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ABSTRACT

In this study, the graphene-cobalt ferrites (G-CoFe,O,) nanocatalyst was synthesized and used to
activate peroxymonosulfate (PMS) for the degradation of ciprofloxacin (CIP). The scanning electron
microscopy and powder X-ray diffraction analysis results showed the successful loading of CoFe,O,
on the graphene surface. The effect of operational parameters such as initial pH, G-CoFe,O, dosage,
PMS dosage and initial concentration of ciprofloxacin on CIP degradation efficiency and the kinetic
constant rate was evaluated. The results showed that highest removal efficiency of CIP was achieved
at pH 7, 200 mg/L G-CoFe,O,, 2 mM PMS, 25 mg/L CIP and 30 min reaction time. The results also
showed that the PMS/G-CoFe,O, system works in a wide range of pH (4-7) with a minimum reduc-
tion in degradation efficiency. The PMS/G-CoFe,O, system has a higher efficiency in PMS activation
and CIP degradation compared with other catalytic processes. This increase was due to the increase
of active sites to adsorb CIP and catalytic degradation of it by radicals. Scavenging experiments
using tert butyl-alcohol and ethanol showed that both radicals sulfate (SO;~) and hydroxyl (*OH)
are produced in the reaction and the SO;" is the main radical for the CIP degradation. The results
of continuous experiments showed the high efficiency of the PMS/G-CoFe,O, process (91.9%) in CIP
degradation. The G-CoFe, O, nanocatalyst as the heterogeneous activator of PMS showed the high
structural stability, good reusability, high catalytic activity and easy separation by the magnetic field.
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1. Introduction Ciprofloxacin (CIP) is one of the most important classes of
fluoroquinolone antibiotics based on annual global sales
and therapeutic versatility [3]. These drugs are widely used
in the control of human and animal diseases, such as uri-
nary, respiratory and fungal infections, and are commonly

In recent years, the use of active pharmaceutical com-
pounds has led to an increase in their discharge into the
water body and also to remain in aquatic environments [1,2].
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found in the natural water body, pharmaceutical and hos-
pital wastewaters in concentrations of ng/L to mg/L [3-6].
Due to having the carbostyril nucleus with high chemical
stability, these antibiotics are not completely metabolized in
the body and more than 70% of them are released without
metabolizing [6,7]. In addition, these compounds are typ-
ically stable in the biological process, which results in the
continuous discharge of CIP into the environment through
the wastewater treatment plant [5]. The long-term expo-
sure to environmental concentrations of CIP causes serious
health problems for humans and the ecosystem by inducing
proliferation of bacterial drug resistance [8]. Therefore, the
effective elimination of this pollutant and reduction of its
environmental effects are necessary.

Recently, various treatment processes such as adsorption
[9] and membrane process [10] have been used to remove
CIP from aqueous solutions. However, these methods have
disadvantages such as low efficiency, membrane clogging,
secondary pollutant generation and transmission of con-
tamination from one phase to another [4]. In contrast, the
advanced oxidation processes (AOPs) have newly attracted
the considerable attention due to easy use, high efficiency,
low cost and generation of reactive species with high oxi-
dative potential, such as SO;~ and *OH [11,12]. Among the
AOPs, activated peroxymonosulfate (PMS) oxidation has
been considered due to its high efficiency, high chemical
resistance than to H,0,, and rapid activation than to per-
sulfate anions in the organic pollutants treatment process
[12-14]. In this process, SO, ~ along with *OH is produced by
catalytic degradation of PMS in a pathway with the help of
transition metal, UV radiation and ultrasonic [15]. In recent
years, the use of ultrasonic, heat and UV for the activation of
PMS has not been economical, while transition metals have
a high performance for PMS activation [14]. Various transi-
tion metals such as Co, Fe, Mn, Cu and Ag have been widely
used to activate the PMS in the homogeneous forms [12,14].
Among the catalysts, cobalt metal has attracted a lot of atten-
tion due to the rapid activation of PMS and the acceleration
of contaminant degradation in short time (Egs. (1)—(3)) [16].
However, the use of the PMS/Co system has limitations such
as cobalt toxicity, recycling and its hard separation [14,17-
19]. To dominate these problems, researchers have pro-
posed the use of magnetite cobalt ferrite hybrid (CoFe,O,)
due to its ferromagnetic characteristics, high chemical and
thermal stability, stable crystalline structure and excellent
mechanical hardness [20,21]. The satisfactory catalytic activ-
ity of the CoFe,0, nanocatalyst in the activation of PMS and
the degradation of various pollutants was confirmed by
other studies [22]. For example, Tan et al. [23] investigated
the degradation of the paracetamol using the CoFe,0O, as
the PMS heterogeneous catalyst. The authors found that
CoFe O, has high activity in activating the PMS and produc-
ing reactive species such as SO;~ and ‘OH. In addition, Xu
et al. [24] showed that the excellent catalytic performance of
CoFe O, in the activation of PMS and complete degradation
of bisphenol A in 60 min. Although this nanocatalyst showed
good activity in the decomposition and activation of PMS,
its considerable accumulation due to the high ratio of sur-
face area to volume is a problem for technological applica-
tions [18,25]. Recently, the support for the CoFe,O, catalyst
was proposed as a method to provide better dispersion in

