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Abstract
Application of magnetite nanoparticles (CuFe2O4/GO) were anchored on graphene oxide (GO), as a Heterogeneous nanocom-
posite for activating of peroxymonosulfate (PMS) into Metronidazole (MNZ) destruction. The effect of solution pH, reaction
time, effectiveness of water matrix components and trapping factors, different catalyst concentrations, PMS and contaminants
were evaluated as operating factors on the efficiency of MNZ degradation. Also, mineralization, stability, reactivity and
Recycling tests of the catalyst, and the degradation kinetics were performed. MNZ degradation and mineralization were obtained
under optimal conditions (0.2 g/L catalyst, pH = 5, 30 mg/L MNZ and 2 mM PMS), 100% and 41.02%, respectively over
120 min. Leaching of Fe and Cu was found <0.2 mg/L for CuFe2O4/GO showed a high stability of catalyst, and a significant
recyclability was achieved CuFe2O4/GO within 5 times consecutive use. MNZ degradation affected by anions was reduced as
follows: HCO3

− >NO3
− > Cl− > SO4

2−. The experimental data were very good agreement with pseudo-first-order kinetic model,
and during quenching tests SO4

•- radicals played a dominant role in the degradation process of MNZ. As a result, the CuFe2O4/
GO/PMS system can be described as a promising activation of PMS inMNZ degradation, due to its high stability, reusability and
good catalyst reactivity, and the production of reactive species simultaneously.

Keywords Metronidazole . CuFe2O4
. Peroxymonosulfate . Graphene oxide

Introduction

The use of antibiotics in the pharmaceutical manufacturing
and household and hospitals applications has increased in re-
cent decades. Today, drug substances have been traced in the
effluents of wastewater treatment plants, groundwater, surface
water, and drinking water [1–4].

Antibiotics are resistant organic substances that have ad-
verse effects on environment and human health, and their
release, even at low concentrations, causes bacterial resistance
[2, 5–7].

Metronidazole (MNZ) is one of the most common
nitroimidazole antibiotics used to treat infectious diseases
caused by protozoa and anaerobic bacteria, in both humans
and animals. Also, MNZ is added as anti-parasitic agent to
fish and chicken feeds in veterinary medicine [8–10].

The mutagenicity of this antibiotic in humans and its car-
cinogenicity in animals have been investigated and confirmed.
[11]. Due to the biological stability and high solubility in
water, the use of advanced technologies to remove these anti-
biotics has been considered [9, 11]. Many methods such as
surface adsorption [11, 12], optical decomposition [8, 13],
chemical oxidation [14], electrochemical degradation [15,
16], and biological decomposition [17] have been used to
remove the MNZ antibiotic, And disadvantages such as the
production of toxic by-products, excess sludge, the need for
additional treatments, low efficiency, and investment costs for
most of these technologies have been reported [2, 9].
Advanced oxidation processes (AOPs) have been considered
as effective processes in mineralization, reducing toxicity and
improving the biodegradability of resistant contaminants [2,
18–20]. One of the AOPs processes that have been introduced
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as a desirable process in recent years, is the production of
sulfate (SO4

•-) and hydroxyl (•OH) free radicals. The SO4
•-

radical has a high chemical oxidation potential (SO4
•-, 2.5–

3.1 V and •OH, 1.8–2.7 V), and is capable of mineralizing
many resistance contaminants [18, 21, 22]. Elimination of
pollutants by AOPs processes is based on the production of
hydroxyl (•OH) and sulfate (SO4

•-) free radicals [18]. SO4
•-

radicals have a higher reactivity than •OH radicals. These rad-
icals are produced through chemical or photochemical
reactions.SO4

•- radicals are produced by activating peroxymo-
nosulfate (PMS). There are several methods to activate PMS,
such as chemical and photochemical reactions (2). According
to previous studies, the performance of metal heterogeneous
catalysts, especially transition metals (Ag+, Ni2+,Co2+, Fe2+,
Cu+2, Fe3+, Mn2+,Ce3+, etc.), have been favorable for activat-
ing PMS [23, 24]. Metal ions-based heterogeneous catalysts,
in comparison with homogeneous ones (H2O2/Fe

2+, H2O2
/Fe2+/UV [25], electro/Fe2+/PS [26], etc.), can effectively
overcome the difficulties in reusability, and prevent from sec-
ondary pollution associated with leaching of transition metals
due to the stable physico chemical structure [27]. Magnetizing
of heterogeneous catalysts is an effective and cost-effective
method to solve their separation problems from solution sam-
ples [27]. Hence, magnetic nanoparticles (MNPs) M2+ Fe2O4

(M = Zn, Cu, Mn, Co, etc.) showed high efficiency in activat-
ing PMS and producing SO4

•- radicals [23]. Agglomeration of
CuFe2O4 MNPs and low surface activity reduces the rate of
degradation, so, to overcome this problem and increase the
rate of catalytic reactions, CuFe2O4 MNPs are coated on
supporting substances such as activated carbon, chitosan, ze-
olite and polymer [2, 27]. Graphene oxide (GO) is a two-
dimensional nanocatalyst with great surface area and a good
hydrophobic for use in aqueous solutions. GO has been used
in heterogeneous catalysis application as a support for nano-
particles in pollutant degradation, and due to the great adsorp-
tion capacity, chemical and physical stability, high electrical
conductivity can enhances performance of MNPs in oxidation
of pollutant [2, 28].

