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pollutant concentration, initial pH, and catalyst weight was investigated. The MO removal
reached 96.31% and chemical oxygen demand (COD) removal 70% for 60 min of the reaction.

Keywords:

The presence of CeO2 in the nanocomposite plays a key role in H2 O2 electro-generation as

Electro-Fenton

a significant factor in the electro-Fenton (EF) system. The metal leaching from FeVO4 /CeO2

Methyl Orange

was negligible (cerium 4.1%, iron 4.3%, and vanadium 1.7%), which indicates that the active

Synergistic effect

species in the nanocomposite are strongly interacting with each other and are stable. The

Persulfate

performance of the nanocatalyst in real wastewaters, salty, and binary systems was accept-

FeVO4

able and the pollutions were removed efficiently. The synergistic effect between V, Fe, and
Ce could be account as the reason for the respectable function of FeVO4 /CeO2 . The electron transfer proceeds via Haber-Weiss mechanism. A degradation pathway was proposed
through by-products analysis using gas chromatography-mass spectrometry (GC–MS) technique. The pseudo-first-order kinetic model described the obtained experimental results
(R2 = 0.9906). The electro-Fenton system efficiency was improved by adding persulfate. The
nanocomposite preserved almost its efficiency after six cycles. The obtained results demonstrate that the synergistic catalyst (FeVO4 /CeO2 ) has the capability to introduce as a promising replacement of conventional catalysts in the electro-Fenton processes with brilliant proficiency.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The refinement of industrial and agricultural effluents has
become the subject of enormous researches focused on the
environmental sciences. The successful endeavors in this
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field can lead to avoiding the diffusion of pollutants into the
biological and environmental cycles and provide new water resources for industry and agriculture. Advanced oxidation processes (AOPs) due to the powerful oxidant generation have the potential of recalcitrant pollutants in wastewaters (Kanakaraju et al., 2018). The electrochemical advanced
oxidation process (EAOP) in particular electro-Fenton (EF)
method using the most influential oxidizer, hydroxyl radical
(E° = 2.80 V saturated hydrogen electrode (SHE)), which eliminates the persistent organic pollutants with no selectivity,
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makes itself as a reasonable and practical process to wastewater remediation (Nidheesh et al., 2018). One of AOP drawbacks
is the transfer and storage of hydrogen peroxide due to its
dangerous consequences. The EF by H2 O2 electrogeneration
through reduction of dissolved oxygen molecules (Eq. (1)) overcomes this disadvantage.
O2 + H+ + 2e− → H2 O2

(1)

In traditional Fenton reaction, which occurs in homogeneous phase by dissolving ferrous salts (Fe2+ ) and H2 O2 , the
resulted • OH (Eq. (2)) can attack any water contaminants and
remove them completely (Poza-Nogueiras et al., 2018).
Fe2+ + H2 O2 → Fe3+ + OH + OH−

(2)