the water and a higher rate of particle distribution [26,27].
Various supports such as mesoporous carbon [28], clay [29]
and zeolite [30] were used to prepare the CoFe,O, catalyst.
In contrast, the graphene showed high performance in
support of various catalysts, especially CoFe,O,, due to its
remarkable properties with many functional groups [21,31].
Graphene is a hydrophobic and non-polar material with
a two-dimensional crystal structure that is widely used to
remove the various pollutants such as antibiotics [20,21].
This substance due to the characteristics including high sur-
face area, extraordinary electronic transport, high physical
and chemical stability and the excellent adsorption has the
ability to increase the pollutant removal and its degradation
through the adsorption-catalysis process [17,31]. To prove,
it has recently reported that the graphene composites with
TiO,, Co,0,, MnO, and ZnO nanoparticles have high activity
in the electrochemical catalyst, photocatalytic degradation
and capacitors with minimal leaching of nanoparticles [17].

Co** +HSO; — CO™ +50," + OH" (1)
SO," +H,0 S0 +'OH +H' @)

SO, or "OH + Pollutant — intermediate + CO, + H,O 3)

The purpose of the present study was to synthesize the
graphene based on the magnetic nanocomposite (G-CoFe,O,)
and to investigate its effectiveness in the activation of PMS
and degradation of CIP. The physicochemical properties
of the synthesized catalyst were characterized by scanning
electron microscopy (SEM), transmission electron micros-
copy (TEM), electron dispersive X-ray spectroscopy (EDX),
powder X-ray diffraction (XRD), and pH of the zero point
of charge (pHzpc) analysis. The effect of different parame-
ters such as initial pH, dosage of G-CoFe,O, catalyst, dosage
of PMS, initial concentration of CIP and reaction time were
investigated. Trapping experiments were carried out to
probe the active reactive species in the PMS/G-CoFe,O,
system. The stability and reusability of G-CoFe,O, nanopar-
ticles were investigated through catalytic reaction cycles and
XRD and EDX analysis. The CIP degradation pathway was
proposed based on the by-product identified by liquid chro-
matography-mass spectrometry. Finally, column tests were
evaluated for the feasibility of the PMS/G-CoFe O, process
in the treatment of CIP-containing solution. The contribu-
tion of this study was the evaluation of the use of oxida-
tion columns in the CIP degradation that was not found in
previous studies.

2. Materials and methods
2.1. Materials
Ciprofloxacin (CIP, C, ,H ,FNO,O, 98%) was purchased

from Sigma-Aldrich Cc;?, l[SJSA.SFézrric nitrate nonahy-
drate (Fe(NO,)3-9H,O), cobalt nitrate hexahydrate (Co(NO,)
2:6H,0), sodium hydroxide (NaOH), methanol (CH,OH)
and tert-butyl alcohol (TBA) were obtained from Merck
Co., Germany. Oxone (PMS, 2KHSO,-KHSO,K,SO,) was

purchased from Sigma-Aldrich Company and was used as
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an oxidant without purification. HPLC-grad acetonitrile
was purchased from Merck Co., Germany. All the materi-
als used in this study were of analytical grade. Graphene
oxide (carbon purity, GO = 99%, surface area = 100-300 m?/g,
thickness = 3.4-7 nm) was purchased from US Research
Nanomaterials (Lauisiana, USA).

