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ABSTRACT 19 

In the present study, ZnCo2O4/g-C3N4/Cu is synthesized as a new and highly effectual solar-light-20 

driven heterogeneous photocatalyst. The prepared photocatalyst is characterized using FT-IR, 21 

XRD, XPS, DRS, FESEM, TEM, EDS, and elemental mapping techniques. The performance of 22 

ZnCo2O4/g-C3N4/Cu is studied towards the Metronidazole (MNZ) degradation under the solar light 23 

radiation. The kinetics of MNZ degradation and efficacy  of the operational parameters comprising 24 

the initial MNZ amount (10–30 mg L-1), photocatalyst dosage (0.005–0.05 g L-1), pH (3–11), and 25 

contact time (5–30 min) on the MNZ degradation process are investigated. Surprisingly, the 26 

ZnCo2O4/g-C3N4/Cu nanocomposite present a privileged photocatalytic performance towards the 27 

MNZ degradation under solar light irradiation. The enhanced photocatalytic activity of this 28 

photocatalyst can be attributed to the synergistic optical effects between ZnCo2O4, g-C3N4, and 29 

Cu. The value of the band gap energy for ZnCo2O4/g-C3N4/Cu is estimated to be 2.3 eV based on 30 

the Tauc plot of (αhν)2 vs. hν. The radical quenching experiments confirm that the superoxide 31 

radicals and holes are the principal active species in the photocatalytic degradation of MNZ, 32 

whereas the hydroxyl radicals have no major role in such a degredation. The as-prepared catalyst 33 

is simply isolated and recycled for at least eight runs without noticeable loss of efficiency. Using 34 

the natural sunlight source, applying very low amount of the photocatalyst, neutrality of the 35 

reaction medium, short reaction time, high efficiency of the degradation procedure, utilizing air as 36 

the oxidant, low operational costs and easy to recover and reuse of the catalyst are the significant 37 

highlights of the present method. It is supposed that this study can be a step forward in creating an 38 

effective photocatalytic system in the treatment of a wide range of contaminated aquatic 39 

environments. 40 
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 43 

INTRODUCTION 44 

In recent years, Earth's life has been further threatened by the entrance of harmful residues of the 45 

pharmaceuticals in the aqueous environment. As the most commonly used pharmaceuticals, 46 

antibiotics, that play an imperative role in the prevention and treatment of infections, considered 47 

as growing pollutants that required a specific attention.1 Most of the antibiotics could not be 48 

metabolized completely in the body and have low biodegradability in nature, which causes many 49 

challenges in their elimination through conventional wastewater treatments.2 Therefore, there is a 50 

critical need to develop  the effectual methodologies for the mineralization of these pollutants from 51 

wastewater.3,4 So far, several techniques have been reported for removing antibiotics from 52 

effluents, including the coagulation-flotation,5 membrane filtration,6 ion exchange processes,7 53 

adsorption,8 chlorination processes,9 reverse osmosis,10 various advanced oxidation processes 54 

(AOPs),11 etc. Among these methods, AOPs have been found to be predominantly efficient, owing 55 

to have the potential for complete degradation of pollutants compared with almost all of the 56 

alternative procedures.12,13 In this line, heterogeneous semiconductor photocatalysis, as one of the 57 

most well-known AOP methods, has attracted intense attention as a low-cost, versatile, eco-58 

benign, and sustainable method.14,15 In 21st century, solar energy has drawn tremendous attention 59 

as a renewable, abundant, safe, green, and cheap energy source, which can effectually promote the 60 

photocatalytic processes through an eco-friendly manner.16-18  61 

Graphitic carbon nitride (g-C3N4), which is a metal-free polymeric semiconductor with the narrow 62 

band gap energy (2.73 eV), appropriate visible-light response (λ < 460 nm), ease of preparation, 63 
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nontoxicity, low cost and chemical and thermal stability, has attracted enormous interest in the 64 

area of the environmental remediation.19,20 However, a problem that has severely hampered the 65 

photocatalytic efficiency of g-C3N4 is the fast recombination rate of the photo-excited electron-66 

hole pairs in its structure.21,22 One of the most operational techniques for improving the visible-67 

light harvesting capacity of g-C3N4 is the incorporation of other metal oxide semiconductors with 68 

g-C3N4 to prepare composite photocatalysts.23,24 69 

ZnCo2O4 as an environmentally benign, cost-effective and efficient transition bimetallic oxide is 70 

amongst the most promising materials for numerous technological and environmental 71 

applications.25,26 It has found to be an ideal candidate for constructing an effective heterojunction 72 

with other semiconductors.27 ZnCo2O4 with the large absorption range (200–800 nm), have 73 

particular optoelectronic properties that are beneficial for photocatalytic applications under solar 74 

irradiation.28 Furthermore, owing to its special crystal structure, as well as the synergistic effects 75 

of its constituent metals, ZnCo2O4 shows superior electron conductivity and photo-electrochemical 76 

stability compared with single metal oxides ZnO and Co3O4.
29,30 Fascinatingly, the band edges of 77 

ZnCo2O4 and g-C3N4 could match well with each other and the fabricated heterojunction 78 

comprising of these two semiconductors can repress the recombination speed of the photo-excited 79 

electron/hole pairs, which leads to enhance visible light absorption potential.25 80 

