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a b s t r a c t s
In the present study, the adsorption mechanism and capacity of FeNi3/SiO2/CuS magnetic nanocom-
posite, as a catalyst, for metronidazole (MTZ) antibiotic degradation were investigated. The degra-
dation reaction was performed using an integrated treatment system comprised of Fenton-like and 
UV-photocatalytic processes. Various material analyses such as field-emission scanning electron 
microscope, Fourier-transform infrared spectroscopy, transmission electron microscopy, energy-dis-
persive X-ray analysis, X-ray diffraction, and vibrating-sample magnetometer were employed to 
prove the successful synthesis of the used catalyst and to gather information about its surface and 
structural properties. The characterization results showed that the nanocomposite used in this study 
was superparamagnetic (20 emu/g) and its crystal size was 26 and its particle size was about 64 nm. 
In addition, the effects of pH 3, 5, 7, 9, and 11, catalyst dosage FeNi3/SiO2/CuS 0.005–0.1 g/L, initial 
metronidazole concentration 10–30 mg/L, contact time 5–200 min, and hydrogen peroxide content 
50–200 mg/L, were studied. The FeNi3/SiO2/CuS in the proposed treatment system was operated with 
MTZ degradation efficiency reach to 100% during the first 60 min of the degradation process. After 
the sixth cycle of regeneration processes, the FeNi3/SiO2/CuS lost only 5% of its degradation ability 
(from 100% to 96.83%). The degradation efficiency of the chemical oxygen demand (COD) param-
eter was tested which is remarkably enhanced to ~74% during degradation time of 200 min. Also, 
the analysis of COD on real wastewater at this time showed a reduction of about 65.8% during this 
process under optimal reaction conditions. The adsorption followed a pseudo-first-order kinetic 
equation (R2  ≥  0.9). Taking  the  results of  this  study,  the FeNi3/SiO2/CuS shows a potential applica-
tion as a catalyst for MTZ degradation using photocatalytic combined with a Fenton-like treatment  
system.
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1. Introduction

Pharmaceutical compounds, in the environment, are a 
group of organic contaminants that can seriously damage 
the quality of water bodies and causes a variety of adverse 
effects on the environment and humans alike [1]. Antibiotics 
are among the most prevalent pharmaceutical pollutants in 
the environment due to their widespread use in hospitals 
and agricultural fields [2]. Metronidazole (MTZ) is one of 
the examples of effective antibiotics that are used to treat 
parasitic and bacterial infections that affect humans and 
animals and for this reason, it has gained wide fame in the 
pharmaceutical industry. To control and not spread this 
pollutant in the environment, environmental organizations 
have set a maximum concentration of MTZ in the wastewa-
ter so that its concentration does not exceed 0.1 mg/L [3].

Advanced oxidation processes (AOPs) are one of the 
most effective methods currently used in the treatment of 
organic or non-biodegradable pollutants, including antibi-
otics [4]. These processes produce high-reactive radical spe-
cies (like hydroxyl radical (•OH)), which can significantly 
oxidize various toxic pollutants [5,6]. In addition, in AOPs 
comprise using strong reactive oxidant species such as ozone 
(O3), hydrogen peroxide (H2O2), and catalyst (e.g., iron, 
transition metals, semi-conductor solids). The used cata-
lyst in AOPs can be activated in the presence of an energy 
source like lights (UV, visible, and sun lights) or ultrasonic 
waves [6]. In fact, •OH radical has non-selectivity perfor-
mance and consider the main oxidative parameter in AOPs 
with the potential oxidation of 2 and 2.8 eV for pH values 
of zero and 14, respectively [7].

Fenton and Fenton-like reagents. They are formed based 
on the iron ions (Fe2+, Fe3+) and hydrogen peroxide (H2O2), 
which are utilized as one of the most efficient strategies of 
AOPs for the degradation and mineralization of non-bio-
degradable contaminants [5]. Simple technology, relatively 
low-cost, high •OH productivity, running in ambient tem-
perature, reagent accessibility, and ease of maintenance 
and storage are the unique advantages of this method [7,8]. 
However, due to complications like (A) short-range of pH 
2–4, (B) the production of sludge that contains iron ions, 
which is not possible to recover them after the oxidative pro-
cess, and (C) the requirement of a large concentration of iron 
ions 50–80 mg/L is higher than 2 mg/L, making this process 
economically inefficient to use, according to the standards 
of purified water in the European Union [8,9].