2.2. Synthesis of G-CoFe,O,

The G-CoFe O, catalyst was synthesized with Co(NO,),
6H,0 and Fe(NO,),9H,O precursors and Xu et al. [20]
method. 0.3 g of graphene oxide (GO) in 100 mL distilled
water was dispersed with ultrasonic to prepare a homoge-
neous suspension. Then 2.02 g of Fe(NO,),-9H,O and 0.73 g
of Co(NQO,),"6H,0 dissolved in 20 mL water were added to
the GO solution at room temperature with continuous mix-
ing. After adding NaOH (1 M) to the mixture in the water
bath at the temperature of 80°C, its pH value was adjusted
to above 12. Then, 8 mL of hydrazine hydrate was added
to the solution during the constant stirring to reduce GO to
graphene and, as a result, a black solution was obtained.
Afterward, the solution containing nanocatalyst was stirred
at room temperature for its cooling. The solid was separated
by centrifugation and was completely washed with water
and ethanol to remove the impurities. Finally, the nano-
catalyst was dried in an oven vacuum at 60°C for 24 h.

The crystalline structure of G-CoFe,O, nanocatalyst
was determined using powder XRD using Cu-Ka radiation.
Sample morphology was characterized by SEM and TEM.
The energy dispersive X-ray spectroscopy was used for the
analysis of the composition of the nanocatalyst. Zeta poten-
tial of catalyst was measured in various pH values (2-12)
using a Zetasizer (Nano-ZS, Malvern Instruments Ltd.,
Malvern, UK).

2.3. Experimental methods

To evaluate the PMS/G-CoFe O, system in CIP degra-
dation, batch experiments were carried out in 250 mL con-
ical flasks under mechanical stirring at room temperature
(25°C £ 1°C). In this study, the effect of the experimental
parameters was evaluated by varying one factor and keep-
ing constant of other factors. In each run, various amounts
of G-CoFe,0, nanocatalysts (50-500 mg/L) were added
to 100 mL of CIP solution at an initial concentration of
10-100 mg/L. Also, a different dosage of PMS (0.5-4 mM)
was added to a solution containing a constant pH. At dif-
ferent times, 1 mL of solution was withdrawn using 5 mL
syringe and the nanocatalyst was separated by a magnetic
field. Then, 0.5 mL of methanol was added to the extracted
solution to quench the reaction, and the remaining CIP con-
centration was analyzed by the HPLC with a UV detector at
275 nm. 40% acetonitrile and 60% distilled water were used
as mobile phase at a flow rate of 0.75 mL/min. Identification
of intermediates was performed by liquid chromatography
coupled with a mass spectrometer (LC-MS) [32].

Column tests were performed to verify the CIP removal
efficiency by activated PMS. A plexiglass column with a
diameter of 5 cm and a length of 20 cm was filled with stain-
less steel wool (Fig. 1). Finally, the column was operated based
on the optimum condition obtained in the batch conditions

with the contact time of 5, 10, 20 and 30 min. To survey the
stability and reusability, the regenerated nanocatalyst was
washed several times with distilled water and then was dried
at 70°C and was finally added to the solution with the previ-
ous optimum conditions. To determine the kinetic constant
rate of CIP degradation by the PMS/G-CoFe O, system, the
first-order kinetic model (Eq. (4)) was used. The ciprofloxacin
degradation efficiency was calculated according to Eq. (5).
Moreover, the relative contributions of reactive species for
CIP degradation were determined as follows:

CO —
Ln[cj =Kt (4)

e

% Degradation = (COC_QJ %100 5)

0

Contribution of SO;" or *OH

_ degradation efficiency with SO," or "“OH scavenger y

100
(6)

degradation efficiency without scavenger

where K is the first order constant rate of CIP degradation,
t is the reaction time, C; and C, are the initial and final con-
centration of CIP, respectively.