It is worthy of note that the combination of noble metal nanoparticles (NPs) with the photocatalytic 81 

systems can significantly improve the efficacy of the process, especially under the visible light 82 

illumination.31-33 Among the noble metal used for this goal, copper NPs have attracted growing 83 

interest in the photocatalytic processes due to have low-cost, earth-abundant, non-toxicity, and 84 

stability.34,35 Incorporation of Cu NPs to the photocatalytic system effectually increases the 85 
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separation ability of the photo induced electron/hole pairs, which subsequently improves the 86 

visible-light photocatalytic capability of the photocatalyst.31-33  87 

Inspired by these facts and following our persistent research interest in the development of new 88 

photocatalytic systems to operate under mild conditions,36,37 herein, we synthesized the 89 

ZnCo2O4/g-C3N4/Cu nanocomposite as a new, efficient and recyclable heterogeneous sunlight-90 

driven photocatalyst. It was fully characterized by different methods. The photocatalytic 91 

performance of ZnCo2O4/g-C3N4/Cu was well assessed towards the Metronidazole (MNZ) 92 

degradation under the solar light illumination. 93 

 94 

RESULTS AND DISCUSSION 95 

Synthesis and characterization of ZnCo2O4/g-C3N4/Cu  96 

Scheme 1 shows the overall multi-step synthetic procedure of ZnCo2O4/g-C3N4/Cu 97 

nanocomposite. At first, the consecutive polymerization and liquid exfoliation processes were 98 

performed to prepare the g-C3N4 nanosheets (NSs). Then, the freshly obtained g-C3N4 NSs was 99 

added to an alkaline mixture of Zn(NO3)2·6H2O and Co(NO3)2·6H2O, and refluxed. The resulting 100 

pristine ZnCo2O4/g-C3N4 was calcined at 350 ˚C, before the adsorption of reduced Cu(OAc)2 on its 101 

surface and afforded the desired ZnCo2O4/g-C3N4/Cu. The freshly prepared ZnCo2O4/g-C3N4/Cu 102 

was fully characterized via a collection of various techniques. 103 
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 104 

Scheme 1. Synthesis of ZnCo2O4/g-C3N4/Cu nanocomposite. 105 

 106 

Figure 1 shown the FT-IR spectra of g-C3N4 and ZnCo2O4/g-C3N4/Cu. As indicated in the FT-IR 107 

spectrum of g-C3N4 (Figure 1a), a sharp adsorption band appearing around 807 cm-1 could be 108 

corresponded to breathing modes of triazine groups. The indicative adsorption bands relating to 109 

C=N and C–N stretching vibrations, are presented at around 1200–1650 cm-1. Moreover, the broad 110 

adsorption band at about 3000–3400 cm-1 was ascribed to the stretching vibration frequencies of -111 

NH bonds and the adsorbed water molecules on the catalyst surface. FT-IR spectrum of 112 
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ZnCo2O4/g-C3N4/Cu is depicted in Figure 1b. As illustrated, the presence of g-C3N4 characteristic 113 

absorption bands along with the appearance of a new distinct absorption band at 638 cm-1, which 114 

is consigned to stretching modes of Co-O bond, certified the successful preparation and strong 115 

stability of the catalyst.  116 

 117 

 118 

Figure 1. FT-IR spectra of (a) g-C3N4 and (b) ZnCo2O4/g-C3N4/Cu. 119 

 120 

Electronic properties and elemental composition of ZnCo2O4/g-C3N4/Cu were probed via the XPS 121 

analysis (Figure 2). The peaks relating to C, O, N, Co, Zn, and Cu elements can be evidently 122 

detected in the XPS plot of the photocatalyst (Figure 2a). Figure 2b disclosed four characteristic 123 

peaks in the high-resolution XPS spectrum of C 1s. The signals observed at 284.5, 285.8, 287.6 124 

and 288.8 eV are assigned to the adventitious C-C bonds, sp2 carbons in the C-N-C, N=C–(N)2, 125 

and N=C(N)–NH2 and N=C(N)–NH, respectively. As shown in Figure 2c, the high-resolution XPS 126 

spectra of O 1s revealed three peaks at 530.4, 531.6 eV (both indexed to the crystal lattice oxygen 127 



8 
 

atoms) and 533.2 eV (indexed to the adsorbed O2 and H2O molecules on the catalyst surface). The 128 

high resolution of N 1s spectrum (Figure 2d) showed three indicative peaks at 398.3, 399.4, and 129 

400.7 eV, belonged in turn to the sp2 nitrogen atoms (C-N=C), sp3 nitrogen atoms (H-N-C3) and 130 

amino groups (C-NHx). Figure 2e indicates the signal peaks at 1021.0 and 1043.9 eV, which are 131 

the characteristics of Zn 2p3/2 and Zn 2p1/2 in Zn2+, respectively. As can be seen in Figure 2f, the 132 

peaks at 779.8 eV (Co 2p3/2) and 795.0 eV (Co 2p1/2) are identified as Co3+, and peaks at 781.9 eV 133 

(Co 2p3/2) and 796.6 eV (Co 2p1/2) are ascribed to the Co2+ species. Two other peaks at 785.3 and 134 

800.0 are allocated to the shake-up satellites, which further elucidating the existence of multivalent 135 

cobalt. In the XPS spectrum of Cu (Figure 2g), the presence of binding energies at 932.5 eV (Cu 136 