Recently, Fenton and heterogeneous Fenton-like processes 
have been studied to address homogeneous Fenton processes’ 
drawbacks [10–12]. Most catalysts that were applied in the 
heterogeneous Fenton-like processes have porous structures 
with sizes in the scale of nano and micro. Therefore, in some 
cases, they have higher pollutants adsorption on their sur-
face than homogeneous Fenton processes in removal per-
formance [13]. Other advantages which can be mentioned 
are related to heterogeneous Fenton-like processes such as a 
broad range of pH, ease of recovery of nanoparticles, simple 
synthesis, and exemplary performance in destroying organic 
materials [9]. In some studies, to increase the catalytic pro-
cess, an external energy source is also considered, like ultra-
sonic, electricity, and Futons assisted with the catalyst [5,7]. 
Based on it, various studies for removing organic substances 

from aqueous solutions utilizing heterogeneous Fenton-like 
catalyst processes have been carried out [14–16].

Magnetic FeNi3 alloy is a nanoparticle-based on iron, 
which has superior properties, such as high magnetics, high 
permeability, low energy loss, and high temperature. These 
features make it suitable to be used as a catalyst in heteroge-
neous Fenton-like processes for destroying different organic 
materials from aquatic environments [17]. The existence of 
iron and nickel on FeNi3 chemically makes it high-active. As 
a result of the exposure to air, they can show reactions and 
become oxidized. According to it, the stability of FeNi3 for a 
long time without accumulation and precipitation is of great 
importance [18].

Consequently, developing nanocomposite with a pro-
tective strategy prevents the instability of nanoparticles as 
core-shell structures [19]. For this purpose, the shell struc-
ture avoids reaching oxygen to the core surface [18]. The 
aim of nanocomposite synthesis can be varied, including (A) 
high degradation efficiency, (B) increasing light absorption, 
(C) enhancement of efficient separation, and (D) access to 
stability and reusability [20,21]. This strategy involves cov-
ering nanoparticles with organic matter like polymers or 
minerals like silica (SiO2) and carbon [18,19]. In addition, 
covered nanoparticles with SiO2 can accelerate the decompo-
sitions of H2O2 to •OH, increasing the rate of degradation of 
organic contaminants [22]. Moreover, SiO2 can increase the 
adsorption of contaminants on nanoparticles that are used 
as catalysts [23].

Since heterogeneous reactions are dependent on Fe3+ 
(oxidant agent) and also the catalytic speed of the hetero-
geneous reaction is much slower than the homogeneous 
reaction [Eqs. (1) and (2)], increasing Fe2+ generation will 
be crucial. Accordingly, using the semiconductor accompa-
nied by heterogeneous catalysts can increase the activity of 
heterogeneous Fenton-like processes due to the presence of 
photoelectrons. The presence of photoelectrons in the reac-
tion can cause the reduction of Fe3+ to Fe2+ [Eqs. (3) and (4)]. 
On the other hand, the ultraviolet (UV) light simultane-
ously increases the regeneration of Fe2+ and the production 
of •OH [Eqs. (5) and (6)] [24].
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Copper sulfide (CuS) is a semiconductor (a bandgap 
of 2 eV) that has attracted so much attention for removing 
organic compounds from aquatic environments because of 
its high photocatalytic potential in the presence of UV irradi-
ation. The main advantages of this substance are the ability 
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to adsorb a wide variety of electromagnetic waves and high 
efficiency in the photocatalytic degradation of organic com-
pounds. Furthermore, non-toxicity, no limitation of mass 
transfer, performance in environmental conditions, high 
chemical stability in a broad range of pH, high resistance 
against chemical decomposition, and light corrosion can be 
mentioned as crucial advantages of this catalyst [18].

Therefore, to overcome the drawbacks of separating 
using traditional Fenton and photocatalytic methods in the 
degradation of pollutants, and on the other hand, the very 
good capability of the composite FeNi3/SiO2/CuS in remov-
ing antibiotics during the photocatalyst process, this study 
aims to investigate the degradation of metronidazole from 
aqueous environments using heterogeneous Fenton-like 
photocatalytic integrated process.

