. The optical band gap values of g-C3N4, ZnO, and ZnO/g-C3Na4 hybrid
structures were calculated to be 2.70, 3.16, and 2.90 eV, respectively, based on the optical properties.
Electrochemical experiments revealed that the ZnO/g-CsN4 hybrid structure has a higher interfacial
charge transfer efficiency, less recombination of photogenerated electron—hole pairs, and enhanced
electron mobility and diffusion. Using g-CsN4, ZnO, and ZnO/g-C3sN4 hybrid structures, 88%, 65%,
and 100% degradation efficiencies were obtained for treatment of 200 mL of 10 mg/L of TC-HCI
aqueous solution after 45 minutes of simulated solar light illumination, respectively, implying that the
Zn0/g-C3N4 heterojunction can remarkably improve solar light photocatalytic activity. Finally, the
data showed that ZnO/g-C3N4 hybrid photodegradation was effective in treating TC-HCI from real
pharmaceutical industrial effluent.
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1. INTRODUCTION

Antibiotics are among the most effective medications in human medicine [1]. They must,
nevertheless, be regarded as important pollutants since they can pose a threat to microbial communities
[2, 3]. Antibiotics are increasingly being used for animal farming and agricultural purposes, in addition
to human medicine. Antibiotics that have been used are discarded or flushed down drains or toilets [4,
5]. Antibiotics in manure and other waste-based fertilizers wash off into waterways from agriculture
and pasture fields. Our pets' feces carrying antibiotics winds up in landfills and neighborhood sewer
runoff.

Antibiotics given to humans and animals are eliminated in their natural state in feces and urine
[6, 7]. The manure is high in nutrients and is frequently utilized as a fertilizer on crop fields, resulting
in direct contamination of the environment with antibiotic residues and resistant microorganisms.
Drug-resistant bacteria that have developed new resistance mechanisms, leading to antimicrobial
resistance, continue to pose a danger to our capacity to treat common diseases [8, 9].

Tetracycline Hydrochloride (TC-HCI, Cz2H24N20g.HCI) is a broad-spectrum naphthacene
antibiotic synthesized semisynthetically from chlortetracycline, an antibiotic obtained from the bacteria
Streptomyces aureofaciens [10, 11]. TC-HCI is an antibiotic that is used to treat a range of illnesses,
including acne [12, 13]. It's an antibiotic that works by preventing germs from growing. Only bacterial
infections of the testes, plague, bacterial infections caused by deer fly, flea, and tick bites, an infection
of the female reproductive systems known as pelvic inflammatory disease, and infections of the skin
and tissue beneath the skin are treated with this antibiotic [14]. Discoloration of teeth and enamel
hypoplasia are common adverse effects of TC-HCI, as are diarrhea, nausea, photosensitivity, stomach
distress, lack of appetite, white patches or ulcers within mouth or on lips, and swollen tongue [15-17].
Because TC-HCI is difficult to metabolize in the human and animal digestive systems, it is expelled
into the environment up to 50%-80% via human feces and animal excreta [10, 18]. Moreover,
hospitals, pharmaceutical industries, and livestock also contribute to the cumulative accumulation of
TC-HCI in the wastewater systems.

Therefore, degradation of antibiotics is important and many studies have been conducted for
the treatment of antibiotic pollutants in wastewater [19-27]. Hydrolysis, chemical oxidation,
photolysis, biodegradation, desorption, adsorption and photocatalysis are generally considered the
important pathways for degradation of antibiotics [19, 28]. Many of these degradation methods cause
to the chemical bonds to break or decompose, and produce a large amount of secondary pollution [29,
30]. Photocatalysis is an environmentally benign and low-cost process that has tremendous potential as
an effective and sustainable oxidation technology for wastewater treatment and antimicrobial pollutant
reduction in wastewater when exposed to light. As a result, this research focused on the synthesis and
characterization of a ZnO/g-C3N4 photocatalyst for improved photodegradation of TC-HCI as an
antibiotic pollutant in wastewater under simulated solar light illumination.
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2. EXPERIMENT

2.1. Synthesis of ZnO/g-C3N4 photocatalyst

The following process [31] was used to synthesize the ZnO/g-C3Ns photocatalyst at room
temperature using the deposition—precipitation method: In 30 mL of 0.5 M ZnCl, (96%, Hainan
Yanghang Industrial Co., Ltd., China) solution, 0.08 g of melamine (99%, Sigma-Aldrich) was added,
and the mixture was magnetically agitated for 30 minutes. After that, 30 mL of 0.5 M Na>COs (99.5%,
Sigma-Aldrich) solution was slowly added to the mixture, which was then agitated for another 25
minutes. To obtain ZnO/g-C3sN4 photocatalyst, the agitated mixture was filtered over a black grid
Millipore membrane (0.45 pum Millipore Corp., Bedford, Mass), washed three times with deionized
water, and dried at 75°C for 20 hours. The preparation of g-C3N4 was carried out in this manner
without adding ZnCl.,, and ZnO photocatalyst was also synthesized using the same procedure without
adding melamine.