2p3/2) and 952.2 eV (Cu 2p1/2) are the typical characteristics of Cu with zero oxidation state. 137 

Meanwhile, the indicative peaks of Cu 2p3/2 at 934.3 and the peaks of Cu 2p1/2 located at 954.0 are 138 

ascribed to Cu1+ in the catalyst. The two minor peaks positioned at 936.3 and 955.7 eV are related 139 

to Cu(II) 2p3/2 and Cu(II) 2p1/2, respectively. Furthermore, two little satellite peaks are located at 140 

940.8 and 943.5 eV. 141 

 142 

 143 

(a) 
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 144 

  145 

 146 

(b) 

(c) 

(d) 
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 147 

 148 

 149 

(e) 

(f) 

(g) 
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Figure 2. (a) XPS analysis of ZnCo2O4/g-C3N4/Cu, (b) C 1s, (c) O 1s, (d) N 1s, (e) Zn 2p, (f) Co 150 

2p and (g) Cu 2p. 151 

 152 

XRD analysis of ZnCo2O4/g-C3N4 and ZnCo2O4/g-C3N4/Cu were performed to understand the 153 

structural properties of the synthesized photocatalyst (Figure 3). As shown in Figure 3 (a and b), 154 

signals at 13.1° and 27.3° are assigned to 1 0 0 and 0 0 2 crystal planes of g-C3N4 (JCPDS 87-155 

1526),38 respectively. Furthermore, the indicative diffraction peaks at 31.2°, 36.6°, 44.7°, 59.2° 156 

and 65.1° (2θ) are corresponded to the 2 2 0, 3 1 1, 4 0 0, 5 1 1 and 4 4 0 crystal planes of ZnCo2O4, 157 

respectively, which are well consistent with the cubic spinel structure (JCPDS 23-1390)39 (Figure 158 

3 a and b). In the XRD pattern of ZnCo2O4/g-C3N4/Cu (Figure 3b), the appearance of diffraction 159 

peaks at 2θ ° = 43.3 °, 50.4 °, 74.1 °, which was indexed to the 1 1 1, 2 0 0 and 2 2 0 reflection 160 

planes, (JCPDS 04-0836)40 respectively, confirmed the presence of or Cu NPs in the composite.  161 

 162 

Figure 3. XRD patterns of (a) ZnCo2O4/g-C3N4 and (b) ZnCo2O4/g-C3N4/Cu. 163 
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The light absorption characteristics of the synthesized photocatalyst were investigated using the 164 

UV-vis DRS technique. As it is apparent in Figure 4, the ZnCo2O4/g-C3N4/Cu photocatalyst 165 

demonstrated a strong absorption in 200-800 region. The ability of this photocatalyst to absorb 166 

both UV and visible light improves its photocatalytic performance in the solar light, which contains 167 

a small portion of UV light and the most of it is composed of visible light. The value of the band 168 

gap energy for ZnCo2O4/g-C3N4/Cu was estimated to be 2.3 eV based on the Tauc plot of (αhν)2 169 

vs. hν (Figure 5), which affirmed the high ability of the photocatalyst to boost the separation 170 

capacity of the photo-induced electron-hole pairs and develops the solar light photocatalytic 171 

performance. 172 

 173 

 174 

Figure 4. UV-vis DRS of ZnCo2O4/g-C3N4/Cu. 175 

 176 
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 177 

Figure 5. Tauc plot of ZnCo2O4/g-C3N4/Cu for the estimation of band gap energy. 178 

 179 

FESEM and TEM were carried out to determine the morphological properties of ZnCo2O4/g-180 

C3N4/Cu (Figure 6). Obviously, the sheet-like structure of g-C3N4 and the cubic structure of 181 

ZnCo2O4 can be seen (Figure a-c). The mean size of ZnCo2O4 particles was measured to be between 182 

25 and 40 nm (Figure 6c).  The lattice fringe observed at about 0.182 nm was ascribed to the 2 0 183 

0 plane in Cu NPs (Figure 6d). 184 

 185 

  186 

(a) (b) 
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   187 

Figure 6. (a, b) FESEM images of ZnCo2O4/g-C3N4/Cu and (c, d) TEM images of ZnCo2O4/g-188 

C3N4/Cu. 189 

EDS analysis of the ZnCo2O4/g-C3N4/Cu verified the presence of O, N, C, Zn, Co and Cu elements 190 

through their consistent signals, which is another evidence to confirm the successful synthesis of 191 

the catalyst (Figure 7a). Besides, the elemental mapping analysis was done for probing the 192 

homogeneity of the elemental compositions in the ZnCo2O4/g-C3N4/Cu (Figure 7b-h). As can be 193 

seen in the images, the simultaneous presence of O, N, C, Zn, Co and Cu elements in association 194 

with their uniform distribution over the catalyst surface were well approved. 195 

 196 

(a) 
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   197 

  198 

  199 

 200 

(b) (c) 

(d) (e) 

(f) 

(h) 

(g) 
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Figure 7. (a) EDS analysis and the corresponding elemental mapping analysis of (b) carbon (cyan), 201 

(c) oxygen (red), (d) nitrogen (purple), (e) zinc (blue), (f) copper (green), (g) cobalt (yellow) and 202 