Although the oxidation of MNZ by various catalysts
has been studied by other researchers [8, 13, 29], no re-
search has been done on the activation of PMS by
CuFe2O4 MNPs for degradat ion of MNZ. Also,
CuFe2O4 MNPs supported on graphene oxide can in-
crease the efficiency of nanoparticles in the degradation
of MNZ. The aim of this study was to investigate the
specifications and application of CuFe2O4 MNPs in acti-
vation of PMS for MNZ degradation and there is no pub-
lished article on MNZ degradation by CuFe2O4/GO sys-
tem. Also, in the study, the effect of key factors in effi-
cient degradation of MNZ Such as contact time, several
concentration of catalyst, PMS and pollutant, solution pH,
the reusability, stability and mineralization degree and ki-
netics of the process were all investigated.

Materials and methods

Materials

All chemicals and powders were used with high purity and
without extra modification or purification. Acetonitrile with
HPLC grade, KMnO4, NaNO3, NaHCO3, Na2SO4, NaCl
were provided from Merck Co. ferric nitrate nonahydrate
(Fe (NO3)3 • 9H2O > 99%), copper nitrate trihydrate (Cu
(NO3)2 • 3H2O 99%), methanol (MeOH), tert-butyl alcohol
(TBA), Peroxymonosulfate (KHSO5 • 0.5KHSO4 •

0.5K2SO4, oxone®(,ethanol, graphite powder (> 99.5% purity
with <45 μm) and MNZ were provided from Sigma Aldrich
Chemical Co. magnet with intensity 1.5 T used to separate
catalysts from the solution.

Synthesis of CuFe2O4/GO

Graphene oxide NPs were prepared using of the modified
Hummer′s method [30]. To synthesize the CuFe2O4/GO com-
posite, first 2 g of the synthesized GO was added to 100 ml of
distilled water and placed in an ultrasonic bath for 2 h. then,
GO sonicated added to a 500 ml flask containing a mixture of
10 ml (0.025 M) Cu (NO3)2 • 3H2O and 20 ml (0.05 M) of Fe
(NO3)3 • 9H2O and mixture was stirred at room temperature
for 15min using a mechanical mixer, and pHmixture adjusted
at 12 using of solution 2 M NaOH in a drop wise state and a
dark solution was obtained. Then, the mixture was stirred
again for 2 h at 90 °C. After cooling, solid product separate
from solution by a magnet and washed with ethanol and dis-
tilled water and then dried at 80 °C for 2 h by oven and
calcined at 700 °C for 5 h in a furnace [2].

Characterization and analytical methods

As can be seen in Table 1, describe the physic-chemical, tex-
tural, morphological and magnetic properties using of various
instruments (i.e., XRD, FESEM, EDX, BET, TEM, and
VSM) were applied.

Analytical methods

Residual concentration of MNZ was detected by HPLC
(Shimadzu LC-20) with ultraviolet detector and C18 column
(250 × 4.6 mm2, 5 μm, USA). The wavelength of 318 nmwas
set for the UV detector and the column operating temperature
was kept at 25°C. The mobile phase contained ratio of 20:80
(v/v %) acetonitrile and water in flow rate of 1.0 mL/min.
Analyze of Total Organic Carbon (TOC) was performed by
TOC analyzer (Analytik Jena AG Corporation, 2100). atomic
absorption spectrophotometer (AA-7000, Shimadzu) was use
for detect of Fe and Cu leached.
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Adsorption studies

Initially, a specific dose of catalyst was added to the MNZ
solution with a specific concentration and pre-adjusted pH.
The sample was placed on a mixer with a speed of 250 rpm
to achieve an adsorption/desorption equilibrium. Then, at dif-
ferent times (0–180 min), 2 ml of the sample was taken from
the solution after catalyst separation magnetically by a mag-
net. Sample filtered with a 0.22 μm syringe filter, and then
injected into HPLC to determine the remaining antibiotic con-
centration. Adsorption kinetic studies were performed using
optimal pH and 30 mg/L concentration of MNZ and 0.2 g/L
adsorbent dose, and for adsorption isotherm different were
used concentrations of MNZ and different adsorbent doses
at optimal pH.