2.2. Photodegradation measurements

All photodegradation tests were done in a batch reactor with a cylindrical Pyrex-glass cell that
was irradiated from above using a solar simulator (Newport, USA) equipped with a 450 W Xenon arc
lamp (Wenzhou Bozhou Marine Electrical Co., Ltd., China). The lamp was placed in the reactor's
middle, with an 8-cm distance between it and the solution inside. 200 mL of TC-HCI aqueous solution
(5, 10, 20, and 50 mg/L concentrations) and 1 g/L photocatalysts (g-C3Ns, ZnO, and ZnO/g-C3Na)
powders were added to the photoreactor. The mixes were agitated with a magnetic stirrer to keep them
consistent. Prior to photodegradation measurements, the mixtures were magnetically stirred under dark
conditions for 40 minutes to reach the adsorption-desorption equilibrium between the TC-HCI
molecules and photocatalyst particles. After irradiation with light, the suspensions were collected and
filtered through Millipore membrane to remove any photocatalyst particles. Then, the concentration of
TC-HCI was measured via a spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan) at 357 nm [32,
33]. The degradation efficiency of TC-HCI is calculated by [34, 35]:

Degradation efficiency (%) = C"C—_Oct x 100 1)

Where Cp is initial concentration of the TC-HCI and C: is concentration of the TC-HCI after
photo-irradiation.

2.3. Instruments and characterizations

The shape and structure of photocatalysts were studied using scanning electron microscopy
(SEM; Zeiss Ultra Plus, Germany) and X-ray diffraction (XRD; Bruker D8 127, D8 advance, USA).
Aspectrum of UV-Vis absorption was acquired using a UV-Visible spectrophotometer (UV-2550,
Shimadzu, Kyoto, Japan). An electrochemical impedance spectroscopy (EIS) analysis was applied to a
working electrode (photocatalysts modified Indium tin oxide (ITO) coated glass), a counter electrode
(Pt foil), and a reference electrode (Ag/AgCl) using an electrochemical setup (CHI 660E, USA). EIS
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studies were conducted in a 0.5 M NaSO4 (99%, Merck, Germany) solution over a frequency range of
101-10° Hz with a 10 mV amplitude.

3. RESULTS AND DISCUSSION

3.1. Study of morphology and structure of photocatalysts

The SEM picture of g-C3N4, ZnO, and ZnO/g-C3Na4 hybrid structures is shown in Figure 1. The
surface morphology of pure g-C3N4 nanostructure has a nanosheet-like and fluffy structure, as shown
in Figure la. Figure 1b displays a SEM image of pure ZnO with nanorod-shaped nanoparticles
corresponding to the hexagonal crystallographic plane (0001) of ZnO with an average diameter of 70.
The SEM image of the ZnO/g-C3N4 hybrid structure in Figure 1c shows that the hybrid structure is
made up of ZnO nanostructures and g-C3N4 nanosheets that are evenly spread, implying a
homogenous and strong contact between g-CsNs and ZnO nanostructures. There is a high porosity
surface where ZnO nanostructures are wrapped with g-CsNs which is believed to be critical for the
efficient formation of heterojunction and favorable for the photocatalyst to absorb pollutants and
further promote the degradation ability of the ZnO/g-C3sN4 hybrid structure [36-38].

Figure 1. SEM image of (a) g-C3N4, (b) ZnO and (c) ZnO/g-C3N4 hybrid structures.

ZnO/g-CyN,
ZnO g
g-GN, N

Intensity (a. u.)