(h) the overlapping of O, N, C, Zn, Co and Cu elements in ZnCo2O4/g-C3N4/Cu. 203 

 204 

The role of impressive parameters on the solar light-mediated photocatalytic degradation of 205 

MNZ  using ZnCo2O4/g-C3N4/Cu  206 

MNZ (Figure 8), as an important derivative of nitroimidazole antibiotic, is one of the most widely 207 

used antibiotics in the world.41 MNZ that has anti-inflammatory and antibacterial properties is 208 

commonly applied in the treatment of infectious diseases caused by anaerobic bacteria and 209 

protozoa such as Giardia lamblia and Trichomonas vaginalis.42,43 It is also utilized as an additive 210 

in poultry, cattle, and fish feed for parasites elimination.44 Low biodegradability and high water 211 

solubility of MNZ results in serious aquatic environmental damages.45,46 To the best of our 212 

knowledge, applying the natural sunlight as an irradiation source for the photocatalytic degradation 213 

of MNZ is limited to a few approaches.47-49 The majority of these approaches suffer from one or 214 

more of the following shortcomings comprising the low degradation efficiency, the use of large 215 

quantities of the photocatalyst, photocatalyst loss during the recycling, long reaction times, 216 

needing the pH adjustment prior to the process, and the utilization of expensive/complex 217 

photocatalysts. Therefore, the development of a more sustainable, proficient and convenient 218 

method for the MNZ degradation is a mandatory issue.  219 

 220 
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Figure 8. Chemical structure of MNZ molecule. 221 

 222 

The influence of pH 223 

The pH value plays an imperative role in the photocatalytic degradation process of pollutants, 224 

especially the pharmaceutical compounds. In the next experiment, the influence of pH variation 225 

on photocatalytic degradation efficacy of MNZ was studied as a function of the radiation time. 226 

The relating tests were set at pH range from 3 to 11 as displayed in Figure 9. As it is evident in the 227 

diagram, a maximum value (98%) of the MNZ degradation efficacy was acquired at neutral pH, 228 

whilst the degradation rate was dramatically dropped in acidic and alkaline pH values. This 229 

observation might be ascribed to the unsuitable interactions of the MNZ molecules and 230 

ZnCo2O4/g-C3N4/Cu in acidic and alkaline solutions.50 The high degradation reactivity of 231 

ZnCo2O4/g-C3N4/Cu at neutral pH is considered a privilege, since the pH adjustment step is 232 

eliminated prior the photocatalytic treatment. 233 

 234 

  235 
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Figure 9. The influence of different pH values on MNZ degradation efficacy (MNZ 236 

concentration = 20 mg L-1, photocatalyst dosage = 0.02 g L-1, and reaction time = 30 min). 237 

 238 

The effect of ZnCo2O4/g-C3N4/Cu amount and contact time 239 

The amount of the applied photocatalyst has a fundamental effect in the photocatalytic 240 

procedures.51 Accordingly, the effect of ZnCo2O4/g-C3N4/Cu amount was studied as a variable 241 

factor (0.005–0.05 g L-1) towards the MNZ degradation under solar light irradiation. The 242 

experiments were accomplished using a solution of MNZ with a determined concentration of 20 243 

mg L-1 and at pH 7. The obtained results in Figure 10 shown that the efficiency of the MNZ 244 

degradation process initially enhanced with the increase of the photocatalyst amount, and then 245 

began to decrease in such a way that by using 0.005, 0.02, and 0.05 g L-1 of the photocatalyst, the 246 

degradation efficiency (in 30 min) obtained to be 80%, 98%, and 41%, respectively. The reason 247 

for the rise in the degradation percentage with the increase of photocatalyst amount from 0.005 to 248 

0.02 g L-1 was that the number of active catalytic sites increases in parallel with the enhancement 249 

of the photocatalyst amount, which consequently raise the feasibility of contact between the 250 

photocatalyst and the MNZ. On the other hand, the reduction in the MNZ degradation efficiency 251 

with further enhancing the catalyst amount (from 0.02 to 0.05 g L-1) could be related to the reduced 252 

light scattering caused by the solution turbidity.52 253 

The effect of the contact time was also probed. As it can be seen in Figure 10, the degradation 254 

percent strongly increased up to 30 min, whereas with further time passing, the MNZ degradation 255 

process made no more progress. This is due to the reason that there are not adequate active 256 

hydroxyl radical species in the solution. Therefore, the optimum amount of the photocatalyst was 257 

determined to be 0.02 g L-1 within the optimized time of 30 min.  258 
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 259 