2. Materials and method

2.1. Chemicals

MTZ powder, whose chemical properties are mentioned 
in Table  1,  with  a  purity  percentage  of  ≥95%,  was  pur-
chased from Sigma-Aldrich Company (Munich, Germany). 
Preparation and dilution of the stock solution of MTZ 
(1,000 mg/L) and other used solutions were carried out using 
deionized water during all experiments. To avoid instability 
and keep MTZ safe, the solution was maintained in dark con-
ditions at 4°C for a week. In addition, polyethylene glycol-600 
(PEG-6000,1.0 g MW), nickel chloride (NiCl2·6H2O), hydra-
zine hydrate (N2H4·H2O, purity percentage 80%), tetraethyl 
orthosilicate (SiC8H20O4, TEOS), ammonia (NH3), copper 
sulfate (CuSO4), ethylene glycol (C2H6O2), and sodium thio-
phosphate (Na2S2O3) were provided form Merck Company 
(Germany) for the synthesis of the nanocomposite (FeNi3/
SiO2/CuS). Hydrogen peroxide was also purchased for the 
heterogeneous Fenton-like experiments from this company.

2.2. Materials

In this experimental study, for providing a light source, 
a UV lamp (TUV PHILIPS PL-L) with 18 W, wavelength of 
254 nm, and radiation intensity of 2,500 mc·W/cm2 was uti-
lized. This light bulb was located in a quartz sheath in the 
center of the designed reactor (made of steel). The tempera-
ture of the reactor was regulated in the range of 24°C ± 2°C. 
A wall of cooling water was used around the quartz sheath. 
Samples were collected after determined time intervals 
and were analyzed. The reactor used in this research is 
shown in Fig. 1.

2.3. FeNi3/SiO2/CuS synthesis

The synthesis process of magnetic nanocomposite FeNi3/
SiO2/CuS was carried out in two steps based on the following 
methodology: first, FeNi3/SiO2 nanoparticle was synthesized 
according to past studies [25]. Secondly, to cover a FeNi3/
SiO2 by CuS, 0.15 g of it was added to 20 mg of ethylene gly-
col and then dispersed for 30 min in an ultrasonic device. 
Afterward, the dispersed materials were poured into a 500 cc 
balloon and then kept in an oil bath at 120°C. Subsequently, 
0.8 g of copper sulfide (CuSO4) was added to the mentioned 
suspension, and the balloon’s contents were completely dis-
solved. The resulting suspension is shown by A notation. 
Following this, 1.9 g of sodium thiosulfate (Na2S2O3) was 
separately added to 20 mg of ethylene glycol, which was 
named suspension B. Next, suspension B was added to the 
suspension containing FeNi3/SiO2 (A), and the final sample 
was operated at 140°C for 90 min to reflux. Finally, follow-
ing a certain time and cooling down the balloon, the pre-
pared products were washed with ethanol once, deionized 
water several times, and separated using an N42 magnet. 
In the end, it dried in the oven (80°C) for 5 h [26].

2.4. Characterization analysis

FeNi3/SiO2/CuS magnetic nanocomposite was char-
acterized using different devices; for analyzing surface 

Table 1
Pseudo-first-order kinetic model for MTZ degradation by FeNi3/SiO2/CuS/UV/H2O2 process, where t1/2 = 0.693/K0

Concentration (mg/L) Equation K0 (1/min) R2 t1/2 (min)

10 Y = 0.1343x + 1.1795 133.4 × 10–3 0.9807 5.19
15 Y = 0.062x + 1.372 62 × 10–3 0.9786 11.18
20 Y = 0.0378x + 1.5271 37.8 × 10–3 0.9879 18.33
25 Y = 0.0152x + 1.5452 15.2 × 10–3 0.9264 45.59
30 Y = 0.0089x + 1.4121 8.9 × 10–3 0.9398 77.86

 

Fig. 1. Schematic diagram of the used reactor.

https://abadis.ir/entofa/concentration/
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morphology (the study of form, mean diameter, and details 
of the synthesized nanocomposite surface), a field-emission 
scanning electron microscope (FE-SEM); (Germany, Zeiss 
Sigma VP-500) and also a transmission electron micros-
copy (TEM) (Germany, Zeiss-EM10C-100 KV) were used to 
investigate the topographical and morphological properties 
of the synthesized materials. Additionally, for detecting the 
presence of elements in the magnetic nanocomposite, ener-
gy-dispersive X-ray analysis (EDX) was used. Analyzing the 
functional groups of the magnetic nanocomposite was done 
using Fourier-transform infrared spectroscopy (FTIR). The 
magnetic property of the nanocomposite was carried out 
by the vibrating-sample magnetometer (VSM) device (VSM 
7400). Eventually, the crystal structure of FeNi3/SiO2/CuS was 
observed using X-ray diffraction (XRD; X’Pert PRO made 
by PANalytical Company).