The catalytic degradation and optimization procedure

At each stage of the experiment, after equilibrium time
(60 min), the catalytic destruction reactions of the MNZ was
started by adding a certain amount of PMS and catalyst into
reactor contain solutions with adjusted pH of 5. During the
reaction, the samples were mixed with a mixer (250 rpm).
Then, at different times (60–120 min), 2 ml of the sample
was taken from the solution after catalyst separation magnet-
ically by a magnet and the MNZ remaining concentration
determined by HPLC. The degradation efficiency (%) was
obtained using Eq. (1). Under above operating conditions,
catalytic process of MNZ was optimized at different experi-
mental parameters such as solution pH, various doses of cat-
alyst, PMS, pollutant over 120 min reactions. After optimiza-
tion, the following tests were investigated as: the effect scav-
engers such as ethanol (EtOH) and tert-butanol (TBA), the
effect of co-existing water matrix such as: HCO3

−, NO3
−,

Cl− and SO4
2−, efficiency CuFe2O4/GO/PMS system in deg-

radation of MNZ for five consecutive runs and finally a pos-
sible mechanism was suggested for the PMS activation and
production of reactive oxidizing species for catalytic degrada-
tion of MNZ.

Removal rate ¼ 1−
Ct

C0

� �
� 100% ð1Þ

C0 and Ct the primary and residual concentrations of MNZ
(mg/L), respectively.

Results and discussion

Characterization of CuFe2O4/GO

As shown in Fig. 1a, the XRD peaks for CuFe2O4 MNPs
appear at angles 2θ =18.50°, 30. 20°, 35.80°, 43.05°, 57.05°
and 62.80° correspond to the standard card number 25–0283,
which is consistent with the Joint Committee on Powder
Dispersion Standards (JCPDS) [2]. The angle of the
CuFe2O4 peaks in the CuFe2O4/GO catalyst has been main-
tained without any change, indicating that the CuFe2O4MNPs
are well coated on GO. The specified peaks assigned to GO at
2θ value 10.2, but no specific peaks of GO can be seen in
CuFe2O4/GO composite, which can be due to the production
and growth of CuFe2O4 MNPs on GO surface and the disap-
pearance of peaks related to GO [2]. Structural analysis of
XRD and its comparison with the standard sample model
indicate that the catalyst is well synthesized with high purity.
The EDS spectroscopy for the CuFe2O4/GO is shown in Fig.
1b. Peaks prove the presence of Fe, Cu, O and C in the com-
posite structure. The weight percentage of each atom was
calculated as follows: Fe = 34.49%, Cu = 24.59%, O =

Table 1 Details about
instruments used to properties of
samples

Method Equipment type Application

XRDa Philips, PW1730, Netherlands To X-ray powder diffraction pattern of various samples.

FESEMb FESEM,Mira 3- XMU To morphology properties evaluate of GO, CuFe2O4,

CuFe2O4/GO.

TEMc Philips, EM, Netherlands To analysis the size and shape of nanoparticles.

EDSd Mira 3- XMU For elemental analysis of CuFe2O4/GO.

BETe Quantochrome, NOVA
2000,USA

To textural feature analysis of different samples.

VSMf 7400, Lake Shore, USA To evaluation the magnetic properties of samples.

a X-ray diffraction
b Field emission scanning electron microscope
c transmission electron microscope
d energy dispersive X-ray spectrometer
e Brunaeuer–Emmett–Teller
f vibrating sample magnetometer
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30.60% % and C = 10.31%. The position of the peaks indi-
cates that the CuFe2O4/GO has been synthesized with high
purity. The uniform distribution of each component can indi-
cate that all the primary components have entered the crystal
lattice during the synthesis process. Also, the result of EDS
analysis showed that the atomic proportion of iron to copper
was 1:1.69. Figure 1c shows the VSM analysis and the mag-
netic hysteresis loops related to CuFe2O4 and CuFe2O4/GO
samples. The highest magnetization saturation (MS) for
CuFe2O4/GO and CuFe2O4 were obtained 36.76 and
50.74 emu/g. LowMS for CuFe2O4/GO composite compared
to CuFe2O4 is due to the non-magnetic presence of GO in the
CuFe2O4/GO structure [31, 32]. The catalyst showed good
magnetic properties in a magnetic field; therefore, it can be
used as a reusable catalyst in real applications due to its rapid
separation and prevention of environmental pollution. The
TEM image of the CuFe2O4/GO composite in Fig. 2a con-
firms CuFe2O4 nanoparticles are well with a uniform distri-
bution And low accumulation (dark spots) coated on layer of
GO sheets (white dots), and The TEM image with magnifi-
cations of 100 nm shows composite particles diameter ap-
proximately 30 nm. Images of FESEM analysis of GO,
CuFe2O4 and CuFe2O4/GO are shown in Fig. 2b-d. GO
NPs are visible with a layered structure and recognizable

edges of the sheets (Fig. 2b). A typical spherical with size
between 33 to 40 and 30 to 38 nm is observed for CuFe2O4

MNPs and CuFe2O4/GO catalysts, respectively (Fig. 2(c and
d)). Comparison of CuFe2O4 MNPs with CuFe2O4/GO com-
posite shows that the outer surface of CuFe2O4/GO is very
porous and with low accumulation of particles, which can
increase additional active sites and increase catalytic activity
during oxidation reactions.