The difficulty in catalyst recovering, iron sludge accumulation, and limitation in applied pHs for the reaction owing
to iron precipitation in basic pHs can be accounted as the
reasons to promote homogeneous EF to a more applicable
method. The use of heterogeneous catalysts with stability
against leaching and deactivation can be introduced for the
new generation of EF processes (Ganiyu et al., 2018). (I) Ironoxygen species such as Fe3 O4 (Nazari and Setayesh, 2019a),
Fe2 O3 (Wu et al., 2018), γ-FeOOH (Qian et al., 2017), etc.;
(II) immobilized iron on carbon (Nazari et al., 2020), clay
(Khankhasaeva et al., 2015), silica (Shi et al., 2019), etc.;
and (III) neutral iron-containing compounds such as goethite
(Sétifi et al., 2019), laterite (Han et al., 2018), etc. are the successful attempts to modify EF process for obtaining more efficiency and reusability. The heterogeneous catalytic EF suffers from low reaction rate in comparison with homogeneous
ones. Most of the efforts to modifying the catalysts had been
performed about the improvement of iron cation surrounding chemically and physically. Less attention was paid to the
anions combined with iron cations in catalysts. Finding the
anions with Fenton or Fenton-like reaction ability can improve the catalyst efficiency and remove pollutants more effectively. The anions containing vanadium metal with the potential of performing the Fenton reaction are the example of
this category of anions. V2 O5 , Vx Si4 x O6.4 x , H2 VO4 , V complexes
(Deng et al., 2008), etc. are examples of vanadium-containing
compounds, which have the ability of contaminants removal
through Fenton or Fenton-like processes. It seems that V can
contribute with Fe to produce a stable compound for catalytic aims in wastewater treatment. FeVO4 as a two-way
catalyst (both of anion and cation are active in the Fenton
process) seems to be an appreciable choice for EF method
(Eshaq et al., 2010). The anchoring the active species of the catalyst for preventing leaching and providing more surface area
for catalytic activity enhance the efficiency of catalysts. The
reduced graphene oxide (rGO) with high stability, conductivity, and large surface area is used as a support for EF catalysts
(Nazari and Setayesh, 2019b). Non-inert supports utilization
with the power of carrying out of catalytic reactions besides
providing more surface area for catalytic purposes can be a rational modification. Ceria (CeO2 ) can act as non-inert support
for the catalytic procedures. The localization of the cerium 4f
electrons allows the Ce3+ /Ce4+ redox pair formation (Gogoi et
al., 2017). The oxygen buffering is the result of the facial conversion of Ce3+ and Ce4+ via release and storing the oxygen.
The surface oxygen vacancies and Ce3+ presence at the defect sites are the other parameters in enhancing the catalytic
activity of ceria. The potential of participation in Fenton reaction with hydrogen peroxide to generate hydroxyl radical
introduce ceria as valuable support for EF catalysts. Ce3+ sites
on the surface of the catalyst is an important factor, which results in the high catalytic activity of CeO2 (Wang et al., 2018).
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The synergistic effect between Ce3+ /Ce4+ and redox pairs of
Fe2+ /Fe3+ and V4+ /V5+ , which is desirable from the approach
of the thermodynamic. It can be expected that the synthesis
of a nanocomposite with two parts of the two-way catalyst
(FeVO4 ) and the non-inert support (CeO2 ) will be an ideal modification on EF catalysts.
In the past decade, some endeavor has been performed
to remove Methyl Orange (MO) as a water pollutant. Homogeneous and heterogeneous Fenton reactions and synergistic
processes were examples of these efforts (Appendix A Table
S1).
In the present work, FeVO4 / CeO2 nanocomposite was synthesized and characterized by several methods. The synthesized catalyst was employed in EF removal of MO as a model
contaminant in aqueous media. The mechanism of electron transfer was established by the scavenging technique.
The methyl orange degradation pathway was proposed. The
FeVO4 /CeO2 performance was evaluated in some rough matrixes such as salty systems, binary polluted media, and real
wastewater. The stability and recovery of the nanocomposite
were investigated to infer that FeVO4 /CeO2 could be a noteworthy candidate for EF processes.

1.

Materials and methods

1.1.

Materials

Ammonium vanadate, cerium sulfate, iron nitrate nonahydrate, sodium hydroxide, sodium sulfate, hydrochloric acid,
ethanol, Methylene Blue (MB), sodium persulfate, sulfuric acid,
ammonium molybdate, potassium iodide, potassium biphthalate, dichloromethane, tert-butanol, benzoquinone, and MO
were all purchased from Merck (Darmstadt, Germany). All the
reagents were used without any further purification.

1.2.

CeO2 synthesis

Cerium sulfate solution (25.0 mL, 1 mol/L) was added to
sodium hydroxide solution (25.0 mL, 4 mol/L) under stirring,
until gel appearance. The pH of the solution reached 11 using
1 mol/L solution of HCl or NaOH. The solution was transferred
to a Teflon-lined stainless steel autoclave and remained for 24
hr at 473 K. After cooling to room temperature, the precipitates
were centrifuged and dried at 353 K for 12 hr.

1.3.

FeVO4 /CeO2 synthesis

CeO2 (1.0 g) was dissolved in 50.0 mL double distilled water
(solution 1). NH4 VO3 (1.2 mmol) and 1.2 mmol Fe(NO3 )3 9H2 O
were dissolved in double distilled water (30.0 mL) at 353 K (solution 2). Afterwards the solution 2 was poured to the solution 1 and the mixture was stirred for 3 hr continually. The
mixture was transferred into a Teflon-lined stainless steel autoclave. It was heated for 5 hr at 453 K. The precipitates were
collected by centrifuged and rinsed with double distilled water and ethanol three times for each one. Finally, they were
dried at 333 K.

1.4.

Characterization

An ABB-Bomem model NB (Quebec, Canada) was used for
recording the Fourier-transform infrared (FT-IR) spectra of
the catalysts. The X-ray powder diffraction (XRD) technique
was employed to recognize the crystalline structure of catalysts by X’Pert PRO MPD PANalytical Company diffractometer
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(Almelo, Netherlands) with 40 mA applied current, 40 kV accelerating voltage, and Cu Kα radiation. A Hitachi S-4160 microscope (Tokyo, Japan), with 30 kV accelerating voltage was
applied for field emission scanning electron microscopy (FESEM) to investigate The morphological structure of the catalysts. Energy-dispersive X-ray (EDX) spectroscopy and elemental mapping analyses were carried out by TeScan-Mira (III) microscope (Brno, Czech Republic). The Brunauer–Emmett–Teller
(BET) analysis of the samples was performed at 77 K in a Belsorp mini II instrument (Osaka, Japan).