2.5. MTZ degradation experiments

In the current study, all of the MTZ degradation exper-
iments were carried out in a nonstable equilibrium system 
under the following condition: In all experiments, the solu-
tion volume was 400mL. A magnetic stripper was used to mix 
the samples at 350 rpm. Hydrochloric acid (HCl) and sodium 
hydroxide (NaOH) were used to adjust pH. The operating 
parameters in the study of MTZ degradation were pH 3, 5, 
7, 9, and 11, the dosage of magnetic nanocomposites 0.005, 
0.01, 0.02, 0.03, 0.04, 0.05 and 0.1 g/L, initial concentration of 
MTZ 10, 15, 20, 25 and 30 mg/L, contact time 5, 10, 15, 30, 
60, 90, 180 and 200 min, and hydrogen peroxide concentra-
tion 50, 100, 150 and 200 mg/L. The residual amount of MTZ 
was analyzed using spectrophotometer (T80+ UV/Visible) at 
a wavelength of 320 nm [27]. To minimize the interference 
effect of H2O2 in experimental findings, 200 µL of Na2S2O3 
(0.2 N) was added to samples containing hydrogen perox-
ide were added, and then the concentration of contaminants 
was measured [28]. In addition, to investigate the accuracy 
of experimental results, each experiment was repeated 
three times and their average value was reported.

To calculate the efficiency of the MTZ degradation pro-
cess, Eq. (7) was used in which MTZ0 and MTZt are the 
initial and final concentrations of metronidazole, respec-
tively (mg/L). R (%) is equal to the percentage of metroni-
dazole elimination [29].

R t%
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Furthermore, the degradation rate of the suggested treat-
ment process is generally described by the pseudo-first-order 
kinetic model, which can be explained under the model of 
Langmuir–Hinshelwood (L–H) [30]:
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where kobs is the rate constant of pseudo-first-order (1/min), 
t is the time reaction (min), C is the residual concentration 
after the oxidation time and C0 is the initial concentration 
of contaminant (mg/L).

Since one of the foremost effective methods to assess the 
effect of the photocatalytic process for removing wastewater 
containing organic substances such as in pharmaceutical fac-
tories is chemical oxygen demand (COD) determination [31]. 
In this study, the actual wastewater was manually collected 
from one of the well-known drug production companies 
in Iran, Tehran. Firstly, the amount of COD was measured 
(Lovibond COD VARIO Checkit Direct/Germany) in the 
natural wastewater, which constituted 701 mg/L. Next, the 
sample was placed in the reactor without considering pH 
adjustment accompanied by a specific concentration of the 
nanocomposite in the presence of UV irradiation and hydro-
gen peroxide in the determined interval times 5, 10, 15, 30, 
60, 90, 180 and 200 min. The samples were taken from the 
reactor, and their COD values were measured. Also, in real 
wastewater, various salts, anions, and cations are found, 
which can have interference effects on the treatment process. 
Thereafter, a particular concentration (20 mg/L) of MTZ was 
added to real wastewater and was measured by the spec-
trophotometer device. Following this, according to opti-
mal conditions obtained from synthetic wastewater, it was 
placed in the reactor and at different times, metronidazole 
concentration was measured in the natural wastewater.

2.6. Regeneration test

One of the important parameters to evaluate the activ-
ity and stability of solid catalysts is recycling them. Hence, 
in this work, to investigate the reusability of the synthesized 
nanocomposite, metronidazole degradation experiments 
were carried out in six periodic cycles under optimal condi-
tions (metronidazole’s concentration 20 mg/L, catalyst dose 
0.01 g/L, contact time 200 min, hydrogen peroxide’s con-
centration 150 mg/L and pH = 7). The nanocomposite was 
separated from the solution by a magnet after each cycle 
and then washed several times using deionized water in an 
oven at 80°C. In the end, the residual concentration of MTZ 
was measured after each cycle.

2.7. COD and total organic carbon analysis

To assess the mineralization decay of MTZ degradation, 
the total organic carbon (TOC) analyzer (ANA TOC, made in 
SGE Co., Australia) and the COD analyzer (Lovibond COD 
Vario Checkit Direct, Germany) were employed to deter-
mine the TOC and COD concentrations, respectively. These 
analyses were conducted based on the standard method 
and were examined under optimized operating conditions.