The results of CuFe2O4/GO catalyst analysis by
adsorption-and-adsorption of N2 at 77

•K showed that accord-
ing to the IUPAC classification, the isotherm form is of type
IV and is related to porous structures the size of mesoporous
cavities. According to the results of the BET specific surface
area (SBET) analysis, the specific surface area of the CuFe2O4/
GO, CuFe2O4 and GO was 46.78, 34.66 and 113.80 s m2/g,
respectively, and the total pore volume and pore size distribu-
tions (According Barrett−Joyner−Halenda (BJH) analyses) to
of the GO, CuFe2O4 and CuFe2O4/GO was 0.0853, 0.093 and
0.107 cm3/g nm and 3, 9.2 and 10.73 nm respectively
(Table 2). The results of the BET analysis are consistent with
the results of studies conducted in this field [33, 34]. The
decrease in GO specific surface area is due to the entry of
CuFe2O4 MNPs into the GO structure and the filling of the
space inside the cavities by it.

Fig. 1 XRD patterns of GO, CuFe2O4 and CuFe2O4/GO (a), EDS spectrum of CuFe2O4/GO (b) and hysteresis loops of CuFe2O4 and CuFe2O4/GO (c)
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Adsorption equilibrium studies

Adsorption is known as part of heterogeneous catalyst sys-
tems. As shown in to Fig. 3(a), in the first 30 min, the curve
has a steep slope and the adsorption capacity has increased
rapidly, possibly due to the large number of active and unsat-
urated sites on adsorbent surface. After 60 min, there were no
significant changes in the adsorption of MNZ on the
CuFe2O4/GO, Which can be caused by the filling of active
sites on the adsorbent surface or the completion of the adsorp-
tion capacity [35]. As a result, 60 min was chosen as the
equilibrium time.

The pseudo-first-order (PFO) and pseudo second order
(PSO) models were used to study the kinetics of adsorp-
tion, and the values of the kinetic parameters of the MNZ
adsorption process on CuFe2O4/GO are shown in Table 3.
The results showed that the qe,cal compared to the qe,ex in
the PSO model is more than the PFO model, and also
according to the regression coefficient obtained R2 =
0.98 (Fig. 3(a) inset), it was found that the adsorption
process follows the second-order kinetic model.
Freundlich and Langmuir isotherms were used to evaluate
the adsorption behavior of MNZ molecules on f CuFe2O4/
GO. Adsorption tests were performed for different con-
centrations of adsorbent (0.05 to 0.6 g/L) and the results

are presented in Table 3. The results of experimental data
showed that the regression coefficient of Langmuir iso-
therm is higher than that of isotherm Frondelich; there-
fore, the Langmuir isotherm model is more suitable for
adsorption MNZ on CuFe2O4/GO. The Langmuir iso-
therm model shows that the adsorption of MNZ on the
CuFe2O4/GO is single-layered and the surface of the ad-
sorbent has limited and identical absorption sites, in ac-
cordance with the literature [31, 36–38].The findings also
showed that with increasing the adsorbent dose from 0.05
to 0.6 g/L, the maximum adsorption capacity (qm) in-
creased from 8.92 to 46.29 mg/g, which is due to the
increase adsorption surface and increase access of adsor-
bent molecules on the adsorbent surface [35, 39, 40].

Fig. 2 TEM image of CuFe2O4/GO (a), FESEM images of GO (b), CuFe2O4 (c) and CuFe2O4/GO (d)

Table 2 Texture properties of GO, CuFe2O4, and CuFe2O4 /GO

Samples SBETm2 g−1 Vmeso cm3 g−1 Dmeso nm Pore
structure

GO 113.80 0.0853 3 Mesopore

CuFe2O4 34.66 0.093 10.73 Mesopore

CuFe2O4

/GO
46.78 0.107 9.2 Mesopore
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Comparison of different processes in MNZ removal

In order to determine the effectiveness of the catalyst, the
efficiency of its process can be compared with different pro-
cesses in degradation of MNZ under same operating
conditions.

The finding of Fig. 4 shows that the lowest removal effi-
ciency is related to PMS (15%), CuFe2O4 (20%) and GO
(25.2%) alone, indicating that each of these processes alone
does not have sufficient potential to degradation MNZ. Also,
an increase in the efficiency of removal with the presence of
CuFe2O4/GO (36.60%) can be associated with an increase in
active sites available for adsorption of MNZ molecules.
According to the results, the elimination efficiency has in-
creased when PMS and CuFe2O4 or PMS and CuFe2O4/GO
have been used together. The reason for the increase in effi-
ciency CuFe2O4/PMS (77%)and CuFe2O4/GO/PMS(%100)
during 60 min compared to other processes is due to the de-
composition of PMS molecule and production of active SO4

•-

radicals, which eventually leads to oxidation reactions and
chemical decomposition of MNZ [41]. Therefore, CuFe2O4/
GO/PMS system was selected as the best process in MNZ
degradation.