 260 

 261 

Figure 10. The effect of photocatalyst loading on MNZ degradation efficacy (MNZ 262 

concentration = 20 mg L-1, and pH = 7). 263 

 264 

 265 

The effect of MNZ concentration 266 

The primary concentration of the target contaminant essentially affects the photocatalytic 267 

degradation efficiency. To evaluate the effect of MNZ concentration on the photocatalytic 268 

degradation performance of ZnCo2O4/g-C3N4/Cu, a broad range of MNZ concentrations (10 to 30 269 

mg L-1) was tested by keeping other experimental conditions at the obtained optimum values. The 270 

results are depicted in Figure 11. As observed, high photocatalytic degradation performance was 271 

attained at lower initial MNZ concentrations (10–20 mg L-1) whereas the degradation percentage 272 

drastically decreased as the MNZ concentration increased. This result is due to the fact that at 273 

lower concentrations of MNZ, the possibility of the reaction between reactive species and MNZ 274 
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molecules enhances. Moreover, at higher concentrations of MNZ, the excess of the amount of the 275 

contaminant molecules were amassed on the surface of the catalyst, which hinders the suitable 276 

penetration of the sunlight irradiation to the active sites of the photocatalyst.50 Based on the results 277 

obtained, the maximum degradation rate of MNZ was obtained to be 20 mg L-1. 278 

 279 

Figure 11. The effect of MNZ concentration on its degradation efficacy (photocatalyst dose = 280 

0.02 g L-1, and pH = 7). 281 

To further clarify the photocatalytic capability of the ZnCo2O4/g-C3N4/Cu, control experiments 282 

were carried out under the optimal conditions. For this purpose, the photolysis experiment of MNZ 283 

(i. e. with no photocatalyst) under the sun light irradiation, and the possibility of MNZ  adsorption 284 

on the photocatalyst surface at dark conditions were investigated. Figure 12 reveals that the 285 

photolysis test  was not accompanied by any progress in the process. Moreover, the obtained results 286 

from the adsorption test showed that the capability of the photocatalyst for the adsorption of MNZ 287 

under the dark condition is less than 5%. 288 

In the following, the ability of g-C3N4 and ZnCo2O4/g-C3N4 were studied separately for the 289 

photocatalytic degradation of MNZ under the optimal conditions and the degradation efficiencies 290 
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were calculated to be 43% and 65 %, respectively. Nevertheless, it is apparent that by using 291 

ZnCo2O4/g-C3N4/Cu under the optimal conditions, the best MNZ degradation efficiency was 292 

obtained within 30 minutes. It is supposed that the synergistic optical effect between g-C3N4, 293 

ZnCo2O4 and Cu is responsible for the enhancement in the degradation efficiency, through the 294 

increase of the production of charge carriers and effectually decrease the recombination speed of 295 

the electron-hole pairs (Figure 12).  296 

 297 

Figure 12. Photocatalytic degradation of MNZ under the solar light irradiation under optimal 298 

conditions. 299 

 300 

Kinetic study 301 

One of the fundamental aspects in the catalytic wastewater treatments is the evaluation of the 302 

process rate kinetics. The Langmuir–Hinshelwood (L-H) kinetic model has been widely used for 303 

the investigation of the photocatalytic degradation rates of several pollutants, particularly the 304 

pharmaceutical compounds.53,54 In this context, an effectual photocatalytic degradation approach 305 

conforms to the pseudo first-order kinetics with respect to the L-H model: 306 
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ln(
C0

Ct
) = −kt 307 

where, C0 is the initial concentration of the pollutant (mg L-1), and Ct is the remaining 308 

concentration of the pollutant after the given time t (mg L-1), t represents the specific reaction time 309 

(min) and k is the pseudo-first-order rate constant, which can be determined from the slope of the 310 

straight line, when plotting the graph of ln (C0/Ct) vs. contact time (t). 311 

To assess the kinetics of the photocatalytic degradation of MNZ in the presence of the ZnCo2O4/g-312 

C3N4/Cu, some typical experiments were implemented under the optimal conditions (pH = 7, and 313 

catalyst dosage = 0.02 g L-1) for different concentrations of MNZ within the range of 5-30 min. As 314 

it is clear in the degradation reaction curves (Figure 13), there is a linear relationship between ln 315 

(C0/Ct) and the irradiation times. According to these findings, it is perceived that the photocatalytic 316 

degradation process of MNZ in the presence of ZnCo2O4/g-C3N4/Cu followed a pseudo-first-order 317 

kinetics. 318 

Furthermore, the calculated values for the coefficient of determination )R2 (  were obtained close to 319 

1 for all MNZ concentrations, which is another evidence to confirm the appropriateness of the 320 

degradation process (Table 1). It is worth to note that, as the concentration of MNZ increased, the 321 

reaction rate constant decreased. This result can be justified on the basis of the hypothesis that at 322 

higher MNZ concentrations, the enhancement of the intermediate products might take place, which 323 

leads to diminish the potent hydroxyl radical specie in the solution and consequently the 324 

degradation rate constants.51 325 
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 326 

Figure 13. Plots of ln (C0/Ct) vs. irradiation time for photocatalytic degradation of MNZ at 327 

different concentrations (pH = 7 and catalyst dosage = 0.02 g L-1). 328 

 329 

Table 1. Kinetic parameters for MNZ photocatalytic degradation reactions at different concentrations. 330 

Entry 
MNZ concentration 

(mg L-1) 

 

Equation 

 

K (min-1) R2 

1 20 y = 0.1359x + 0.1568 135.9 × 10-3 0.9749 

2 25 y = 0.0784x + 0.2418 78.4 × 10-3 0.9730 

3 30 y = 0.0345x + 0.1696 34.5 × 10-3 0.9824 

4 35 y = 0.0111x + 0.1611 11.1 × 10-3 0.9824 

 331 

Reusability of ZnCo2O4/g-C3N4/Cu in the photocatalytic degradation process of MNZ 332 