3. Results and discussion

3.1. Characterization of the synthesized nanocomposite

In this study, the FeNi3/SiO2/CuS synthesized magnetic 
nanocomposite was characterized using XRD, FTIR, FE-SEM, 
TEM, EDX, and VSM. The findings are shown in previse 
published articles [18].
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According to the XRD pattern of FeNi3/SiO2/CuS nano-
composite,  the  different  peaks  at  2θ  values  of  31.92,  32.98, 
35.37, 43.08, 48.08, 52.77, and 59.41. these peaks are related 
to copper sulfide, which is in good agreement with those of 
copper sulfide obtained from the Joint Committee on Powder 
Diffraction Standards (JCPDS 01-079-2321). In addition, 
a wide peak  in  the  range  of  2θ  from  10  to  20  is  observed, 
which is associated with the SiO2 layer. There are three peaks 
in the range of 44.22, 53.56, and 75.47, which correspond to 
the magnetic core of FeNi3 (ICSD Collection Cod: 040,334). 
It is worth mentioning that the size of synthesized nano-
composites was calculated by Debye–Sherrer’s Equation 
[Eq. (10)]. Based on the full width at half maximum, the 
highest peak of diffraction was determined to be 26 nm.

D �
0 98.
cos

�
� �

 (10)

where D  =  particle  diameter,  β  =  peak  width  half-height, 
θ  =  diffraction  angle  at  peak,  λ  =  X-ray  wavelength 
(λ = 0.154 nm).

Based on FTIR analysis of FeNi3/SiO2/CuS magnetic 
nanocomposite, the peak at 490.84 1/Cm is assigned to the 
vibration of metal bands with a sulfur heteroatom, which the 
most probable bond is Cu–S. The relatively strong bond at 
637.00 1/Cm is due to the vibration of various metal bands 
like Fe–Ni–Fe–Ni or Fe–Ni–Ni. The weak absorption bond 
is observed at 918/96 1/Cm, corresponding to Ni–Cu, Fe–Cu, 
or Fe–Ni–Cu vibrations. Two reinforced bands are seen at 
1,140.06 and 1,015.79 1/Cm, which can be due to the pres-
ence of the vibration of the bond between Si–O, Fe–SiO2, or 
Ni–Fe–SiO2. Eventually, the bands in the absorption spec-
trum detected at 1,397.05 and 1,511.46 1/Cm are attributed 
to the vibration of bonds between C–O, C–N, or C–H, stem-
ming from the impurity of initial materials such as polyeth-
ylene glycol or hydrazine hydrate. Also, the FE-SEM depicts 
the surface morphology of the synthesized nanocomposites 
as core-shell-shell. According to the obtained micrograph 
from synthesized nanocomposite, the size of the nanoparti-
cles is in the range of 26–64 nm, indicating that the material 
has magnetic properties and has the tendency to accumu-
late. The agglomeration feature can be due to the magnetic 
characteristic of the nanocomposite, whether the different 
particles or parts of the material absorbed each other or 
were located alongside each other.

TEM image was also obtained with the magnification 
of 46460 KX, demonstrating that the synthesized nanocom-
posites are amorphous and cannot be suggested as regular 
structures. Given the agglomeration of material texture, 
the density of the synthesized nanocomposite is high. 
Furthermore, based on the nanocomposite’s EDX of this 
nanocomposite, all elements of the nanocomposite exist in 
the test result, which proves the accuracy of the synthesis. 
In the sample, the highest and lowest concentration of the 
elements is allocated to Cu and Si, respectively.

The synthesized nanocomposite was evaluated using 
VSM magnetic analysis at room temperature to analyze the 
magnetic properties. The magnetic moment vs. magnetic 
field (M-H loop) at 300 K for FeNi3/SiO2/CuS has been shown 
in previous papers and has been avoided from repeating the 
image. The obtained magnetic curves show the magnetic 

saturation of the nanocomposite is 20 emu/g. Consequently, 
it can be concluded that the nanocomposite is dispersed in 
water and can be collected by an external magnetic field 
quickly and then easily spread with a slight twitch.

3.2. Effect of pH

In this part of the research, the results of solutions’ pH 
and contact time effects in the oxidative process of MTZ in 
the presence of UV and H2O2 using synthesized magnetic 
nanocomposite are presented.

As can be seen in Fig. 2, the highest and lowest per-
centage of metronidazole removal using FeNi3/SiO2/CuS/
H2O2 was obtained at pH of 7 and 11, respectively.

According to previous studies, pH changes have no 
significant effect on metronidazole elimination in aquatic 
environments using AOPs such as photocatalysts. In other 
words, pH is not the determining factor in AOPs. Pan et 
al. [32] removed metronidazole in Fenton-like process. The 
results obtained from this research also confirm the results 
obtained from this study.

