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A B S T R A C T

In this study, cobalt ferrite coated carbon felt (CoFe2O4/CF) was synthesized by solvothermal method and ap-
plied as cathode for electro-Fenton (EF) treatment of tartrazine (TTZ) in water. The materials were characterized
by SEM, XRD, FTIR, CV, and EIS to explore their physical, chemical, and electrical properties. The effects of
solvothermal temperature and metal content on the TTZ removal were examined, showing that 220 °C with
2 mM of Co and 4 mM of Fe precursors were the best synthesis condition. Various influencing factors such as ap-
plied current density, pH, TTZ concentration, and electrolytes were investigated, and the optimal condition was
found at 8.33 mA cm−2, pH 3, 50 mgTTZ L−1, and 50 mM of Na2SO4, respectively. By radical quenching test,

, 1O2, and HO were recognized as the key reactive oxygen species and the reaction mechanism was pro-
posed for the EF decolorization of TTZ using CoFe2O4/CF cathode. The reusability and stability test showed that
the highly efficient CoFe2O4/CF cathode is very promising for practical application in wastewater treatment, es-
pecially for dyes and other recalcitrant organic compounds to improve its biodegradability.

© 2021

1. Introduction

Textile wastewater accounts for 50% of industrial wastewater,
which is characterized by high color, organics, and soluble dyes.
Among the dyes, azo dyes, which contains the azo group (−N N−) as
a chromophore, represent 70% of all dyes used worldwide and need to
be removed from the wastewater before discharging into the aquatic
environment (Benkhaya et al., 2020a, 2020b). Tartrazine (denoted as
TTZ), which is also called E102 or FD&C Yellow 5 with a molecular for-
mula of C16H9N4Na3O9S2, is a common azo dye that has an orange color
and is well soluble in water giving a lemon yellow color. It is widely
used in the textile, cosmetics, and food industries and has many harm-
ful effects on humans and the environment (Palas et al., 2017; Ouassif

∗ Corresponding author. Faculty of Physical and Chemical Engineering, Le
Quy Don Technical University, 236 Hoang Quoc Viet St., Bac Tu Liem Dist.,
Hanoi, Viet Nam.

∗∗ Corresponding author. Faculty of Environment and Natural Resources, Ho
Chi Minh City University of Technology, 268 Ly Thuong Kiet St., Dist. 10, Ho
Chi Minh City, Viet Nam.

E-mail addresses: nguyentrungdung1980@gmail.com (N.T. Dung),
nnhuy@hcmut.edu.vn (N.N. Huy).

et al., 2020). Currently, there are many methods to remove TTZ in wa-
ter such as adsorption (Dotto et al., 2012; Ouassif et al., 2020), floccula-
tion (Liu et al., 2019), membrane (Buffa and Mandler, 2019), advanced
oxidation processes such as activation catalysis (Chen et al., 2020),
photocatalysis (Zhou et al., 2019), UV-Fenton (Palas et al., 2017) and
electrochemical Fenton (Ren et al., 2016; Zhang et al., 2019a). Among
them, the electrochemical Fenton (EF) has attracted considerable atten-
tion due to its effectiveness for persistent and toxic organic pollutants,
flexibility, and scalability (Nidheesh et al., 2018). In the EF process,
H2O2 is generated by reducing the dissolved oxygen on the cathode (Re-
action 1). The Fenton reaction between Fe2+ and H2O2 forms OH (Re-
action 2) with high oxidation ability (Eo = 2.8 V) and non-selectivity
for organic pollutant decomposition (Reaction 3). On the other hand,
Fe2+ is continuously regenerated via the reduction of Fe3+ at the cath-
ode (Reaction 4). This enhances the efficiency of the EF process
(Fajardo et al., 2019) and reduces chemical use as well as sludge pro-
duction (Sopaj et al., 2016; dos Santos et al., 2019).

O2 + 2H+ + 2e− → H2O2 (1)

H2O2 + Fe2+ → Fe3+ + HO− + OH (2)

https://doi.org/10.1016/j.chemosphere.2021.132141
0045-6535/© 2021

https://doi.org/10.1016/j.chemosphere.2021.132141
https://doi.org/10.1016/j.chemosphere.2021.132141
https://doi.org/10.1016/j.chemosphere.2021.132141
https://doi.org/10.1016/j.chemosphere.2021.132141
https://doi.org/10.1016/j.chemosphere.2021.132141
https://doi.org/10.1016/j.chemosphere.2021.132141
https://doi.org/10.1016/j.chemosphere.2021.132141
https://doi.org/10.1016/j.chemosphere.2021.132141
https://www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
mailto:nguyentrungdung1980@gmail.com
mailto:nnhuy@hcmut.edu.vn
https://doi.org/10.1016/j.chemosphere.2021.132141
https://doi.org/10.1016/j.chemosphere.2021.132141