Surveying the recyclability of the photocatalysts, as well as their stability, is one of the important 333 

parameters in the practical photocatalytic applications. Accordingly, to investigate the potential of 334 

recycling of ZnCo2O4/g-C3N4/Cu, the photocatalytic degradation of MNZ was performed in eight 335 

consecutive runs under optimum conditions. When each reaction cycle finished, the photocatalyst 336 
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was isolated from aqueous solution by simple centrifugation. Then, the separated photocatalyst 337 

was washed several times with distilled H2O. It was subsequently dried in a vacuum oven at 80 °C 338 

for 2 h to be ready for use in the next photocatalytic reaction run. The results of these experimental 339 

series are depicted in Figure 14. As it is apparent, there was no obvious reduction in the 340 

photocatalytic activity of ZnCo2O4/g-C3N4/Cu even after eight recycling times. The small drop in 341 

the MNZ photocatalytic degradation percentage can be allocated to the slight photocatalyst loss 342 

during the recycling steps. 343 

Comparing the FT-IR spectrum, FESEM and TEM images of the eight times reused catalyst 344 

(Figure 15 and 16) with those of the fresh one (Figure 1b and 6), evidently showed the preservation 345 

of the morphology and structure of the photocatalyst after the sequential runs.  346 

 347 

 348 

Figure 14. Cycling runs for the photocatalytic degradation of MNZ over the ZnCo2O4/g-349 

C3N4/Cu nanocomposite. 350 
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 351 

Figure 15. FT-IR spectrum of ZnCo2O4/g-C3N4/Cu after eight times reused. 352 

   353 

Figure 16. (a, b) FESEM of ZnCo2O4/g-C3N4/Cu and (c) TEM of ZnCo2O4/g-C3N4/Cu after 354 

eight times reused. 355 

 356 

Comparative study 357 

Literature review was carried out to compare the advantages of presented procedure over the 358 

almost all similar previous reported methods towards the MNZ photocatalytic degradation (Table 359 

2). As it is observable from the obtained results, the represented photocatalytic methodology for 360 

MNZ degradation in this study is preferred  to the reported ones. The supreme photocatalytic ability 361 

of ZnCo2O4/g-C3N4/Cu could be correspond to the synergistic optical effects between ZnCo2O4, 362 

(a) (b) (c) 



26 
 

g-C3N4, and Cu, which increased the production of charge carriers and successfully reduced the 363 

recombination rate of the electron-hole pairs.  364 

 365 

Table 2. Comparison of the photocatalytic efficiency of ZnCo2O4/g-C3N4/Cu with some of the reported photocatalytic 366 

systems for MNZ degradation under visible/sunlight irradiation. SARA DID YOU TEST THE PHOTO-367 

DEGRADATION IN THE ABSENCE OF CATALYST? 368 

Entry Photocatalyst Light 

source 

 

Catalyst 

dosage 

(g L-1) 

MNZ 

concentration 

(mg L-1) 

pH Time 

(min) 

Degradation 

efficiency 

(%) 

Ref. 

1 FeNi3/chitosan/BiOI Xenon lamp 

(420 nm 

filter, 500 

W) 

0.04 20 7 200 100 50 

2 D-g-C3N4-Bi5O7I Halogen 

lamp (300 

W), λ>420 

nm 

0.8 15 10 6 h 89 55 

3  Fe/Si codoped TiO2 

(H2O2: 10 mM) 

Xenon lamp 

(220 W) 

0.3 6 7 50 93 56 

4 Phosphorus-doped g-

C3N4 /Co3O4 QDsa 

Xenon lamp 

(250 W), 

λ>420 nm 

1 10 -b 180 80 57 

5 ZnS-NiS/zeolite Hg-lamp (35 

W) 

3 4 2 150 93.98 58 

6 Ag2S/BiVO4@a-Al2O3 LED strips 

(6 W, λ = 

420 

1 10 3 90 92.2 59 

7 Fe3O4/rGO/TiO2 Xe lamp 

(150W) 

0.75 20 5 120 96 60 
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8 SnO2/NiO-NCc Sunlight 1.2 2 3 180 

 

-b 47 

9 Ag-h-TiO2
d 

 

HPMVe 

lamp (125 

W) 

0.5 15 -b 210 96.55 61 

10 MoO3/MgAl-LDH-C f 

 

Sunlight 1.5 10 7 60 80 48 

11 Urea/TiO2/ZnFe2O4/Cl

inoptiloite 

Visible light 

LED 400 

2 100 5 120 95.6 62 

12 CDS QDsa-TiO2 

 

Visible light 

Xe lamp 

300W 

0.04 5 -b 60 90.9 63 

13 TiO2 Sunlight 1.2 5 12 300 90 49 

14 BiVO4/FeVO4 Xe lamp 

(500 W) 

4 10 -b 90 91 64 

15 CdS/g-C3N4 Xe lamp 

(500 W)/ 

λ≤400 nm 

0.1 5 -b 5 h 98 65 

16 Bi4VO8Cl Xe lamp 

(300 W)/ 

λ>420 nm 

1 10 -b 10 h 100 66 

17 ZnCo2O4/g-C3N4/Cu Sunlight 0.02 20 7 30 98 Presen

t study 

a QDs = quantum dots; b This data was not mentioned in the article; c NC = clinoptilolite NPs; d silver doped hollow TiO2 NPs; e 369 