3. Results and discussion
3.1. Characteristics of G-CoFe,O,

To study the morphology and catalyst structure, SEM
and TEM images were taken for synthesized G-CoFe,O,. The
graphene morphology is clearly visible in Figs. 2a and 3a.
The figures show a large number of fine particles formed
on the graphene layer structure. The EDX analysis (Fig. 4)
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Fig. 1. Up-flow column used for continuous experiments.
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Fig. 4. EDX spectra of synthesized G-CoFe,O,.
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based on the identification of cobalt, iron and oxygen
proved that the G-CoFe,O, catalyst with the size of 30-45 nm
is comprised.

The phase and structure of the synthesized catalyst were
determined by XRD analysis. As shown in Figs. 5a and b,
the strong peak at 26 = 10.28° is related to graphene, while
the peaks at 26 = 30.13°, 35.53°, 43.38°, 53.5°, 57.05° and
62.66° are related to the cobalt ferrite structure. Moreover,
it can be seen that diffraction peaks of graphene could not
be identified in the XRD pattern of G-CoFe,O,, showing the
destruction of the structure of graphene due to the crystal
growth of CoFe O, between its layers. These results indicate
that the G-CoFe,O, catalyst has been successfully prepared.
Similar results were observed for the synthesis of CoFe,O,
by Gan et al. [33]. Fig. 6 shows the Raman spectra of gra-
phene, CoFe,0, and G-CoFe,O,. According to this figure,
the Raman spectra of G-CoFe,O, were containing graphene
peak and CoFe,O,, which represents a good synthesis of

274
nanocatalyst by co-precipitation method.
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3.2. Effect of solution pH

The initial pH is one of the most important parameters
on the CIP dissociation, the surface properties of the cata-
lyst and the formation of active species [34-36]. The effect
of initial solution pH on the PMS/G-CoFe,O, process was
investigated in the pH range of 2-10 and the results are
shown in Fig. 7. According to this figure, the optimum per-
formance occurs within the pH range of 4-7. The removal
efficiency in this range was between 81.27% and 95.11%, and
the kinetic constant rate varies from 0.0178 to 0.0417 min™
(Table 1). However, the CIP removal was decreased to 60.1%
and the kinetic constant rate to 0.0074 min™ by increasing
the solution pH to 10. In addition, the removal of CIP and
the kinetic constant rate at a highly acidic pH (pH =2) is sig-
nificantly changed compared with optimum pH. Increasing
the CIP removal efficiency and the high kinetic rate at pH
between 4 and 7 can be related to facilitating the adsorp-
tion and degradation process by electrostatic adsorption
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Fig. 5. XRD patterns of (a) graphene, and (b) G-CoFe,O,.
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Fig. 7. (a) CIP degradation at different pH in PMS/G-CoFe,O,
system. (Inset indicates CIP degradation in min) and (b) kinetic
curves (catalyst dosage = 250 mg/L, PMS dosage = 2 mM, CIP
concentration = 25 mg/L).
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between the G-CoFe O, surface and the CIP molecules [37].
The point of zero charge (PZC) of the synthesized catalyst
and the pKa, ciprofloxacin [38] were 2.7 and 8.24, respec-
tively. Therefore, when pH > PZC, the better interaction
between G-CoFe,0, and CIP occurs and the oxidation of the
pollutant increases due to the access to the catalyst surface.
These results agree with most of the previous studies, such
as 2,4-dichlorophenol degradation in PMS/Co system [39],
Rhodamine B oxidation in PMS/CoFe,O,/TNTs [26] and
diclofenac degradation in PMS/CoFe,O, system [22].
Decreasing the degradation efficiency and the kinetic
constant rate at alkaline pH can be explained by changing

Table 1
Kinetic parameters for different operating conditions

Parameters k/min™ R?

pH Other conditions: D_ =250 mg/L,
D,s=2mM, C =25 mg/L

2 0.0089 0.797

3 0.0148 0.855

4 0.0178 0.785

5 0.0255 0.870

6 0.0265 0.860

7 0.0417 0.826

8 0.0301 0.912

9 0.0096 0.930

10 0.0074 0.937

Catalyst dosage Other conditions: pH =7, D, ;=2 mM,

(mg/L) C,=25mg/L

50 0.0097 0.982

75 0.0153 0.825

100 0.0165 0.835

150 0.0215 0.822

200 0.0325 0.820

500 0.0509 0.862

PMS dosage Other conditions: pH =7, D_ =200 mg/L,

(mg/L) C,=25mg/L

0.5 0.0062 0.928

0.75 0.0162 0.947

1 0.0226 0.987

1.25 0.0239 0.969

1.5 0.0247 0.947

2 0.0562 0.973

4 0.0662 0.945

CIP concentration ~Other conditions: pH=7, D_, =200 mg/L,

(mg/L) D=2 mM

10 0.0632 0.974

25 0.0554 0.977

50 0.0240 0.984

100 0.0121 0.875

Note: D_, = G-CoFe,O, dosage; C,= initial CIP concentration,
D,,,s=PMS dosage.