1.5.

Experimental method

A cylindrical Pyrex reactor (Length 100 mm and diameter
70 mm) was employed as a reactor for catalytic procedures.
Two stainless steel plates (5 cm × 2.5 cm) was used as electrodes with 2.5 cm distance. Oxygen gas was pumped to the
solution (200 mL/min flow rate) for 15 min before the experiments. During the experiments, the solution was homogenized using a magnetic stirrer. The system was equipped with
a Megatek MP-6005 (Chinese Taipei) direct current (DC) power
supply for the current supplying. In a typical experiment,
100 mL solution of the desired concentration (5–100 mg/L) of
Methyl Orange (MO), 0.05 mol/L Na2 SO4 as electrolyte, and
measured amount of catalyst (0.025–0.150 g) at pH (1–11) were
added to the reactor under specific current intensity (100–
250 mA) for 60 min. To adjust the pH of the reaction solution, NaOH (0.1 mol/L) or H2 SO4 (0.1 mol/L) solutions were
used. At specific time of reaction, 2 mL of solution was ejected
from the experiment media and centrifuged. At lambda max
(λm ) = 464 nm the absorption of samples was analyzed by
a spectrophotometer (Unico 4802, Dayton, USA). In the absence of catalyst, the amount of anodic oxidation was studied. The recycling of the as-synthesized catalyst was investigated by separating it from the reaction, washing it several
times using double-distilled water and ethanol, and drying at
333 K. The iodide method (reagents: ammonium molybdate,
potassium iodide, and potassium biphthalate) was employed
for electrogeneration of hydrogen peroxide using spectrophotometer at λm = 352 nm (molar attenuation coefficient (ε) =
26,400 L/(molcm)) (Wang et al., 2005). All the reactions were
accomplished at 298 K.

1.6.

Analytical methods

The pH of solutions was evaluated by Sartorius Basic meter PB-11 (Göttingen, Germany). A COD (chemical oxygen demand) reactor Hach (San Francisco, USA) was used for measuring the COD of the samples with UV-Vis spectrophotometer (DR 5000, Hach, Loveland, Colorado, USA) according to the
Standard Methods 5220D (Clesceri et al., 2005). Metal leaching
(iron, vanadium, and cerium) from the catalysts was evaluated
by inductively coupled plasma optical emission spectrometry
(ICP-OES) Varian model 730-ES (Varian, USA). The by-products
of MO degradation were detected by a Hewlett−Packard (HP
6890, Palo Alto, USA) gas chromatography (GC) equipped with
an (HP 5973, Palo Alto, USA) mass−selective detector (MSD)
system and a split/splittless injector. Helium (99.999%% with
flow-rate of 1 mL/min was employed as the carrier gas. The
mass spectrometer (MS) was worked in the electron ionization (EI) mode (70 eV). The temperature of interface, ion source,
and quadrupole was set at 553, 503, and 423 K, respectively.
The extraction of samples from the reaction solution was performed by dichloromethane before gas chromatography-mass
spectrometry (GC-MS) analysis. The column temperature was
313 K and held for 15 min, raisedto 373 K at a rate of 12 K/min,
then to 473 K (5 K/min) and lastly to 543 K (20 K/min), held for
5 min (run time = 48.5 min).

2.

Results and discussion

2.1.