Kinetic analysis

Kinetic models of MNZ degradation in heterogeneous cat-
alyst system were studied, and evaluated models of sec-
ond, first and zero order for present process. The results
showed that the PFO kinetic model had the highest com-
pliance Compared to the other models studied for MNZ
degradation by Cufe2O4/GO/PMS process, and the regres-
sion coefficient for PFO model for all the studied param-
eters was R2 > 0.98. The reaction rate constant (kobs) dur-
ing 60 for various parameters effective in the destruction
of MNZ by Cufe2O4/GO/PMS system are given in figure
inserted in Fig. 5a–d.

Fig. 3 equilibrium adsorption
capacity and pseudo-second- or-
der model (inset) (a), liner
Langmuir isotherm model (b) for
MNZ adsorption on CuFe2O4/GO
(pH: 5, T: 25 ± 1·C), (a) MNZ:
30 mg/L, CuFe2O4/GO: 0.2 g/L
and contact time: 180 min; (b)
MNZ: 5–50 mg/L, CuFe2O4/GO:
0.05–0.6 g/L and contact time:
60 min)
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Effect of operational factors and optimization
conditions

The solution pH is one of the effective parameters in the
AOPs. It can influence solubility and activity of oxidant, pol-
lutant and catalyst surfaces property, kinetics of reactions and
generating free radicals [42]. As shown in Fig. 5a, the effect of
the pH on the MNZ degradation in CuFe2O4/GO/PMS system
was evaluated in the range of 3.0–11.0. The results showed

that PH had an effect on system performance and complete
removal of metronidazole was not achieved for all pH values
studied over 120 min, so high efficacy in metronidazole re-
moval was observed under acidic conditions and low efficacy
in Alkaline conditions occurred [11, 43]. MNZ removal effi-
ciency and reaction rate constant decreased from %100 and
0.0844 min−1 to % 51 and 0.0082 min−1 respectively by in-
creasing the pH from 3to11 for 120 min. In acidic pHs, more
SO4•- radicals are produced. Also, under acidic conditions, the

Table 3 The values of kinetics and isotherms of MNZ adsorption on CuFe2O4/GO

Models Parameters Value

Kinetic

Pseudo-first-order qe,cal (mg/g)
kf (min

−1)
R2

18.50
0.017
0.9469

Pseudo-second-order qe,cal (mg/g)
ks (g/mg min)
R2

qe,exp (mg/g)

19.30
0.002
0.9872
15

Isotherm CuFe2O4 / GO concentration

Freundlich kF
(mg/g(L mg)1/n)

n
R2

0.05 0.1 0.2 0.3 0.4 0.6
6.62 4.52 3.66 2.87 2.17 1.62
1.91 2.00 2.09 2.11 2.18 2.21
0.9844 0.9871 0.9921 0.994 0.9651 0.9973

Langmuir q0 (mg/g)
kL (L/mg)
R2

8.92 10.96 13.88 21.09 31.34 46.29
0.16 0.15 0.14 0.11 0.09 0.07
0.9971 0.9987 0.999 0.9917 0.9984 0.9961

Fig. 4 MNZ removal efficiency
with different processes (b) under
optimum conditions (pH: 5,
MNZ: 30 mg/L, PMS: 2 mM,
PMS, CuFe2O4, CuFe2O4/GO,

GO, CuFe2O4/PMS and
CuFe2O4/GO/PMS: 0.2 g/L and
T = 25 ± 1·C)
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dissolution of iron ions increases and increases the reaction
rate between PMS molecules and iron ions, and more reactive
species are produced [44]. Also, the pKa value ofMNZ is 2.38
and the measured pH pzc for CuFe2O4/GO is about 6.95.
Therefore, under acidic pH, Metronidazole molecules have a
positive charge and the catalyst has a negative charge and
there is adsorption force between MNZ and the catalyst.
With the increase in PH from 5 to 7, the efficiency of removal
was reduced from 100% to 87%, and the removal efficiency of
more than 80% indicates the good potential of the catalyst in
removing the MNZ. In pH from 5 to 7, Both SO4

•- and •OH
radicals are present in system [45].

And the most effective removal was under acidic and nat-
ural conditions.

At the alkaline pHs (pH > 9.0), Elimination efficiency de-
creases for several reasons: i. the alteration of the SO4

•- to •OH
radicals and the production of SO4

2− anion, which has low
oxidation potential Eq. (2) ii. The increasing production of
SO5

2− at conditions of pH >9 as the dominant PMS
species and the occurrence of chain reactions in the system

as a result of its production Eqs. (3) and (4) [41, 46]. Also, the
negative charge of catalytic surface the presence of metroni-
dazole in the form of MNZ-OH− under alkaline conditions
lead to a predominance of repulsion force and a reduction in
removal efficiency [12]. The pH value of 5 was chosen for
MNZ removal by catalyst as PMS activator.