the cobalt species from Co(Il) to Co(III) or the self-dissociation
of PMS through the non-radical path [40]. Do et al. [41]
reported that the Co(Ill) has a smaller ability in the activa-
tion of the PMS to produce the SO; compared with Co(II).
In addition, the CIP degradation efficiency decrease in the
alkaline pH is due to the presence of HCO; and CO?" as the
scavenger of the reactive species [42]. Xu et al. [20] evaluated
the PMS/G-CoFe,0, system for the degradation of dimethyl
phthalate and reported that the highest degradation of the
pollutant occurred in the range of 4-8.35 and the removal of
dimethyl phthalate was reduced at the alkaline pH due to the
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conversion of SO; to (O (Egs. (7) and (8)). Huang et al. [43], in
addition to prove the above results, reported that the removal
of methylene blue in high pH is due to the production of
*OH by oxidizing OH" or H,0 (Eq. (7)) by SO; produced by
PMS/Co.

Decreasing the degradation efficiency and the kinetic
constant rate at a highly acidic pH is related to the scaveng-
ing effect of hydrogen ion (H*) for SO;~and *‘OH (Egs. (9)
and (10)) and the formation of H-bond between H* and O-O
group of PMS that prevents the reaction between the PMS
and the catalyst surface [19,42]. Su et al. [44] reported the
PMS heterogeneous activity by Co Fe, O, for Rhodamine
B degradation. The authors found that the highest removal
efficiency occurred at pH between 5 and 6 and its removal
efficiency reduced at pH < 3 due to the lack of activation
of PMS by the nanocatalyst.

SO,*+OH — SO} +°OH (7)
OH'+H,0—» O +H,O" 8)
‘OH+H" +e" ->H,0 )

SO,"+H" +e” —HSO;" (10)

3.3. Effect of G-CoFe,O, catalyst dosage

The catalyst dosage is one of the controller parameters
for the production of reactive species and the efficiency of
the PMS-based oxidation process. The effect of the initial
dosage of G-CoFe,O, catalyst on the CIP degradation effi-
ciency and first-order kinetic constant rate under the con-
ditions including pH of 7, PMS dosage of 2 mM and CIP
concentration of 25 mg/L are shown in Fig. 8. As shown,

0—-—50 mg/L. =——75mg/L —e—100mg/L
(Be= 150 mg/L. =——s—200mg/L =—C=—500mg/L

H:l{J{J
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=
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£0.50
2

0.25 -

0.00 -

(a) Time (min)

G-CoFe,0O, has a significant effect on CIP degradation. With
increasing the catalyst dosage from 50 to 500 mg/L, the
efficiency of CIP degradation was increased dramatically.
When the catalyst dosage was 50 mg/L, 67.87% of CIP was
eliminated during 120 min, while the degradation efficiency
reached 97.65% using catalyst dosage of 500 mg/L over a
period of 30 min. Kinetically, K was increased from 0.0097
to 0.0509 min" when G-CoFe,O, dosage increased from
50 to 500 mg/L (Table 1). This increase may be related to
an increase in the number of active sites for adsorption of
CIP and production of more functional radicals [20,44,45].
Similar results were observed in phenol degradation using
a Fe,O,/carbon sphere/cobalt composite as a PMS heteroge-
neous catalyst [18]. The results of Fig. 8 show that the CIP
removal efficiency at dosage of 200 and 500 mg/L during the
30 min is not significant. Considering the economic cost and
practical application, 200 mg/L of G-CoFe,O, catalyst was
selected for further CIP degradation experiments.