Characterization

The catalysts FT-IR spectra are shown in Appendix A Fig. S2.
In the FeVO4 spectrum, the peaks at 507.82, 701.03, and 834.27
cm−1 can be attributed to the stretching vibrations of V–O–V
and Fe–O, Fe–O–V, and Fe…O–V, respectively. The strong and
wide peak at 902.59 cm−1 is related to the stretching vibration of the terminal V–O bond (Ozturk and Soylu, 2015). The
peaks at 477.72, 623.93, and 1318.34 cm−1 , which present the
Ce–O and Ce–O–Ce bonds stretching vibrations, are the evidence of successful synthesis of CeO2 (Farahmandjou et al.,
2016). The presence of FeVO4 and CeO2 characteristic peaks
in the spectrum of FeVO4 /CeO2 indicates that the nanocomposite has been synthesized correctly. The peaks located near
1600 and 3400 cm−1 can be assigned to the vibration of O–H
and H–O–H symmetric stretching vibration, respectively, related to adsorbed water molecules on the surface of samples.
The x-ray diffraction (XRD) technique had been used
for studying the crystalline phase of synthesized catalysts
(Fig. 1a). In the FeVO4 XRD pattern, the peaks located at
2θ = 12.4°, 28.1°, 34.2°, 42.8°, and 47.9° show the triclinic structure of iron (III) vanadate (JCPDS No. 01-071-1592) (Kaneti et al.,
2013). The peaks at 2θ = 28.0°, 33.9°, 47.53°, 56.27°, 59.24°,
69.51°, and 76.92° are related to the ceria owing to its facecentered cubic fluorite (JCPDS No. 34–0394) (Nazari et al., 2019).
The XRD pattern of FeVO4 /CeO2 has intensified peaks at 2θ
˜ 28°, 34°, and 47°, which can be attributed to the overlapping of the FeVO4 and CeO2 characteristic peaks. The peaks
at nanocomposite XRD pattern are the approval of successful
synthesis of FeVO4 /CeO2 nanocomposite. The particles size of
the samples is calculated according to the Scherrer’s equation
(Drits et al., 1997).
The particles size average of FeVO4 , CeO2 , and FeVO4 /CeO2
are ˜35.66, ˜20.11, and ˜22.14 nm, respectively. The homogenized dispersion of FeVO4 in the nanocomposite can be the
reason of the particle size reduction.
The morphological study of the synthesized catalyst had
been carried out using field emission scanning electron microscope (FE-SEM). The CeO2 and FeVO4 /CeO2 FE-SEM images
are shown in Fig. 1b-c with the same resolution. The cubic particles of CeO2 with the average size of 20 nm (in accordance
with XRD results) are illustrated in both images. The FeVO4
nano-rods are decorated on the surface of ceria and make
FeVO4 /CeO2 nanocomposite.
The elemental and chemical investigation of synthesized
catalysts was performed using the EDX method (Appendix A
Fig. S3). The presence of Fe, V, Ce, and O was approved upon
the EDX spectra. The percentage of elements are not the exact
amounts, which expected to be existence. This issue is due to
non-uniformed sampling for characterization. The EDX mapping scan was accomplished to analyze the elemental distribution in the samples (Appendix A Fig. S4). The mapping indicates that FeVO4 is uniformly dispersed on the surface of
CeO2 .
The textural properties of the synthesized catalysts were
analyzed by BET. The N2 sorption isotherms, which reveal
the surface properties, are shown in Appendix A Fig. S5. The
structure of pores can be discovered from the N2 sorption
isotherms study. The catalytic activity of the catalysts is associated with the number of active sites, which highly related
to the surface area of the synthesized catalysts. High surface
area can raise the catalyst efficiency significantly. The surface area and total pore volume of FeVO4 are 41.294 m2 /g and
0.314 mL/g, respectively. The sorption isotherm of FeVO4 is
of type H3 in IUPAC division. Materials with this type of hysteresis have slit-shaped pores (ALOthman, 2012). The BET re-
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Fig. 1 – (a) X-ray powder diffraction (XRD) patterns of FeVO4 , CeO2 , FeVO4 /CeO2 and field emission scanning electron
microscopy (FE-SEM) images of (b) CeO2 and (c) FeVO4 /CeO2 .

sults for CeO2 are 90.613 m2 /g surface area and 0.177 mL/g total pore volume. Using CeO2 as the support in the synthesis
of FeVO4 /CeO2 (68.936 m2 /g surface area and 0.128 mL/g total pore volume) enhanced the surface area slightly. For CeO2
and FeVO4 /CeO2 the N2 adsorption and desorption isotherms
are of type IV, which have a hysteresis. Materials associated
with this type of isotherm are mesoporous with slit-shaped
pores (ALOthman, 2012). According to BET results, it can be
concluded that using CeO2 provides more surface area in addition to its catalytic character in the nanocomposite.

2.2.

Influences of operation parameters

2.2.1.

Effect of current intensity

The current intensity has a crucial effect on the MO degradation Fig. 2a). The current intensity raise from 100 to 200 mA
can enhance the EF process efficiency about 25%. Any further
increase in current can diminish the MO removal due to provide suitable conditions for parasitic reactions. At high current
values, hydrogen peroxide shows its hydroxyl radical scavenging character and produces hydroperoxyl radical (HO2 •)
(Eq. (3)). This radical has lower catalytic activity in comparison with OH (Heidari et al., 2015). The H2 and O2 formation
have the chance to occur at high current intensities (Eqs. (4)
and (5)) (Sopaj et al., 2016). The 200 mA can be the optimum
current intensity in our EF system for MO removal.
H2 O2 + ·OH → HO2 · +H2 O

(3)

2H2 O + 2e− → H2 + 2OH−

(4)

2H2 O → O2 + 4H+ + 4e−

(5)

2.2.2.

Effect of catalyst amount

The catalyst weight investigation is presented in Fig. 2b. The
increase in catalyst amount from 0.05 to 0.20 g has a positive impact on MO removal. This can be attributed to providing more active sites for catalytic hydroxyl radical generation from hydrogen peroxide (Eq. (2)) More increase in catalyst weight prepares the condition for scavenging the OH by
ferrous ions (Eq. (6)) (Chen et al., 2016). FeVO4 /CeO2 (0.100 g) is
the optimum amount of catalyst for the present EF system.
Fe2+ + ·OH → Fe3+ + OH−

(6)

2.2.3.