3.3. Effect of catalyst dose

The impact of FeNi3/SiO2/CuS nanocatalyst dose and 
contact time was investigated in the presence of UV H2O2 
for photocatalytic decomposition of metronidazole.

Fig. 3 demonstrates that the percentage of MTZ removal 
increased from 0.005 mg/L to 0.01 g/L by FeNi3/SiO2/CuS/UV/
H2O2 process. Conversely, the impact of higher doses of the 
aforementioned nanocomposite on MTZ removal showed 
a noticeable decrease. That is to say, the removal efficiency 
of MTZ rose from 85.89% to 91.16% by adding catalyst con-
centration 0.005–0.01 g/L and then declined remarkably 
to 56% with an increase higher catalyst dose than 0.01 g/L 
during 60 min.

The changes can be attributed to more absorbed photons 
with the increase of nanocomposite concentration, which 
leads to the rise of activated sites and enhances the number 
of absorbed metronidazole molecules [33]. The main rea-
son for the reduction in removal efficiency of MTZ by het-
erogeneous Fenton-like process is the excessive elevating 
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Fig. 2. Effect of various pH on the concentration of metroni-
dazole elimination in the FeNi3/SiO2/CuS/UV/H2O2 process 
(concentration of MTZ: 20 mg/L, catalyst dosage: 0.02 g/L, concen-
tration of hydrogen peroxide: 150 mg/L, ambient temperature).
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of catalyst concentration, which can cause significant prob-
lems for the treatment system such as turbidity, light disper-
sion, and accumulation and precipitation of nanocomposite 
[34,35]. As mentioned, increasing the catalyst concentration 
decreases the elimination efficiency of metronidazole. It 
demonstrates that the lower nanocomposite dose has desir-
able pollutant degradation efficiency. Overall, advanced 
oxidation processes based on photocatalysts have a rapid 
rate of contaminant degradation by enhancing catalyst con-
centration. On the other hand, high concentrations of nano-
catalysts have adverse effects on the rate of photocatalytic 
reaction, causing the reduction of UV light absorption to the 
surface of the catalyst [34].

In a study, the efficiency of metronidazole removal by 
the photocatalytic process based on zinc oxide nanoparti-
cles was performed. The findings revealed that the MTZ 
removal rate increased substantially with rising catalyst 
content from 0.5 to 1.5 g/L, which declined with elevating 
catalyst concentration to 3 g/L [36]. Ni et al. [37] evaluated 
the ability of g-C3N4/TiO2 photocatalyst to degrade TC under 
UV radiation. The results showed that the degradation rate 
of TC increased when the photocatalytic amount of g-C3N4/
TiO2 increased from 0.6 g/L to 1 g/L. On the contrary, the 
photocatalytic amount was decreased with the additional 
dose of nanocomposite up to 1.2 g/L.

3.4. Effect of MTZ concentration

The results of the simultaneous effects of metronida-
zole’s initial concentration 10, 15, 20, 25, and 35 mg/L and 
contact time 5–200 min on the photocatalytic process in the 
presence of UV and H2O2 are presented in the following 
graph, at the optimization value of pH and nanocomposite 
concentration.

As shown in Fig. 4, increasing the initial concentration 
of MTZ causes a remarkable decline in its removal effi-
ciency using FeNi3/SiO2/CuS/UV/H2O2 process.

The decrease in the amount of removal due to the 
increase in the concentration of the studied antibiotics can 
be explained as follows: considering that the amount of 

FeNi3/SiO2/CuS nanocomposite is the same in all concen-
trations, as well as the pH value, the radiation intensity of 
each of light (ultraviolet), contact time and concentration of 
hydrogen peroxide are also the same, as a result, the rad-
icals produced are also the same in all 5 concentrations. 
Therefore, metronidazole removal will be more in samples 
with lower concentrations. The second reason for this phe-
nomenon is that elevating pollutant content leads to inac-
cessible UV irradiation to be absorbed on the surface of the 
nanocomposite [38,39].

The ultimate reason is associated with absorption 
between the vast number of pollutant molecules and sur-
face catalysts as a result of the rise of initial contaminant 
concentration. Therefore, it prevents the reaction between 
the produced photon holes and hydroxyl radicals. Azimi 
and Nezamzadeh-Ejhieh [39] reported the degradation of 
tetracycline and cephalexin by clinoptilolite coated with 
PbS-CdS as a photocatalytic process from aquatic environ-
ments. Zhou et al. [40] attempted to eliminate Tetracycline 
using microporous nanocomposite Cu2O/ZIF-8 in the pres-
ence of visible light. The results demonstrated a significant 
fall in the removal efficiency of pollutants by increasing the 
initial concentration of tetracycline from 10 to 50 mg/L.