High pressure mercury vapor; f The letter C refers to calcined samples and LDH = layered double hydroxides. 370 

 371 

In a further development, the radical/hole scavenger trapping tests were accomplished for 372 

elucidating the major oxidative species in MNZ photocatalytic degradation method. For this 373 

purpose, photocatalytic degradation of MNZ was performed under optimal conditions in the 374 



28 
 

presence of isopropanol (IPA), benzoquinone (BQ) and triethylamine (TEA) in turn as the 375 

hydroxyl radical, superoxide radical, and hole scavengers (Figure 17). As shown in Figure 17, 376 

without using any scavenger in the photocatalytic process, the efficiency of the MNZ degradation 377 

in the presence of ZnCo2O4/g-C3N4/Cu was about 98% within 30 min. By the addition of BQ (1 378 

mM) or TEA (1 mM) to the reaction medium, the progress of the MNZ degradation was 379 

dramatically decreased. However, when IPA (1 mM) was added to the reaction solution, a 380 

moderate effect on the MNZ photocatalytic degradation efficiency was observed. Accordingly, it 381 

can be concluded that the major role in the development of the present photocatalytic system is 382 

concerned with superoxide radical and hole species. 383 

 384 

Figure 17. The radical/hole scavengers effects on MNZ photocatalytic degradation efficiency in 385 

the presence of ZnCo2O4/g-C3N4/Cu, within the optimized conditions. 386 

 387 

Having these results in hand, a possible photocatalytic mechanism was presented for the MNZ 388 

photocatalytic degradation  by using ZnCo2O4/g-C3N4/Cu under the solar light radiation (Figure 389 

18). The schematic demonstrated in Figure 18 displays the pathway of the electron-hole separation 390 

and charge transfer over the ZnCo2O4/g-C3N4/Cu interfaces. Under the sunlight irradiation, 391 
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electrons and holes can be simply produced through the stimulation of ZnCo2O4 and g-C3N4. 392 

Thereupon, the photogenerated electrons accumulated on the conduction bond (CB) of ZnCo2O4, 393 

can be quickly transferred into the CB of g-C3N4 and simultaneously the existing electrons on the 394 

CB of g-C3N4 injected to Cu. Meanwhile, the photogenerated holes in the valence bond (VB) of g-395 

C3N4 can be easily immigrated into VB of ZnCo2O4. These appropriate transformations of the 396 

charge carries along the heterojunction interfaces of the ZnCo2O4/g-C3N4/Cu resulted to the 397 

efficient separation of photogenerated electron and hole pairs, which could suitably prolong the 398 

lifetime of the corresponding excited electrons and holes. The superoxide radicals, which have 399 

strong oxidative features for the photocatalytic degradation of MNZ, would be further generated 400 

by the electrons injected into Cu. On the other hand, the holes transferred to the VB of ZnCo2O4 401 

can directly participate in the MNZ degradation.   402 

   403 

 404 
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Figure 18. Proposed photocatalytic mechanism for the sunlight induced photocatalytic 405 

degradation of MNZ in the presence of ZnCo2O4/g-C3N4/Cu. 406 

EXPERIMENTAL SECTION 407 

Chemicals and reagents  408 

All solvents and chemicals were purchased from Merck chemical company. MNZ tablets (400 mg) 409 

were provided by Jaber Ebne Hayyan pharmaceutic company. Sodium hydroxide and hydrochloric 410 

acid consumed for pH adjustment. Deionized water was utilized during the entire study. 411 

 412 

Instrumentation 413 

The progress of the degradation process was monitored by UV-vis spectrophotometer (Shimadzu, 414 

2501-PC, Kyoto, Japan). Transmission electron microscopy (TEM) is carried out using the TEM 415 

microscope JEOL JEM-1400 Plus. SEM microscopy was performed in a Hitachi model S3000N. 416 

FT-IR spectra are recorded  on a Shimadzu Fourier Transform Infrared Spectrophotometer (FT-417 

IR-8300). X-ray diffraction (XRD) is carried out on an Xpert Pro Panalytical diffractometer 418 

(PW1730, PHILIPS company) with Cu Kα radiation (λ = 1.540 Å). X-ray photoelectron 419 

spectroscopy (XPS) analyses are done using a VG-Microtech Multilab 3000 spectrometer, 420 

equipped with an Al anode. The deconvolution of the spectra is performed through Gaussian 421 

Lorentzian curves. UV-vis diffuse reflectance spectroscopy (DRS) is conducted using a Shimadzu 422 

spectrophotometer (UV-2550 model). Energy-dispersive X-ray spectroscopy (EDS) and elemental 423 

mapping are accomplished by a TESCAN MIRA3. A glass-combination of electrode equipped 424 

with digital pH-meter (HANNA instruments HI 2211 pH/ORP Meter) is utilized for the pH control. 425 

Synthesis of the photocatalyst 426 
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Synthesis of g-C3N4 NSs 427 

According to a modified previously described procedure, the consecutive polymerization and 428 

liquid exfoliation procedures were performed for preparing g-C3N4 NSs.67 In a typical experiment, 429 

5 g of melamine powder was poured to a covered crucible and calcined at 550 °C (heating rate = 430 