UN
CO

RR
EC

TE
D

PR
OO

F

2 N.T. Dung et al. / Chemosphere xxx (xxxx) 132141

OH + organic pollutants → CO2 + H2O + inorganic ions (3)
Fe3+ + e− → Fe2+ (4)

Moreover, the anodic material (M) also plays an important role in
the EF process. There are two types of the anode (i.e., active and non-
active anodes), which are classified based on the interaction of the an-
ode material and the adsorbed reactive species. For non-active anodes,
the oxidation of water forms OH that adsorbed on its surface (M( OH))
(Reaction 5) and the mineralization of organics mainly occurs by the di-
rect reaction of the physically adsorbed OH (Sopaj et al., 2016;
Nidheesh et al., 2018). Boron-doped diamond (BDD) is recognized as
the best non-active cathode for the generation of physically adsorbed
OH on the electrode surface for mineralization of organics (Reaction

6) (dos Santos et al., 2018; Fajardo et al., 2019). However, there are
some disadvantages of using BBD, such as high cost, instability, and
small production scale (Fajardo et al., 2019). The use of non-active an-
odes such as Pt, IrO2, RuO2, and their composite favors the partial con-
version of M( OH) to chemically adsorbed form (i.e., MO) with weaker
oxidation property (Reaction 7). These MO forms mainly oxidize or-
ganic pollutants into short-chain carboxylic acids (Reaction 8) but are
hard to perform the mineralization process (El-Ghenymy et al., 2015;
Garcia-Segura et al., 2018).

M + H2O → M( OH) + H+ + e− (5)

M( OH) + organic pollutants → M + CO2 + H2O + H+ + e− (6)
M( OH) → MO + H+ + e− (7)
MO + organic pollutants → M + intermediates (8)

Several factors such as pH, electrode, iron concentration, and cur-
rent density affect the performance of an EF process. Among them,
cathode materials are of importance because they affect the generation
of H2O2 and therefore HO yield. Carbon-based cathodes are usually
used, such as graphite, graphite felt, carbon foam, carbon felt (CF), and
boron-doped diamond. CF cathode is often a preferred choice due to its
low cost and high stability, conductivity, porosity, and surface area,
which can provide large amount of active sites for redox reactions
(Huong Le et al., 2017). However, using CF as a cathode in EF systems
has some disadvantages such as inadequate wetting and electrochem-
istry due to its hydrophobic surface and poor kinetics for redox reac-
tions. To overcome the limitation of CF in the EF process, recent studies
have modified the CF surface by heterogeneous catalysts based on iron
to increase its efficiency. In previous studies, some heterogeneous cata-
lysts were covered on the CF cathode surface such as CoFe-LDH (Ganiyu
et al., 2017), Fe-MFI zeolite (Huong Le et al., 2019), NiMn2O4 (Sun et
al., 2019), MnCo2O4 (Mi et al., 2019b), ZnO–CeO2 (Liu et al., 2020),
rGO-Ce/WO3 (Mi et al., 2019a), and FeVO4 (Xu et al., 2018). Cobalt fer-
rite (CoFe2O4) is a potential material that can be used in many different
fields because it has many unique properties such as very high resistiv-
ity, anisotropic constant, and unique magnetic properties. In addition,
CoFe2O4 has high catalytic activity, low solubility, and low cost. On the
CoFe2O4 surface, the CoIII/CoII and FeIII/FeII couples provide electrons
for activating H2O2, making CoFe2O4 a potential material used in het-
erogeneous catalysts for the EF process to control wastewater pollution
(Hong et al., 2020). Therefore, coating CoFe2O4 nanoparticles on the
surface of CF would be a great idea to prevent the agglomeration of the
particles, promote the charge transfer during the oxidation-reduction
reactions, and limit the dissolution of metal ions into the solution. To
our knowledge, up to now, there has not been any publication on the
use of CoFe2O4/CF cathode for the EF treatment of tartrazine in water.

In this study, CoFe2O4/CF cathode was prepared by pretreatment of
CF using a chemical method combined with a one-step solvothermal
method. The effects of synthesis temperature and various reaction para-
meters (i.e., applied current density, initial pH, TTZ concentration, and
supporting electrolyte) on the TTZ decomposition efficiency were in-

vestigated. The stability and reusability tests of the catalyst as well as
the identification of ROS were also conducted. The TTZ degradation
pathway and the bio-compatibility of the degraded products were also
determined.