3.4. Effect of PMS dosage

The effect of the PMS dosage on the CIP degradation
efficiency was investigated and the results are shown in
Fig. 9. As it can be observed, the CIP degradation efficiency
was increased from 30.452% to 96.57% by increasing the PMS
dosage from 0.5 to 4 mM. At the same time, the kinetic con-
stant rate was increased from 0.0062 to 0.0662 min™ (Table 1).
These results can be explained by this fact that increasing
the dosage of PMS leads to increase its chances to react with
G-CoFe,0O,, which improves the PMS activation rate for pro-
ducing the reactive species and further degradation of CIP
[46]. Similar results were observed for the degradation of
organic pollutants by Zhou et al. [47], Su et al. [44] and Lai
et al. [48].

The results in Fig. 9a show that by increasing the PMS
dosage from 2 to 4 mM, the increase in CIP removal efficiency

g _®50mg/L
0150 mg/L

<75 mg/L
4200 mg/L

®100 mg/L
<500 mg/L

Ln(C,/C)

Time (min)

(b)

Fig. 8. (a) CIP degradation at different dosages of catalysts in PMS/G-CoFe,O, system (inset indicates CIP degradation in 30 min) and
(b) kinetic curves (initial pH =7, PMS dosage =2 mM, CIP concentration = 25 mg/L).
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Fig. 9. (a) CIP degradation at different dosages of PMS in PMS/G-CoFe,O, system (inset indicates CIP degradation in 30 min) and
(b) kinetic curves (initial pH =7, catalyst dosage = 200 mg/L, CIP concentration = 25 mg/L).
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Fig. 10. (a) CIP degradation at different concentrations of CIP in PMS/G-CoFe,O, system (inset indicates CIP degradation in 30 min)
and (b) kinetic curves (initial pH =7, catalyst dosage = 200 mg/L, PMS dosage =2 mM).

is negligible. Therefore, considering the economic cost, PMS
dosage of 2 mM was selected as a suitable oxidant concen-
tration for subsequent experiments.

3.5. Effect of CIP concentration

The effect of the initial concentration of CIP (10-100 mg/L)
on the CIP degradation efficiency is shown in Fig. 10.
As can be seen, the CIP degradation efficiency decreases
with increasing the initial concentration of CIP. In reaction
time of 60 min, the removal efficiency can reach 98.59% for

an initial concentration of 10 mg/L of CIP, while at the same
time, the CIP removal efficiency at the concentration of 25,
50 and 100 mg/L is decreased to 97.55%, 81.1% and 68.86%,
respectively. The kinetic constant rate, such as the CIP degra-
dation efficiency, was decreased from 0.0632 to 0.0121 min™
by increasing the CIP concentration (Table 1). This decrease
can be due to the limitation of active species in the oxidation
system for high concentrations and the competition between
intermediate products and CIP molecules for SO;~and *OH
produced. Similar results were reported for the degrada-
tion of dimethyl phthalate by the PMS/G-CoFe,O, system
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[46] and acetaminophen degradation by the PMS/Fe,O,
system [49].

3.6. Catalytic activity of G-CoFe,O,

Fig. 11 shows the CIP degradation curves under different
conditions. No CIP degradation was observed in the pres-
ence of 2 mM alone, which it is suggested that the PMS does
not have the capability for the oxidation of CIP in homoge-
neous solutions. By adding CoFe,O, alone to the solution,
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approximately 10% CIP was removed due to its adsorption
on the nanocatalyst surface. At the same time, the adsorption
on the G-CoFe,O, was 2.24 times higher than that of CoFe,O,.
This is probably due to the presence of graphene. Previous
studies reported that graphene is a support substance in
heterogeneous catalyst systems, which can improve the
efficiency of oxidation and adsorption processes by increas-
ing the contact surface [50]. Adding graphene to a solution
containing CIP and PMS increases the CIP degradation effi-
ciency to 47.18% at 120 min. Xu et al. [20] reported that this
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Fig. 11. (a) Degradation curves of CIP under different conditions and (b) kinetic curves (initial pH = 7, catalyst dosage = 200 mg/L,