3.5. Effect of H2O2 concentration

The simultaneous effect of H2O2 50, 100, 150, and 200 
and contact time 5–200 min in metronidazole degradation 
utilizing FeNi3/SiO2/CuS/UV/H2O2 process are presented in 
the section.

Fig. 5 demonstrates the positive effect of elevated 
amounts of hydrogen peroxide on metronidazole elimina-
tion efficiency by FeNi3/SiO2/CuS/UV/H2O2. The concentra-
tion of H2O2 is a significant factor in the decontamination of 
organic matter in Fenton-like processes [41]. Since the num-
ber of produced hydroxyl radicals is related to the efficiency 
of the degradation process, increasing the concentration of 
hydrogen peroxide remarkably destroys MTZ molecules. 
Several studies have proven that adding hydrogen per-
oxide content can boost the degradation process-based  
photocatalyst.
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Consequently, choosing a suitable amount of hydrogen 
peroxide proportional to pollutant concentration is more 
important. It seems that this oxidant agent has two roles in 
the process of photocatalytic oxidation. According to the 
following equations, hydroxyl radical species are mainly 
generated [42]:

H O e OH OH2 2 � � �� � �  (11)

 H O O OH OH O2 2 2 2� � � ��� ��  (12)

In addition, in heterogeneous photocatalytic Fenton-
like processes, higher values of hydroxyl radical species are 
produced due to the decomposition of hydrogen peroxide.

As can be seen in Fig. 5, rising the concentration of hydro-
gen peroxide from 50 to 200 mg/L, the elimination percent-
age of metronidazole utilizing FeNi3/SiO2/CuS/UV/H2O2 
firstly increased by adding hydrogen peroxide concentra-
tion from 50 to 150 mg/L, after which it decreased by further 
adding hydrogen peroxide content. This can be due to the 
excessive reaction between H2O2 and OH•, causing the for-
mation of HO•

2 according to the following equations [43,44]:

OH H O H O HO� �� � �2 2 2 2  (13)

H O h H HO2 2 2� � �� � �  (14)

Cai et al. investigated the percentage of metronidazole 
elimination using the photo-Fenton process with a magnetic 
Fe3O4@PBC composite. The results showed that by increas-
ing the concentration of hydrogen peroxide, the elimination 
efficiency of MTZ decreased, which is consistent with the 
results of this research [45].

3.6. Kinetic study

Fig. 6 and Table 1 show the kinetic for the removal of 
metronidazole antibiotic by the mentioned process.

Evaluating the kinetic degradation of organic pol-
lutants using AOPs has demonstrated that the pseu-
do-first-order kinetic model is a fitted model to describe 
kinetic behaviors.

In this work, the aforementioned model was used 
for analyzing the metronidazole’s degradation kinetic; 
the results are shown in Fig. 6 and Table 1. As shown, an 
increase in the concentration of contaminants causes a dras-
tic decline in the constant rate (kobs). Farzadkia et al. [46] and 
Seidmohammadi et al. [47] also studied the kinetic evalu-
ation of metronidazole elimination. Their results showed 
that the pseudo-first-order model is well-described in the 
kinetic trends of MTZ removal that correspond with the  
current study.

3.7. Regeneration study

According to Fig. 7, the experimental results indicated 
that the synthesized nanocomposite had a minor loss effi-
ciency within 3.17% after the 6th run. This reduction effi-
ciency can be ascribed to the mass reduction of synthesized 
nanocomposite during the recycling process. As a result, 
it can be understood that this synthesized nanocomposite 
has not been inactive and its applicability is cost-effective 
during heterogeneous photocatalytic Fenton-like processes.

3.8. Result of COD and TOC

Fig. 8. shows the removal rate of MTZ, TOC, and COD 
by FeNi3/SiO2/CuS during 200 min of degradation time. It 
can be seen that approximately 100%, 65%, and 83.06% of 
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MTZ removal efficiency, TOC, and COD removal efficiencies 
were achieved at 200 min of degradation time, respectively. 
Compared to the removal efficiency of MTZ, the mineraliza-
tion degree is incomplete, which is attributed to the refrac-
tory of intermediate compounds generated during the MTZ 
photocatalytic reactions.