SO4
•� þ OH‐→SO4

2� þ&OH ð2Þ
SO5

2� þ H2O↔HSO5
� þ OH� ð3Þ

&OHþ SO5
2�→SO5•� þ OH� ð4Þ

The dose optimal of catalyst for antibiotic degradation was
determined by evaluating doses of 0.05 to 0.6 g/L. in Fig. 5b
an increase in degradation efficiency of MNZ and kobs was
observed from 71% to 100% and 0.0157 to 0.0916 min−1,
when catalyst dosage was increased.

This progress is possible due to the increased activation of
PMS and produce more oxidizing species at high doses of the
catalyst [41], The results of this study are consistent with

Fig. 5 effect of Factors affecting on the MNZ removal by CuFe2O4/GO/
PMS system over 120 min reaction: (a) pH; (b) catalyst doses (c) initial
PMS concentration; (d) initial MNZ concentration(Experimental
condition: temperature 25 ± 1·C, (a) 0.2 g/L catalyst, 2 mM PMS,
30 mg/L MNZ (b) pH = 5.0, 2 Mm PMS, 30 mg/L MNZ; (c) pH = 5.0,

0.2 g/L catalyst, 30 mg/L MNZ; (d) pH = 5.0, 2 Mm PMS, 0.2 g/L cata-
lyst). The inset displays theMNZ degradation rate at different solution pH
(a), dosages of catalyst (b), PMS (c) and at various concentration of MNZ
(d)
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previous reports [28, 41, 47]. Although a complete elimination
ofMNZwas achieved at a dose of 0.6 g/L in 100min reaction,
dose of 0.2 g/L was selected as the optimal dose economically
with a removal efficiency of 100% during 120 min, because,
Significant changes were not observed with increasing cata-
lytic dose from 0.2 g/L.

The effect of different concentrations of PMS in the remov-
al efficiency of the MNZ is displayed in Fig. 5c. The results
showed, Increase the concentration to a specific dose has a
significant effect onmetronidazole degradation. kobs increased
from 0.0311 to 0.0703 min−1 when the PMS concentration
increased from 0.5 to 3.0 mM, Then, with increasing concen-
tration to 4 mMSlight changes were observed, and kobs slight-
ly increased to 0.0744 min−1, Then, it is slowly reduced to
0.0728 min−1 with increasing concentration PMS to 6.0 mM.

Similar results have been observed in various radical sulfate-
based processes from previous reports [48, 49].

So, a concentration of 2 mM was determined as the opti-
mum concentration. At low concentrations of PMS, because at
the catalyst surface, active sites are not used effectively, the
rate of catalytic oxidation reactions and removal efficiency are
reduced.

On the other hand, in additional concentrations of PMS, the
number of active sites available decreases, resulting in re-
duced oxidation reactions and removal efficiency, Which
could be due to increased production of SO4

•- and •OH radi-
cals [24] could also be related to the effect of quenching PMS
(Eqs. (5) and (6)) and the re-combination of SO4

•- and •OH
radicals (Eqs. (7) and (8)) and the reaction of radicals to each
other and their consumption (Eq. 9) [21].

Fig. 6 Effects of 50 Mm
inorganic anions on MNZ
degradation by CuFe2O4/GO
/PMS system (a) and
Mineralization of process during
several consecutive cycles by
CuFe2O4/GO /PMS system (b) at
optimized conditions over 60 min
reaction
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→SO4
•− þ HSO5

− SO4
2− þ SO5

•− þ Hþ ð5Þ
→•OHþ HSO5− H2Oþ SO5

•− or HO2
• þ HSO4

− ð6Þ
→SO4

•− þ SO4
•− 2SO4

2− Or S2O8
2− ð7Þ

→•OHþ •OH H2O2 ð8Þ
•OHþ→SO4

•− HSO4
− þ § O2 ð9Þ

Figure 5d shows MNZ removal efficiency and kobs under
various concentrations of MNZ over 120 min. As shown,
when MNZ concentration changed from 10 to 50 mg/L, the
kobs and removal efficiency decreased from 0.0157 min −1 to
0.0916 min −1 and %100 to 73%. Therefore, the concentration
of the pollutant is inversely related to the removal efficiency.
Elimination efficiency 100% was obtained for concentrations
of 10 to 30 mg/L over 120 min of reaction, while concentra-
tions of 40 and 50 mg/L, a reaction time longer than 120 min
was required to achieve complete elimination. The results of
this study are similar with other studies on the use of hetero-
geneous catalysts [2, 48]. The reason for the decrease in cat-
alytic decomposition efficiency with increasing MNZ

concentration can be considered as the presence of a certain
number of active radicals produced in the solution to react
with a fixed number of pollutant molecules [2, 18].

Also, at high concentrations of pollutants, larger amounts
of pollutants are adsorbed at the catalyst surface, which leads
to a reduction in the contact of the pollutant with the active
radicals and thus a reduction in the efficiency of pollutant
degradation [2].