Effect of MO concentration

The MO concentration effect on the degradation efficiency
was evaluated (Fig. 2c). The increment of MO from 5 to
100 mg/L declines the process efficiency significantly. This can
be due to the low amount of OH for complete MO elimination, which is far from the sufficient amount (Nazari and Setayesh, 2019b). It is worthy to note that apparently the amount
of dye removal decreased by an increase in MO concentration, although the TON (turnover number) (Eq. (7)) of the system did not decline. The TON at MO concentration of 5, 30,
50, and 100 mg/L were 5.24 × 103 , 30.27 × 103 , 45.04 × 103 ,
and 84.31 × 103 , respectively, under the reaction conditions
pH 3, Na2 SO4 0.05 mol/L, and FeVO4 /CeO2 0.1 g at current (I)
200 mA. It means that the efficiency of the synthesized catalyst (FeVO4 /CeO2 ) did not lose its efficiency in high concentrations and remained effective.
Turnover number (TON ) = Moles of formed product / Moles of catalyst
(7)

2.2.4.

Impact of initial pH

The EF process effectiveness is depended on the pH of the reaction solution. To evaluate the pH influence, a designed series
of experiments in a pH range of 1 to 11 had been performed
(Fig. 2d). The best result was achieved at pH = 3 and MO removal reached 94.84% in 60 min. At low pH values, a decrease
of about 24% was observed in MO degradation, which could
be pertinent to the oxonium ion (H3 O2 + ) formation from H2 O2
reaction (Eq. (8)). H3 O2 + is a stable species and scarcely reacts
with Fe2+ .
H2 O2 + H+ → H3 O2 +

(8)

On the other hand, at neutral pH, the efficiency of the system is acceptable. However, at high pHs, a decline in the power
of the EF process in pollution removal was discovered. The
breaking down of H2 O2 to the oxygen and water might be the
reason of this diminution. Since the metal leaching and dissolved metal is negligible, the possibility of metal hydroxide
formation at pHs higher than 7 disappears (Huang et al., 2017).

2.3.

H2 O2 production evaluation

The capability of H2 O2 electrogeneration in any EF system is
an important factor, which determines the potential of the
system in pollution elimination. In the EF process, it is claimed
that this method is needless of H2 O2 adding. To appraise this
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Fig. 2 – Effects of (a) current intensity, (b) catalyst weight, (c) Methyl Orange (MO) concentration and (d) initial pH on MO
electro-Fenton (EF) degradation. Reaction conditions: Na2 SO4 0.05 mol/L, MO 30 mg/L for (a), (b) and (d), pH 3 for (a)–(c),
FeVO4 /CeO2 0.1 g for (a), (c) and (d), and current (I) 200 mA for (b)-(c). Ct /C0 : MO concentration/initial MO concentration; ppm:
mg/L.

molecular oxygen activation. The cathodic potential besides
the Faraday Effect attributing to oxygen reduction can form an
electric field for the molecular oxygen reduction. This reduction occurs on the interface between CeO2 and the solution
(Ren et al., 2018; Deori et al., 2015). According to the earned
results, ceria in the EF systems in addition to the providing
more surface area for catalytic reactions facilitates hydrogen
peroxide electro-generation via providing protons for oxygen
reduction and molecular oxygen activation.

2.4.

Fig. 3 – H2 O2 generation in the presence and absence of
CeO2 . Reaction conditions: Na2 SO4 0.05 mol/L, pH 3, CeO2
0.1 g at I 200 mA at 60 min.

ability of our system, two experiments were performed to
state the impact of the presence of ceria in our EF system.
The hydrogen peroxide generation in the presence and absence of CeO2 had been measured (Na2 SO4 0.05 mol/L, pH 3,
CeO2 0.1 g at I 200 mA) (Fig. 3). The H2 O2 concentration in the
presence of CeO2 enhanced 1.32 times in comparison with the
absence of ceria in 60 min. The obtained result may be due
to two reasons. CeO2 has a weak Lewis acidity character and
the Brønsted acid sites on the ceria were formed due to the
sulfate anions coordination on CeO2 . These sites supply protons to reduce oxygen molecules for hydrogen peroxide formation in the solution. The second reason could be the surface