3.9. Mineralization study

COD and metronidazole concentration removal on real 
wastewater utilizing FeNi3/SiO2/CuS/UV/H2O2 process is 
represented in Figs. 9 and 10, respectively.

The results showed that hydrogen peroxide considered 
a strong and environmentally friendly oxidant, plays a cru-
cial role in COD reduction in the photocatalytic processes. 
Under optimal conditions, the efficiency of COD removal 
by FeNi3/SiO2/CuS/UV/H2O2 was determined to be 65.8% 
within 200 min. In contrast, the percentage of COD reduc-
tion was recorded between 95% and 100% from synthetic 
wastewater containing MTZ by the above-mentioned pho-
tocatalytic process. Also, the residual concentration of MTZ 
reached 6.84 mg/L after a 200 min period of oxidation, where 
the constant content of MTZ was 20 mg/L. In the same 
operating conditions, the removal efficiency of MTZ stood 
at 74.48% in real wastewater. However, this efficiency was 
obtained within 180 min in the synthetic wastewater.

The main reason for the decrease in MTZ efficiency 
is high turbidity and various anions and antibiotics in dif-
ferent concentrations in synthetic wastewater.

The mentioned causes lead to a decline in light pen-
etration, which can reduce the efficiency of CID removal 
throughout photocatalytic processes. According to these 
findings, FeNi3/SiO2/CuS/UV/H2O2 photocatalytic process is 
well-suited and cost-effective for COD elimination from var-
ious real wastewater. In the end, the present study revealed 
that organic carbon converts to mineral carbon in natural 
wastewater.

3.10. MTZ removal using different processes

Fig. 11 shows the removal efficiency of metronida-
zole by heterogeneous photocatalytic Fenton-like process 
(FeNi3/SiO2/CuS/UV/H2O2), photocatalytic process (FeNi3/
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0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120 140 160 180 200

M
TZ

 d
eg

ra
da

tio
n 

(%
)

Time (min)

Fig. 10. Effect of different metronidazole concentrations in nat-
ural wastewater in the presence of UV and H2O2 (pH = 7, nano-
composite dose: 0.01 g/L, hydrogen peroxide concentration: 
150 mg/L, contaminant concentration: 20 mg/L, and ambient 
temperature).

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120 140 160 180 200

C
O

D
 re

du
ct

io
n 

ra
te

 (%
)

Time (min)
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SiO2/CuS/UV), and heterogeneous Fenton-like process 
(FeNi3/SiO2/CuS/H2O2).

Fig. 11 shows the photocatalytic performance of FeNi3/
SiO2/CuS with the other photocatalytic-based processes. The 
results indicated that the photocatalytic process in the pres-
ence of UV light and H2O2 had superior efficiency compared 
to the other studied methods for MTZ degradation. This is 
mainly attributed to the participation of h+ of the CuS con-
ductive layer and a vast number of oxidant radical species 
in the semiconductor layer capacitance. Moreover, the FeNi3/
SiO2/CuS/UV/H2O2 heterogeneous photocatalytic Fenton-like 
process not only has positive holes and radical species but 
also includes more produced radicals in the heterogeneous 
Fenton-like process, accelerating the process performance.

3.11. Compare with literature

As can be seen in Table 2, with the constancy of the com-
posite as well as the concentration of metronidazole, the 
removal efficiency of this pollutant in different processes 
was compared with each other, and as can be seen in this 
table, the combined heterogeneous Fenton-like photocat-
alytic process in the least time is the most It has efficiency 
compared to three absorption processes, pseudo-Fenton het-
erogeneous and photocatalyst. This comparison shows the 
superiority of this process over other processes.

4. Conclusion

The studied results revealed that the heterogeneous 
photocatalytic Fenton-like process had a better degradation 
performance on MTZ removal than the sole process (hetero-
geneous Fenton-like and photocatalytic processes). Therefore, 
FeNi3/SiO2/CuS/UV/H2O2 can be used as a well-benefit treat-
ment method for emerging non-biodegradable pollutants 
from aqueous solutions. The findings demonstrated that 
the designed degradation system had the highest removal 
efficiency of MTZ at natural pH, which makes this process 
highly beneficial. In addition, the removal efficiency of MTZ 
saw a remarkable rise with elevating of catalyst concentra-
tion. In the obtained optimum conditions from simulated 
wastewater, the evaluation of COD removal by the aforemen-
tioned process was performed in the real wastewater. The 
ability of nanocomposite to eliminate MTZ showed that it 
could be reused at least six times with suitable efficiency.
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