The effect of anions

Figure 6a shows that adding 50 mM of anion reduces the
efficiency of metronidazole elimination within 60 min under
optimal conditions 0.2 g/L catalyst pH 5.0, 30 mg/LMNZ and
2mMPMS. The reduction inMNZ removal in the presence of
various anions was HCO3

− >NO3
− > Cl− > SO4

2−. The reduc-
tion in the efficiency of the main pollutant in the presence of
interfering agents in the form of anions can be attributed to the
following reasons: Anions react with active groups and
preventing reactions between them and organic compounds
and lead to the production of active radicals with lower oxi-
dation potentials such as ClOH•-, CO3

•-, NO3
•-, NO2

•-, Cl• and

Fig. 7 the effect of 50 mM
various quencher on MNZ
degradation (a) and Reusability
and stability of CuFe2O4/GO for
MNZ degradation (b) within
60 min reaction (Reaction
conditions: pH: 5.0, MNZ:
30 mg/L, PMS: 2 mM, CuFe2O4/
GO: 0.2 g/L)
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Cl2
•- (Eqs. (10) to (17)), which leads to reduce of process

efficiency [2, 48]. Also, the adsorption of anions on the cata-
lyst surface leads to clogging of the pores of the catalyst sur-
face the reduction of active sites, thus reducing catalyst activ-
ity in the presence of anions [2]. Compared to the inhibitory
effects of anions, as shown in Fig. 6a, SO4

2− has the least
effect and HCO3

− anion has the greatest inhibitory effect on
the catalytic degradation of MNZ.

For HCO3
−, there are significant inhibitory effects due to

trapping •OH and SO4
•- radicals and the production of weak

oxidizing species such as CO3-• and HCO3•- (E0 = 1.78 V)
Eqs. (10 and 11) [2]. So, the efficiency of MNZ removal was
decreased. SO4

2− anions react with •OH radicals to produce
SO4

•- weak radicals Eq. (12).
The inhibitory effect Cl− and NO3

− ions he oxidative elim-
ination of MNZ can be due to their function as scavenging
agents and the production of weak oxidative species such as
NO3

•- (E0 = 2.30 V), NO2
•- (E0 = 1.03 V), Cl• (E0 = 2.4 V)

and Cl2
•- (E0 = 2.0 V) through electron transfer reaction Eqs.

(13) to (17). Also, PMS molecules are consumed by Cl− ions
in a non-radical route to generate SO4

2− ions and HSO4
− Eqs.

(13) to (20) [2, 49].

→SO4
2− þ •OH SO4

•− þ OH− ð10Þ

→HCO3
− þ SO4

•− Hþ CO3
•− þ SO4

2− ð11Þ
→HCO3

− þ •OH H2Oþ CO3
−• ð12Þ

NO3
−→þ •OH=SO4

•− NO3
• þ OH−=SO4

2− ð13Þ

→H2Oþ NO3
• 2OH− þ NO2

• ð14Þ
→SO4

•− þ Cl− Cl• þ SO4
2− ð15Þ

•OH→þ Cl− ClOH•− ð16Þ
→Cl− þ Cl• Cl2

•− ð17Þ

→Cl− þ HSO5
− HOClþ SO4

2− ð18Þ

→Cl−þ HSO5
− OClþ HSO4− ð19Þ

→2Cl− þ Hþ þ HSO5
− HOClþ SO4

2− ð20Þ

Radical scavenger

Quenching testes were used to determine the role of reactive
species in the removal of MNZ over CuFe2O4/GO/PMS pro-
cess. In this work, tert-butanol (TBA) and ethanol (EtOH)
were applied as scavengers of hydroxyl and sulfate radicals
respectively under optimal conditions (0.2 g/L catalyst pH 5.0,
30 mg/LMNZ and 2 mM PMS). EtOH known as a scavenger
in quenching both radicals SO4

•- (3.2 × 106 M−1 s−1) and •OH
(9.7 × 108 M−1 s−1), while.

the TBA known as a specific scavenger of •OH [27].
According to Fig. 7a, that the MNZ degradation efficiency
decreased by addition EtOH and TBA, Also, hydroxyl and
sulfate species were involved in the degradation process in
Cufe2o4/GO/PMS system. The highest and lowest suppress-
ing effect on MNZ degradation was assigned to EtOH (80%)
and TBA (63%). a Significant inhibitory effect of EtOH dem-
onstrates that •OH and SO4•- species show an important role
in the elimination of MNZ [2]. However, Less inhibitory ef-
fects for TBA implies that the •OH species were not the major
oxidizing radicals and play a small role in the degradation of
MNZ by the CuFe2O4/GO/ PMS process [2]. According to
these results, SO4

•- radicals are most participation in the re-
moval of MNZ by CuFe2O4/GO/ PMS system.