MO degradation mechanism and pathway

The mechanistic insight is a crucial step to get a deep knowledge about the main oxidants, pathway, and byproducts of
the pollutants degradation. The obtained results of this stage
could be the most valuable data to modify the procedure
and improve the system drawbacks. For main oxidants detection, tert-butanol (t-BuOH) and benzoquinone (BQ) were
utilized as the hydroxyl radical and superoxide anion radical (. O2 − ) quenchers, respectively. A set of experiments with
MO 30 mg/L, pH 3, Na2 SO4 0.05 mol/L, FeVO4 /CeO2 0.1 g at
I 200 mA and particular scavengers (t-BuOH or BQ) at concentrations 1000 times greater than MO (to ensure that the
quenching effect of scavengers is sufficient) were performed.
The results are shown in Appendix A Fig. S7. The major oxidant could be . OH due to depletion of MO removal efficiency
56% in case of t-BuOH usage as a scavenger (reaction rate constant (k) = 3.8 × 108 –7.6 × 108 L/(molsec)) (Anipsitakis and
Dionysiou, 2004). The slightly decrease (5.3%) had been observed in using BQ as a scavenger attributed to . O2 − trapping
(k = 8.0 × 109 L/(molsec)). It can be inferred that the Haber-
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Fig. 4 – Proposed pathways for removal of MO by EF process. Reaction conditions: MO 30 mg/L, pH 3, Na2 SO4 0.05 mol/L,
FeVO4 /CeO2 0.1 g, I 200 mA at 45 min.
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Fig. 5 – (a) Plot of Ct /C0 versus time for MO degradation by various methods and (b) MO removal by different processes.
Reaction conditions: MO 30 mg/L, pH 3, Na2 SO4 0.05 mol/L, FeVO4 /CeO2 0.1 g, FeVO4 0.1 g, CeO2 0.1 g at I 200 mA. COD:
chemical oxygen demand; AO: anodic oxidation.

Weiss mechanism (Eq. (9)) is the most possible mechanism
for H2 O2 decomposition and the hydroxyl radical introduces
as the responsible for the main portion of MO removal in the
present process.




≡ Fe2+ ≡ V4+ + H2 O2 → ≡ Fe3+ ≡ V5+ +. OH + OH−

(9)

The main by-products of MO degradation were detected by
GC-MS technique. The sample was taken from the reaction
media at the time 45 min. The main intermediates and MO
degradation pathway are shown in Fig. 4, Appendix A Fig. S8
and Table S2. In acidic conditions (pH < 3.5) the –N=N– bond
hydrated to –NH–N= form. At the primary steps, the cleavage
of –N=N– or –NH–N= bonds and C–N bonds happens. At the
next stages, . OH attacks to the intermediates and produces the
other by-products. The aliphatic acids and linear products did
not appear in the GC-MS chromatogram however, based on the
literatures the next steps of degradation contain these compounds (Wang et al., 2017). The oxidation will continue until
the whole compounds would oxidize to carbon dioxide and
water (Jiang et al., 2016).

2.5.

Kinetics study of MO removal

model with experimental data. The results are presented in
Appendix A Table S3, according to the regression coefficients;
the first-order kinetics has the best matching with the obtained data from experiments. The apparent rate constant
was achieved to be 5.66 × 10−2 min−1 by plotting lnC0 /Ct vs
time (Appendix A Fig. S9).

2.6.
Mechanistic insight into electron transfer in MO
removal
The MO degradation in various catalytic systems is shown in
Fig. 5. In the absence of a catalyst (anodic oxidation), 23% of
MO was removed. CeO2 and FeVO4 enhanced the MO degradation to 65.05% and 75.44%, respectively. The best results in the
case of FeVO4 /CeO2 usage as a catalyst was obtained. In the
FeVO4 system, the Fenton reaction of Fe2+ and V4+ with H2 O2
resulted in hydroxyl radical production (Eqs. (14) and (15)). The
Fenton-like reaction between Fe3+ and V5+ and H2 O2 generates hydroperoxyl radical as a second and weaker oxidant in
the present system (Eqs. (16) and (17)).
Fe2+ + H2 O2 → Fe3+ +. OH + OH−

(14)

V4+ + H2 O2 → V5+ +. OH + OH−

(15)

+

(16)

+ H + HO2

(17)

In EF removal of MO, the accumulation of hydroxyl radical is
impossible. However, . OH plays the main role in degradation;
it is used for attacking the pollutants molecules immediately
after formation through the decomposition of H2 O2 or water
molecule oxidation on the surface of the anode. Hence, the
hydroxyl radical concentration remains constant during the
process at constant applied current (Gong et al., 2016). The rate
of MO removal is shown as follow:

Fe

V5+ + Fe2+ → V4+ + Fe3+

(18)

dCt /dt = kCt C. OH

V4+ + Fe3+ → V5+ + Fe2+

(19)

(10)

where Ct , C. OH , k, and t present MO and . OH concentrations,
rate constant, and time, respectively. The Eq. (10) alters to
Eq. (11) at the constant . OH concentration (the pseudo-firstorder reaction rate):
dCt /dt = kappCt

(11)

kapp = kC. OH

(12)

lnC0 /Ct = kapp t

(13)

where kapp and C0 are apparent constant and initial concentration of pollutant, respectively. Various kinetics models concerning MO concentration were applied to find the best-fitted

V

3+

5+

+ H2 O2 → Fe

+ H2 O2 → V

2+

4+

+ H + HO2
+

The completion of redox cycles of vanadium and iron is the
consequence of Fe2+ and V4+ presence (Eqs. (18) and (19)).