20(°)

Figure 2. XRD patterns of powders of g-C3Ns, ZnO and ZnO/g-C3sN4 hybrid structures.
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Figure 2 shows XRD patterns of powders of g-CaN4, ZnO, and ZnO/g-CaN4 hybrid structures.
The in-plane structure of tris-triazine units and the inter-planar stacking of -conjugated aromatic
systems of g-CsNs are related to the in-plane structure of tris-triazine units and the inter-planar
stacking of -conjugated aromatic systems of g-CsNas respectively [39-41]. XRD patterns of ZnO and
Zn0/g-C3N4 hybrid structures show diffraction peaks at 20 = 31.65°, 34.21°, 36.03°, 47.51°, 56.30°,
63.11°, and 67.59°, which correspond to the hexagonal wurtzite structure of ZnO and are indexed as
the (100), (002), (101), (102), (110), (103), and (112) planes (JCPDS card no. 36-1451) [42, 43]. XRD
patterns of ZnO/g-CsN4 hybrid structure displays shows the additional diffraction peak of (002) plane
of g-CsN4, demonstrating successfully synthesized ZnO/g-CzNa4 hybrid by deposition—precipitation
method.

3.2. Optical properties of photocatalysts

Figure 3a shows the UV-vis absorption spectra of g-C3N4, ZnO, and ZnO/g-CsN4 hybrid
structures. As can be seen, the light absorption intensity of g-C3N4 toward ZnO increases dramatically
in the UV and visible ranges. This is due to the 2D planar structure of the —conjugated (—-CN) g-CsNa4
matrix, which benefits charge carrier movement [44-46]. The optical absorbance spectra of ZnO show
a remarkable sharp absorption edge in the UV region and low absorption in the visible light region,
which is attributed to pure ZnQO's intrinsic band-gap energy and sensitivity to UV light [47, 48]. Optical
absorbance spectra of the ZnO/g-C3N4 hybrid show a red shift in absorption compared to pure ZnO.
The light absorption intensity of ZnO/g-CsN4 toward ZnQO is also increased in UV and visible regions.
It is associated with the fact that g-CsNj4 is the conductive polymer and the addition of g-C3Ns in the
ZnO structure generates the intermediate energy level which improves the light absorption ability in
both of UV and visible regions [49, 50]. The band gap energy (Eg) value for samples can be estimated
using the following equation [51]:

(ahv)¥2 = A(hv — Eg) (2)

Where o and hv are the absorption coefficient and the photon energy, respectively, and A is the
proportionality parameter. The Eg values of g-CsN4, ZnOand ZnO/g-CsNas hybrid structures were
determined by plotting Tauc’s plots using intercepts of the extrapolating the straight-line part plots
between (ahv)Y? versus photon-energy (hv) as exhibited in Figure 3b. Eg values for g-CsNa4, ZnO, and
Zn0/g-CsNg4 hybrid structures were discovered to be 2.70, 3.16, and 2.90 eV, respectively. It is shown
that the optical band gap of ZnO/g-C3sN4 hybrid structure decreases toward ZnO due to the introduction
of g-C3Ns, and formation of heterojunction structure between ZnO with a wide band gap energy and g-
CsNas with a narrow band gap energy [52-54]. Because g-CzNs has a higher electrical conductivity than
ZnO, it enhances electron density in heterojunction structures and creates new intermediate energy
levels between the valence and conduction bands, resulting in quick charge transfer and separation
between the two materials [55, 56], and leads to enhanced photocatalytic activity of ZnO/g-C3Na4
hybrid structures under visible light irradiation.
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Figure 3. (a) UV-vis absorption spectra and (b) related Tauc plots of g-CsN4, ZnO and ZnO/g-
C3Ng4 hybrid structures

Figures 4a and 4b show the Nyquist and bode plots for g-CsN4, ZnO and ZnO/g-CsN4 hybrid
structures under light illumination, respectively. As seen, the Nyquist plots show two semicircles; the
the smaller semicircle is related to the higher frequency region (10°-10° Hz) and the predominant
semicircle corresponds to the medium frequency region (101-10° Hz). Figure 4a shows an equivalent
electrical circuit model with two parallel resistors (R) and constant-phase-elements (C) coupled in a
series resistor. The characteristics acquired from the equivalent circuit are provided in Table 1. (Rs).
The ohmic resistance of an electrolyte is measured in Rs.
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Figure 4. (a) The Nyquist and the equivalent circuit, and (b) bode plots for g-CsN4, ZnO and ZnO/g-
C3Ng4 hybrid structures under light illumination.