PMS dosage = 2 mM, CIP concentration = 25 mg/L).
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Fig. 12. (a) CIP degradation changes in the presence of different scavengers and (b) kinetic curves (initial pH = 7, catalyst
dosage =200 mg/L, PMS dosage =2 mM, CIP concentration = 25 mg/L).
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increase in efficiency is due to the electrostatic adsorption
between the m-m conjugation region of the graphene layers
and the pollutant molecules. To prove this fact, they added
the methanol to the solution and found that 87% of the pol-
lutants are eluted from the graphene surface. The results of
Fig. 11 also show that the CIP removal efficiency in the PMS/
Co homogeneous system at the initial time (15-45 min) was
much higher than the CoFe O, system, but, in the long-term,
the removal rate was fixed and this homogenous system
was not able to provide the complete degradation compared
with heterogeneous catalyst. In the PMS/Co system, the
homogeneous cobalt can quickly react with PMS and can
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lead to faster production of reactive species. This rapid pro-
duction of radicals leads to their loss by reaction with non-
target molecules [24]. In contrast, the catalytic performance
of CoFe,0, system over a long period of time, by controlling
the production of radicals, leads to greater degradation of
the CIP than the PMS/Co. Compared with all of the above
processes, it is seen that the CIP degradation rate is much
faster and more efficient using the PMS/G-CoFeO, sys-
tem. These results emphasize the critical role of interaction
between graphene and CoFe,O, on the G-CoFe,O, nanocata-
lysts. Such an increase in catalytic activity can be attributed
to increasing the active site for catalytic degradation of CIP
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Fig. 13. (a) Degradation of CIP in consecutive run cycles using the recycled G-CoFe,O,, (b) Kinetic curves, (c) XRD patterns, and

(d) EDX spectra.
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and to preventing the accumulation of CoFe,O, nanoparti-
cles by graphene [46]. Similar results were observed by Shi
et al. [51], Zhou et al. [47] and Yao et al. [46].

3.7. Quenching study to identify the reactive species

Organic compounds are generally degraded through
the reactive species produced during the activation of
oxidants such as PMS, persulfate, H,O,, etc. Hence, it is
important to find active reactive species in oxidation to
provide the degradation mechanism. In the homogeneous
or heterogeneous activation process, PMS, SO,, *OH and
peroxymonosulfate radical (SO;") are produced. According
to Deng et al. [22], the SO;~ radical, with a lower redox
potential (1.1 V), does not have the ability to degrade the
CIP. Therefore, in order to study the role of SO;~ and *OH
in the degradation of CIP, the TBA and ethanol were added
to the PMS/G-CoFe,O, system, and the removal efficiency
changes are represented in Fig. 12. It has reported that etha-
nol has high reactivity with SO;~ (1.6 x 10°-7.7 x 10° M'S™)
and *OH (1.2 x 10°-2.8 x 10° M'S™), and TBA has a good
reactivity with *OH (3.8 x 10%-7.6 x 10* M7S™) than that
SO;~ (4 x 10°-9.1 x 10° M™'S™) [14]. As shown in Fig. 12,
the removal efficiency, at the reaction time of 30 min, was
reduced from 96.57% to 82.44% and 4.63% after the addi-
tion of TBA and ethanol. At the same time, the kinetic con-
stant rate was decreased from 0.0417 to 0.0213 min™ and
0.0026 min™. This difference in reduction showed that both
SO;~ and *OH are involved in the degradation of CIP in the
PMS/G-CoFe O, system, and the SO;~ with the participa-
tion of more than 80% plays a major role in the oxidation
process.

3.8. Stability of G-CoFe,O,

The stability of the G-CoFe,O, nanocatalyst was investi-
gated by conducting five consecutive run cycles (Fig. 13a).
After each degradation run, the catalyst was collected by
means of a magnetic field, was washed with distilled water
and then was dried in an oven at 70°C prior to the next run.
It has been observed that the nanocatalyst can be used four
times under the same laboratory condition without signifi-
cant reduction in catalytic activity. After the 4th run, the CIP
degradation efficiency was declined from 96.57% to 89.68%
within 30 min. The results of the kinetic analysis showed the
same trends (Fig. 13b). This can be due to the decrease in
the amount of G-CoFe,O, in the regeneration process, satu-
ration and destruction of the active catalytic site, as well as
leaching the cobalt and Fe from the catalyst surface. These

results are in good agreement with the findings of other
studies [22,28,44].