FeVO4 in comparison with conventional heterogeneous
Fenton catalysts has two pathways for oxidants production
and this advantage makes this compound a reasonable and
efficient candidate for catalyzing the EF processes (Xu et al.,
2018).
In CeO2 usage as a catalyst, the reaction between Ce3+ and
H2 O2 forms hydroxyl radical for removal of MO (Eq. (20)) and
the reaction of Ce4+ and H2 O2 provides hydroperoxyl radical
(Eq. (21)).
Ce3+ + H2 O2 → Ce4+ + OH− + ·OH

(20)

Ce4+ + H2 O2 → Ce3+ + HO2 + H+

(21)
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Fig. 6 – MO and Methylene Blue (MB) removal using EF
process in single and binary systems. Reaction conditions:
MO 30 mg/L, MB 30 mg/L, pH 3, Na2 SO4 0.05 mol/L,
FeVO4 /CeO2 0.1 g at I 200 mA.

For FeVO4 /CeO2 process, all of the reactions from
Eqs. (14) to (21) are involved in MO degradation (96.31%)
and ceria acts as a non-inert support. Ce4+ reproduces V5+
and Fe3+ (Eq. (22)) and plays a synergistic role.




Fe2+ V4+ + Ce4+ → Fe3+ V5+ + Ce3+

(22)

The nanocomposite takes advantage of both FeVO4 and
CeO2 to degrade the dye efficiently.

2.7.

Degradation of MO in binary system

To identify the ability of the EF in the degradation of MO in a binary system (in the presence of MB) was evaluated (Fig. 6). An
experiment with two solutes was set (MO 30 mg/L, MB 30 mg/L,
pH 3, Na2 SO4 0.05 mol/L, FeVO4 /CeO2 0.1 g at I 200 mA). Another experiment, which contains only MB at 30 mg/L concentration, was performed. The results indicate that the co-solute
occurring declined the removal efficiency slightly in comparison with single systems. It is worthy to note that this decrease
is about 3% and it is not a significant reduction. However, this
decline may be due to the MO and MB competition to react
with hydroxyl radical (Kamagate et al., 2018). It can be concluded that the synthesized nanocomposite has preserved its
efficiency in multi-contaminated wastewaters.

2.8.

Effect of ion background

Real industrial and dye effluents possess a large number of
salty compounds such as nitrates, chlorides, and sulfates at
high concentrations. The dye industries effluents especially
have various ions, which affect the treatment procedures of
them. To study the impact of the salty media, three ions NaCl,
NaNO3 , and Na2 SO4 (400 mmol/L) had been chosen to add to
the experiment solutions. As illustrated in Fig. 7 the high concentration of salts had a positive effect on MO removal and
accelerated its process. In a typical experiment (MO 30 mg/L,
pH 3, Na2 SO4 0.05 mol/L, FeVO4 /CeO2 0.1 g at I 200 mA) the MO
removal was recorded to be 96.31% in 60 min. In the presence
of NaCl, 99.72% of MO was eliminated in 15 min and the MO
removal reached 92.49% and 90.39% in 45 min for NaNO3 and
Na2 SO4 systems, respectively. The reason for this enhancement can be attributed to the charge transition accelerating
between FeVO4 /CeO2 redox pairs (Pan et al., 2018). This experiment has the other brilliant result, which was attributed to the
stability of the catalyst against leaching. If the active species
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Fig. 7 – Effect of ion background on the MO EF degradation.
Reaction conditions: MO 30 mg/L, pH 3, FeVO4 /CeO2 0.1 g at
I 200 mA.

released to the solution from the catalyst, chloro-, the sulfate, and nitrate- metal complex generation would occur and the
MO degradation would decline meaningfully (Nazari et al.,
2019). FeVO4 /CeO2 introduced itself as a respectable performance catalyst in salty media, which are analogous to the real
industrial effluents.

2.9.

MO degradation by PS-electro-Fenton

One of the powerful oxidants in advanced oxidation processes
is sulfate radical. Sulfate radicals are proportionately more
stable and selective than the hydroxyl radicals in the degradation of organic pollutants. Activation of persulfate (PS) for
• SO − generation by transition metals is a common way. In
4
the present EF systems, Fe2+ and V4+ could act as activators
for • SO4 − formation (Eqs. (23)-(25)).