The high-frequency semicircle is represented by C1, which stands for double layer capacitance,
and R1, which stands for carrier transport resistance in the bulk. The dominating semicircle is linked to
C2 and R2, implying carrier transport activities at the photocatalyst/electrolyte interface [57-59].
Charge-transfer and recombination activities at the electrode/electrolyte interface are reflected in the
higher frequency region semicircle, and the semicircle diameters in Nyquist diagrams reveal charge-
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transfer Kkinetics at the electrode interface. The ZnO/g-C3Ns hybrid has the smallest semicircle,
indicating improved interfacial charge transfer efficiency, less recombination of photogenerated
electron—hole pairs, and greater electron mobility and diffusion [60, 61]. The lifetime (t) of the
photogenerated electrons can be estimated using the maximum peak frequency (fmax) in bode plots
according to t = 1/ (2mfmax), Which indicates that the lifetime is inversely proportional to the peak
frequency [62]. As seen from Table 1, the calculated electron lifetimes of the ZnO/g-CsNa4 hybrid are
the longest as indicated by its largest separation efficiency [63].

Table 1. The parameters obtained from the equivalent circuit.

Sample Ri1 (Q2) Ci1 (uF) Ri1 (2) C: (nF) T (ms)
g-C3Ng 33.8 22.4 15.59 195 4.1
ZnO 41.1 23.5 12.22 14.9 3.1
Zn0O/g-CsN4 29.7 17.5 6.09 15.2 2.2

3.4. Evaluation the photocatalytic performance

To assess the photocatalytic performance of g-CsN4, ZnO, and ZnO/g-C3N4 hybrid structures
for the treatment of TC-HCI, photodegradation measurements were carried out in 200 mL of 10 mg/L
of TC-HCI aqueous solution under simulated solar light illumination in three conditions with a
photocatalyst of g-C3Ns, ZnO, and ZnO/g-C3Ns hybrid structures (Figure 5). Figure 5 demonstrates
that after 90 minutes of simulated solar light irradiation, the control sample has an 8% degradation
efficiency, indicating that the TC-HCI molecule is very stable and cannot be degraded without the use
of a photocatalyst [64, 65]. As observed, 88%, 65% and 100% degradation efficiencies belong to g-
C3N4, ZnO and ZnO/g-CsNa4 hybrid structures after 45 minutes of simulated solar light, respectively.
Structures with 100% degradation of TC-HCI are obtained after 65 and 90 minutes of simulated solar
light for g-C3N4 and ZnO, respectively. ZnO has the worst photodegradation performance due to its
greater band gap, which cannot be initiated by simulated solar light illumination. Because g-CsN4 has a
higher electrical conductivity than the hybrid structure, it has a lower photocatalytic activity. This is
due to the higher absorption ability of irradiated photon energy by electrons in the conduction band.
The ZnO/g-CsN4 hybrid structure, on the other hand, exhibits the maximum TC-HCI degradation,
implying that the ZnO/g-C3N4 heterojunction can significantly boost solar light photocatalytic activity
[66, 67]. The synergetic effect of ZnO and g-CsN4 promotes the formation of hetero-junction structures
and generates a novel and highly efficient photocatalyst as suggested by the following mechanism
[49]. When ZnO/g-C3sN4 heterojunction is irradiated under simulated solar light, the electrons of
Zn0O/g-C3N4 can be excited from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) level of g-C3sN4, subsequently, the photogenerated electrons can
be injected to the conduction band of ZnO. Therefore, photo-generated holes will be left in the HOMO
levels of g-C3N4 due to the LUMO level of g-CsN4 (-1.1 eV vs. Normal Hydrogen Electrode, NHE) is
more negative than the conduction band edge of ZnO (-0.27 eV vs. NHE) [49]. The electrons in
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valence band of ZnO can transfer to the HOMO of g-CsN4 to recombine with holes. Simultaneously,
the holes photogenerate in the valence band of ZnO. Consequently, the lifetime of photogenerated
electrons and holes is increased, and more and more photogenerated carriers form in the ZnO
nanostructure. The photogenerated electrons can react with O to form superoxide radical (O™), at the
same time, the photogenerated holes can react with OH™ or H»O to create a hydroxyl radical (*OH) [68,
69]. These radicals can react with TC-HCI molecules. Thus, the findings illustrate that ZnO/g-C3N4
heterojunction can be utilized as promising candidate for application in the treatment of antibiotic
pollutants and environmental purification.
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Figure 5. Photodegradation efficiency of g-CaN4, ZnO and ZnO/g-CsN4 hybrid structures for treatment
200 mL of 10 mg/L of TC-HCI aqueous solution upon simulated solar light illumination.
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Figure 5. Photodegradation efficiency of ZnO/g-C3sN4 hybrid structure for treatment 200 mL of 5, 10,
20 and 50 mg/L of TC-HCI aqueous solution upon simulated solar light illumination.