In order to confirm the results of stability, XRD analysis
was used for the recycled G-CoFe O, after the fourth run.
The XRD pattern (Fig. 13c) exhibited a similar structure
of G-CoFe,O, after the catalytic process. The purity of the
G-CoFe O, after the fourth run was confirmed by the EDX,
as shown in Fig. 13d. These results show that the G-CoFe,O,
catalyst have good stability and reusability for the degrada-
tion of CIP.

3.9. Continuous experiments

The batch study showed that the G-CoFe O, catalyst has
a high potential for PMS activation and CIP degradation
from aqueous solutions. However, the batch system is not
practical on a real scale for the purification of the aqueous
solution containing CIP. Therefore, in the present study,
continuous experiments for CIP degradation under optimal
conditions obtained in batch experiments was investigated.
Table 2 shows the CIP degradation rate in the column con-
taining the catalyst. According to the table, with increasing
contact time from 5 to 30 min, the CIP degradation rate rises
from 65% to 91.9%. This can be related to the proper contact
of PMS and the catalyst for the generation of reactive species
and degradation of CIP. Similar results were observed by
Zhang et al. [52] for the degradation of orange G.

3.10. CIP degradation pathway

To better understand the CIP degradation pathway in the
PMS/G-CoFe,0O, process, the obtained sample was analyzed
by UV-Vis spectrophotometric and LC-MS techniques. CIP
degradation spectra in Fig. 14a show an increase in degra-
dation efficiency at the reaction times between 5 and 30 min
due to the formation of more reactive species during the
PMS activation process by the catalyst. Fig. 14b shows the
probable by-products of the sample extracted at the reaction
time of 30 min. As can be seen, on pathway 1, by attacking
SO;* to the CIP structure, the piperazine ring has broken
and the dialdehyde product (P1 with 362 m/z) is produced.
Then, this product is oxidized to the product P2 (245 m/z)
by defluorination and losing the nitrogen atom. In the P2
pathway, P3 product (330 m/z) is produced by replacing the
fluorine atom with the hydroxyl group. Consequently, this
product is converted into a P2 product (245 m/z) by the loss
of a nitrogen atom and a hydroxyl group. The products iden-
tified and their degradation pathway was similar to those
reported in photocatalytic [53], PMS activated with ordered
mesoporous Co,0, [54] and a-MnO, [4].

Table 2
CIP degradation by catalyst column
Run Initial PMS dosage Catalyst dosage CIP concentration Time Degradation
pH (mg/L) (mM) (mg/L) (min) (%)
1 7 200 2 25 5 65
2 7 200 2 25 10 72.45
3 7 200 2 25 20 80.11
4 7 200 2 25 30 91.9
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Fig. 14. Changes in the absorption spectra of CIP solution (a) and their degradation pathways (b).

4. Conclusion

The G-CoFe,0O, nanocatalyst prepared by graphene pre-
cursors, Fe(NO,),"9H,0 and Co(NO,),-6H,0 was characterized
by SEM, EDX and XRD technologies, and was used as a
PMS activator for degradation of CIP from aqueous solu-
tions. The SEM-EDX analysis showed that graphene was
effectively coated by CoFe,O,. The optimum conditions for
the CIP degradation were obtained at pH of 7, G-CoFe,O,
dosage of 200 mg/L, PMS dosage of 2 mM and CIP concen-
tration of 25 mg/L. The maximum degradation efficiency
obtained in the batch and column systems under optimum
conditions was 96.57% and 91.9%, respectively. The assess-
ment of catalytic activity showed that the combination of
CoFe,O, and graphene nanoparticles resulted in the higher
catalytic activity for activation of PMS and degradation of
CIP compared with CoFe,0, and Co. The constant rate of
first-order kinetics for the CIP degradation process was
increased by increasing the dosage of G-CoFe, O, and PMS,
but decreased by increasing the CIP concentration. The
stability and reusability tests showed that G-CoFe,O, can
be used for four consecutive run cycles. The quenching
experiments revealed that SO;~and *OH were produced in
the PMS/G-CoFe,0O, system and SO;~ was the main agent
for CIP degradation. As a result, the study demonstrated
that the G-CoFe,0, nanocatalyst can be considered as a
promising catalyst for degradation of the CIP from aqueous
solutions due to its excellent stability and reusability, and
the convenient separation from the solution.
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