Fe2+ V4+ + S2 O82− → Fe3+ V5+ + SO42− + SO−
4

(23)





2Fe2+ V4+ + S2 O82− → 2Fe3+ V5+ + 2 · SO−
4

(24)





2+
SO−
V4+ → Fe3+ V5+ + SO42−
4 + Fe

(25)

By combining the EF process and sulfate radicals, the efficiency of the procedure about ˜18% in the case of 0.05 g persulfate addition (Fig. 8). Furthermore, the amount of MO removal
reached 97.45% in 15 min. The results indicate that addition
of persulfate can be a reasonable solution for the degradation of recalcitrant and high concentration organic pollutants
in aqueous media (Long et al., 2019; Alizadeh Fard and Barkdoll, 2018).

2.10.

Performance of catalyst for real wastewater

For assessment of the present method in real samples treatment, three samples, tap water (W1), urban wastewater (W2),
and Chitgar Lake wastewater (W3) were collected. These
samples have various salty compounds and organic components. The parameters of their quality are presented in
Appendix A Table S4. The condition of the experiments was
of MO 100 mg/ L as the pollution model, 0.1 g FeVO4 /CeO2
at I 200 mA. The pH of the solution remained their natural amounts. Sodium sulfate did not utilize as the electrolyte
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erogeneous EF process plays a major role in this system and
the homogeneous catalytic reaction is slight. The used catalyst (FeVO4 /CeO2 ) was utilized in MO removal reaction for five
more cycles and the result is illustrated in Fig. 9.
The loss of efficiency after six cycles was less than 3% (from
96.31% to 94%) and COD removal effectiveness reduced 3.1%
(from 70% to 66.9%). The results indicate that the FeVO4 /CeO2
can be considered as stable and efficient after several cycles.

3.

Fig. 8 – MO degradation by persulfate-electro-Fenton
(PS-EF). Reaction conditions: MO 30 mg/L, pH 3, Na2 SO4
0.05 mol/L, FeVO4 /CeO2 0.1 g at I 200 mA.

since the samples contained many salts, which could act as
an electrolyte. The COD removal of W1, W2, and W3 reached
68.2%, 35.7%, and 50.3%, respectively, after 60 min. The experiments led continue for another 180 min and the chemical oxygen demand (COD) removal of samples (W1, W2, and
W3) were 90.2%, 60.3%, and 84.1%, respectively. The results
of real wastewater media treatment indicate that the synthesized catalyst (FeVO4 /CeO2 ) has an acceptable ability in real
wastewater treatment with good catalytic activity.

2.11.

Stability and reusability of the catalyst

To evaluate the suitability of catalysts for practical applications, stability and reusability tests are inevitable analysis.
These parameters indicate that how much a heterogeneous
catalyst is stable against losing its active species through dissolving in the reaction solution. The dissolved metal amounts
(iron, vanadium, and cerium) were measured after the EF reaction (MO 30 mg/L, pH 3, Na2 SO4 0.05 mol/L, FeVO4 /CeO2 0.1 g,
I 200 mA at 60 min). Based on ICP results, the value of leaching for metals are 4.1%, 4.3%, and 1.7% for cerium, iron, and
vanadium, respectively, which are the negligible quantities.
An experiment in homogeneous phase was performed at the
same reaction conditions (with the equal amount of leached
metals) to ensure that the MO degradation by EF process had
been taken place at heterogeneous phase and the homogeneous catalytic potion is not significant. In this condition, the
MO removal reached 6.2%. It can be deduced that the het-

Conclusions

FeVO4 /CeO2 nanocomposite was synthesized and applied in
EF process for removing MO as a model of water pollutant.
Several characterization analysis indicated that the triclinic
FeVO4 and face-centered cubic fluorite CeO2 maintained stable after formation of nanocomposite. The presence of CeO2
in addition to increase the catalyst surface area; improved
the ability of H2 O2 generation due to enhancement of acidity and the activation of the molecular oxygen resulted from
electrolyte coordination. The FeVO4 /CeO2 benefits from the
synergistic effect between ≡Ce4+ , ≡Fe3+ , and ≡V5+ to facile
the electron transfer in the present system. According to the
scavenging tests, • OH was investigated as a major oxidant
in the solution and the GC-MS detection of by-products allow us proposing the MO degradation pathway. The pseudofirst-order model described the kinetics of reaction properly
(k = 5.66 × 10−2 min−1 ). The catalyst was stable and efficient
after six cycles and the metal leaching was insignificant. The
catalyst is efficient in rough matrixes such as salty and binary systems and real wastewaters and this efficiency was improved by persulfate addition. The engineered nanocomposite
with synergistic effect, high H2 O2 electro-production as a key
role in MO degradation, electric-field-induction of ceria, and
high performance in real and simulated to real wastewaters
make the FeVO4 /CeO2 a brilliant and reasonable replacement
for conventional electro-Fenton catalysts to eliminate the persistent pollutant compounds.
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