The photodegradation efficiency of ZnO/g-CaN4 hybrid for treatment of 200 mL of TC-HCI
aqueous solution with different intimal concentrations was investigated upon simulated solar light
illumination. Figure 6 demonstrates that photocatalytic degradation efficiency decreases with
increasing initial TC-HCI concentration. The total degradation of 5, 10, 20 and 50 mg/L of TC-HCI is
obtained after 20, 45, 80, and 105 minutes of simulated solar light illumination, respectively. These
findings were compared with the reported photodegradation efficiency of various published
photocatalysts for the treatment of TC-HCI which presented in Table 2. As observed from Table 2, the
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Zn0O/g-CsN4 hybrid shows a high photocatalytic efficiency that originates from its efficient separation

of electron—-hole pairs [66].

Table 1. Comparison of between the photodegradation efficiency ZnO/g-CsN4 hybrid and reported
various published photocatalysts for the treatment of TC-HCI.

Catalyst Amount of TC- Light Degradation | Degradatio | Ref.
HCI (mg/L) source efficiency n time
(%) (minute)

C—N-S tridoped TiO» 5 Visible 97 180 [26]
MWCNT/TiO, 10 uv 83 300 [20]
TiO,-P25 10 uv 94.8 120 [21]
TiO»-P25 20 uv 100 75 [22]
Fe-based metal—organic frameworks 50 Visible 96.6 180 [24]
TiO,-P25 55 uv 100 120 [23]
Zn0/g-CsN4 5 solar 100 20 This
10 45 work

20 80

50 105

3.5. Treatment of real pharmaceutical industry wastewater

The photodegradation ability of the ZnO/g-C3sN4 hybrid was tested for treatment of 200 mL of
5 mg/L TC-HCI solution created from real pharmaceutical company wastewater (S1, China National
Pharmaceutical Group Co., Ltd., Beijing, China), which was compared to a sample made with
deionized wastewater (S2). Figure 7 shows the photodegradation of S1 and S2 after 45 and 20 minutes
of treatment, respectively, under simulated solar-light. Because of the presence of various organic and
intermediate metabolites in pharmaceutical industry effluent, a longer treatment time is necessary to
completely degrade TC-HCI from an actual sample [20]. Meanwhile, the findings demonstrate the
efficient photodegradation of the ZnO/g-C3Na4hybrid for treatment of TC-HCI from real
pharmaceutical industry wastewater.
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Figure 7. Photodegradation efficiency of ZnO/g-C3sNa4 hybrid for treatment the 200 mL of 5 mg/L TC-

HCI solution made from real pharmaceutical industry wastewater (S1) and sample prepared
with deionized wastewater (S2).
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4. CONCLUSION

This research focused on the fabrication and characterization of a ZnO/g-CzN4 nanostructured
photocatalyst for improving the photodegradation of TC-HCI as an antibiotic contaminant in
wastewater under simulated solar light illumination. The ZnO/g-CsN4 nanostructure was synthesized
using the deposition—precipitation method, and the morphology and structure of the photocatalyst
revealed that the hybrid structure was composed of well-crystalline ZnO nanostructures and
homogeneously dispersed g-C3N4 nanosheets, implying a homogeneous and strong interaction of g-
CsNs with ZnO nanostructures. Results of the optical properties showed that the optical band gap
values of g-CsNs, ZnO and ZnO/g-CsN4 hybrid structures were estimated ~2.70, 3.16 and 2.90 eV,
respectively, indicating the optical band gap of ZnO/g-C3N4 hybrid structure decreased toward ZnO
due to the introduction of g-C3N4, and the formation of a heterojunction structure between ZnO with
wide band gap energy and g-C3N4 with a narrow band gap energy which resulted in the fast charge
transfer and separation between g-CsN4 and ZnO, and which resulted in the photocatalytic activity of
Zn0O/g-CsNg4 hybrid structure under visible light irradiation. Electrochemical studies indicated greater
interfacial charge transfer efficiency, the low recombination of photogenerated electron—hole pairs, and
the greater mobility and diffusion of electrons in the ZnO/g-C3sN4 hybrid structure. Using g-C3N4,
ZnO, and ZnO/g-CsNa4 hybrid structures, 88%, 65%, and 100% degradation efficiencies were obtained
for treatment of 200 mL of 10 mg/L of TC-HCI aqueous solution after 45 minutes of simulated solar
light illumination, respectively, implying that the ZnO/g-C3N4 heterojunction can remarkably improve
solar light photocatalytic activity. Finally, the data showed that ZnO/g-C3N4 hybrid photodegradation
was effective in treating TC-HCI from real pharmaceutical industrial effluent.
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