Stability, reusability and mineralization degree of
catalyst

Reusing of catalytic is a parameter more cost-effective in real
applications. The reusability, durability, mineralization degree
of MNZ and leached the iron and copper to the solution for
CuFe2O4/GO catalyst was examined for five consecutive runs
under optimized conditions (0.2 g/L catalyst, pH 5.0, 2 mM
PMS and 30 mg/L MNZ). in Fig. 7b, The results obtained for
all studied runs showed that the leaching amounts of iron and
copper to the solution in the 2nd run were 0.13 and 0.11 mg/L
and reduced to 0.072 and 0.045 mg/L in the 5th run, leached
amounts <0.2 mg/L in all studied runs that set by the WHO,
proves the great physicochemical stability of CuFe2O4/GO
[2]. MNZ removal and mineralization degree were declined
from 100% in the 1st run (within 60 min reaction) to 90.4%
after 5th runs, which represents the successful mineralization
of metronidazole over several runs. Similar results were also
reported in previous studies [2, 41]. Removal of TOC by
CuFe2O4/GO/PMS system was reduced over five cycles.
According to Fig. 6b, the removal efficiencies of TOC from
56.75 for first run to 41.02%in the fifth run. The reduction of
efficiency during five consecutive runs can be due to clogging
of the catalyst surface by MNZ molecules and reduction of
available sites, as well as the production and presence of in-
termediaries which are more resistant to oxidizing radicals,
resulting in reduced catalyst capacity [2]. In conclusion, the
catalyst can have the acceptable reusability potential and e
cost-effective after five consecutive runs.

PMS activation mechanisms

The reactions of PMS decomposition happen in both liquid
phase (solution mixture) and solid phase (the catalyst surface).
In solid phase, PMS decompositions occurs and produced spe-
cies of SO4•-(ads) and HO

•
(ads) in surface of the catalyst, while in

liquid phase produced species of SO4•-(free) and HO•
(free) [27].

In the solid phase, some reactions occur between PMS
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molecules and transition metals such as Fe2+/ Fe3+ and Cu+/

Cu2+ ions in CuFe2O4 NPs and reactive species are produced
in the form of SO4

•-
(ads) and SO5

•-
(ads) according to Eqs. (21) to

(25). Also, the decomposition of PMS by graphene oxide oc-
curs as a result of the transfer of electrons from the catalyst
surface to produce active radicals (HO•

(ads)). So, in this phase,
both graphene oxide and ferrite copper are involved in the pro-
duction of active species according to Eqs. (27) and (28).

In the solution phase, PMS molecules are activated by iron
and copper ions leached from the catalyst, and formed
SO4

•-
(free) and HO

•
(free) radicals (Eqs. 21 to 26). Also, in these

reactions, SO5
•- species can form at the catalytic surface and in

aquatic solution and have low oxidation potential (Eqs. (23
and 25)). [2] Under these electron transfer reactions, generated
reactive species in both solution and solid phases can attack
MNZ molecules to form MNZ •+ and H2O to generate (OH)
MNZ • radicals. Also, (OH) MNZ • can be produced by reac-
tion between HO• and MNZ. Finally, (OH) MNZ • is
decomposed to intermediates, CO2 and H2O during oxidation
reactions, (Eqs. (26 to 30)).

→≡Cu2þ þ HSO5
− ≡SO4

•− þ Cuþ þ OHþ ð21Þ
→≡Cuþ þ HSO5

− ≡SO4
•− þ Cu2þ þ OH− ð22Þ

→≡Cu3þ þ HSO5
− ≡Cuþ2 þ Hþ þ SO5

•− ð23Þ
→≡Fe2þ þ HSO5

− ≡Fe3þ þ OH− þ SO4
•− ð24Þ

→≡Fe3þ þ HSO5
− ≡Fe2þ þ Hþ þ SO5

•− ð25Þ
→SO4

•− þ H2O Hþ þ SO4
2− þ •OH ð26Þ

→HSO5
− þ GO SO4

•− þ OH− þ GOþ ð27Þ
→HSO5

− þ GO SO4
•− þ •OHþ GOþ ð28Þ

→SO4
•− þMNZ MNZ•þ þ SO42− ð29Þ

→MNZ•þ þ H2O OHð Þ MNZ• þ Hþ ð30Þ
→ •OHþMNZ OHð Þ MNZ• ð31Þ
→→ OHð ÞMNZ• degradation products H2O

þ CO2 ð32Þ

Conclusion

The CuFe2O4/GO magnetic nanocomposite was used as an
environmentally friendly catalyst to activate PMS molecules
to decomposition MNZ. The prepared catalyst represented an
excellent activities towards PMS and generation of SO4

•- rad-
icals. Catalyst possesses operational stability and reusability
during consecutive runs. Over CuFe2O4/GO/PMS system,
SO4

•- radicals contributed as dominant oxidizing species on
MNZ degradation. CuFe2O4/GO/PMS showed very good

removal efficiency in decomposition of MNZ (100%) and
(%41.02) TOC Under optimal conditions, and the experimen-
tal data matched well with pseudo-first-order kinetic model.
Studied effect of anions showed HCO3

− ions the strongest
hampering on the efficiency of CuFe2O4/GO/PMS system.
This study presented the CuFe2O4/GO catalyst as a durable
and recyclable catalyst with good ability to decompose PMS.
This system showed good efficiency in refining resistant or-
ganic matter and has good potential for use in real
applications.
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