5 °C min-1) for 3 h. The resulting agglomerated yellow solid was cooled down to ambient 431 

temperature. Then it was milled thoroughly to obtain the uniform bulk g-C3N4 powder. Afterward, 432 

0.1 g of the acquired bulk g-C3N4 powder was dissolved in 100 mL of deionized water and 433 

sonicated for 6 h. Next, the obtained suspension was centrifuged (5000 rpm) to remove the 434 

remaining un-exfoliated g-C3N4. Finally, the g-C3N4 NSs were attained after vacuum drying. 435 

 436 

Synthesis of ZnCo2O4/g-C3N4 437 

Zn(NO3)2·6H2O (0.14 mmol) and Co(NO3)2·6H2O (0.28 mmol) were dispersed in 80 mL distilled 438 

water for 30 min. Then, a 2 M solution of NaOH was added dropwise into the mixture at ambient 439 

temperature to adjust the solution pH to 10. The obtained suspension was vigorously stirred at 440 

ambient temperature for 30 min. The previously synthesized g-C3N4 NSs (0.5 g) were added to 441 

this solution. The obtained suspension underwent the reflux temperature for 1 h. Thereafter, the 442 

resulting solution was centrifuged, washed repeatedly with deionized water  and vacuum-dried. 443 

Finally, the resulting powder was heated at 350 ˚C for 2 h to afford the desired ZnCo2O4/g-C3N4. 444 

Synthesis of ZnCo2O4/g-C3N4/Cu 445 

After being dispersed in EtOH (30 mL) for 30 min, the as-synthesized ZnCo2O4/g-C3N4 (1 g) was 446 

gradually  treated with a solution of Cu(OAc)2 (2 mmol) in 15 mL EtOH and continuous stirred for 447 

1 h. To the resulting suspension, an aqueous solution of NaBH4 (30 mL, 0.1 M) was poured 448 

dropwise, under vigorous stirring. After 4 h, the resulting ZnCo2O4/g-C3N4/Cu was separated by 449 
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centrifugation, washed repeatedly with distilled water and ethanol (3 × 15 mL) and vacuum-dried 450 

at 60 °C. 451 

Degradation of MNZ by Solar light in the presence of  ZnCo2O4/g-C3N4/Cu as a photocatalyst  452 

MNZ degradation experiments were performed at room temperature in a batch reactor with a 453 

capacity of 500 ml. In all experiments, the solutions were exposed to the sunlight from 11 a.m. to 454 

3 p.m. and continuous magnetic stirring (350 rpm) was performed to ensure the homogeneity of 455 

the suspension. The constant supply of oxygen was assured by means of an air pump. The 456 

degradation ability of ZnCo2O4/g-C3N4/Cu was tested by the evaluation of different factors 457 

including pH (3, 5, 7, 9, and 11), contact time (up to 60 min), catalyst amount (0.005–0.05 g L-1) 458 

and concentration of MNZ (10–30 mg L-1). Prior to the illumination in each run, the mixture was 459 

stirred in dark conditions (30 min) to guarantee that the adsorption−desorption equilibrium was 460 

reached. Then, at specific time intervals (5 min) of the reaction, a 2 mL portion of the suspension 461 

was sampled out and centrifuged to separate the photocatalyst from the solution. Finally, to 462 

determine the residual concentration of MNZ in the solution bath, the filtrate was analyzed by UV-463 

vis spectrophotometer at 320 nm. The efficiency of the MNZ degradation process was measured 464 

using the following equation. 465 

 466 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)  =
𝐶0 − 𝐶𝑡

𝐶0
× 100 467 

 468 

where, Co and Ct are the concentrations of MNZ at initial and at a particular time of t, respectively. 469 

 470 

 471 
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CONCLUSIONS 472 

In this study, ZnCo2O4/g-C3N4/Cu nanocomposite was synthesized and sufficiently characterized. 473 

The ability of the synthesized ZnCo2O4/g-C3N4/Cu was satisfactorily evaluated towards the 474 

sunlight-driven photocatalytic degradation of aqueous solution of MNZ. Under the optimal 475 

conditions (photocatalyst dosage = 0.02 g L-1, MNZ concentration = 20 mg L-1, pH = 7, and 476 

irradiation time = 30 min), the MNZ photocatalytic degradation efficiency is attained to be 98%. 477 

Fascinatingly, the superlative photocatalytic performance of the photocatalyst might be related to 478 

the synergistic optical effects of ZnCo2O4, g-C3N4, and Cu, which can not only raise the production 479 

of charge carriers but also overcome the rapid rate of the photo-induced electron/hole pairs 480 

recombination. With respect to the L-H model, the attained experimental amounts in this work, 481 

are clearly consistent with the pseudo first-order kinetics. This approach offers several advantages 482 

such as using natural sunlight source, neutrality of the reaction medium, short reaction time, 483 

applying very low amount of the photocatalyst, high efficiency of the degradation process, utilizing 484 

air as the oxidant, low operational cost and ease of the catalyst recycling for at least eight times 485 

with only 9% reduction in the degradation efficiency. SARA I SUGGEST YOU TO PUT 486 

ATTENTION AND ENPHASIS IN THE ADVANTAGES OF YOUR METHOD, AS LOWER 487 

CATALYST LOADING, CONCENTRATION OF THE SAMPLE, TIME PH (TABLE 2).   488 
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