2. Materials and methods

2.1. Chemicals

Chemicals are analytical grade bought from China and used as re-
ceived without further treatment. CoCl2⋅6H2O and FeCl3⋅6H2O (purity
>99%); ethylene glycol (EG), polyethylene glycol (PEG), and tar-
trazine (TTZ, Figure S1 of Supplementary Data) (purity = 99%); p-
benzoquinone (p-BQ), tert-butyl alcohol (TBA), and furfuryl alcohol
(FFA) (purity >99%) were purchased from Shanghai Aladdin Bio-
Chem Technology Co, Ltd. Other chemicals such as FeSO4⋅7H2O (purity
>99%) and Na2SO4, NaCl, NaNO3, NaHCO3, Na2HPO4, CH3COONa,
H2SO4, and NaOH (purity = 99%) were obtained from Shanghai Mack-
lin Co, Ltd. Carbon felt was supplied by Hebei Xingshi Carbon Import
and Export Co, Ltd.

2.2. Preparation of CoFe2O4/CF electrodes

Carbon felt (CF) was cut into small pieces with an electrode size of
6 × 1 × 1.2 cm and its surface was treated by chemical method
(Ganiyu et al., 2017). Typically, the CF electrode was first treated with
concentrated nitric acid for 6 h, then washed with double distilled wa-
ter, and subsequently ultrasonicated with double distilled water,
ethanol, acetone, and double-distilled water for 15 min each step. The
CF electrode was finally dried at 70 °C for 12 h.

The synthesis of mesoporous CoFe2O4 nanospheres on the CF sur-
face was carried out by a solvothermal method according to Reddy et
al. (2015) with some modifications. Typically, 100 mL of ethylene gly-
col was mixed with 4.0 mmol of FeCl3⋅6H2O and 2.0 mmol of
CoCl2⋅6H2O. After that, the solution was slowly added with 6.8 g of
CH3COONa and 2.0 g of polyethylene glycol (PEG-4000), then stirred
for 1 h to form a homogeneous mixture, and subsequently sent into a
150-mL Teflon autoclave. The pretreated CF was added into the mix-
ture and maintained at 180, 200, 220, and 240 °C for 12 h in an oven.
After cooling down to room temperature, the CoFe2O4/CF electrode
was rinsed with double distilled water and ethanol several times and
then dried at 70 °C for 12 h to obtain CoFe2O4/CF-tt, where tt is the
solvothermal temperature (i.e., tt = 180, 200, 220, and 240).
CoFe2O4/CF electrodes with high Co2+ and Fe3+ concentrations of
10–20 mM and 20–40 mM, respectively, at 220 °C were also synthe-
sized using the same procedure. The materials were denoted as
CoFe2O4/CF-x-y, where x is the concentration of Co2+ and y is the con-
centration of Fe3+ precursors. Unless noticed, the CoFe2O4/CF material
means CoFe2O4/CF synthesized at 220 °C using 2 mM of Co2+ and
4 mM of Fe3+ precursors (e.g., CoFe2O4/CF-220 or CoFe2O4/CF-2-4).

2.3. Electro-fenton system

The degradation of TTZ by the EF process was conducted at room
temperature (i.e., around 25 °C in an air-conditioned room) using
250 mL of 50 mgTTZ/L in 50 mM of Na2SO4 solution in a 500-mL
beaker at pH 3.0 (controlled by adding 2 M H2SO4 solution). The anode
and cathode are Pt/Ti plate (10 cm × 5 cm) and CoFe2O4/CF
(6 cm × 1 cm), respectively, with a distance of 1.0 cm between them.
The EF system was aerated with an air flow rate of 50 mL min−1 for
30 min before the EF tests. Electricity was supplied at a current of
50 mA using a DC power supply (BC, 1830; LioA, Vietnam). In the case
of using raw CF cathode, the solution was added with 0.1 mM Fe(II) so-
lution. The influence of environmental factors were investigated, in-
cluding the applied current density of 4.17–25.0 mA cm−2, pH 2–9, TTZ
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concentration of 10–100 mg L−1, 50 mM of Cl−, NO3−, SO42−, HCO3−,
and HPO42− anions. The quenching test of ROS was performed by
adding TBA, FFA, and p-BQ to the TTZ solution before applying the cur-
rent. All the EF experiments were repeated three times and the average
results are reported.

During the experiment, 4 mL of solution was taken and centrifuged
for solid removal and the supernatant was taken for measurement of
TTZ absorbance at 428 nm. The decolorization efficiency (H, %) and re-
action rate constant (kapp, min−1) from the pseudo-first-order kinetic
model were obtained by the following formula (Garcia-Segura et al.,
2011; dos Santos et al., 2018).

(1b)
(2b)

Where Co, and Ct, are the concentration at the initial and determined
time (mg L−1). Ao and A are the absorbances at the initial time and time
t measured at 428 nm.

2.4. Analysis methods

Scanning electron microscopy (SEM, Hitachi S-4800, Japan) and X-
ray diffraction (XRD, D8 Advance, Bruker, Germany) were used for
studying the morphology and crystalline structure of the materials, re-
spectively, of the synthesized materials. Fourier transform infrared
spectroscopy (FTIR, PerkinElmer, USA) was applied to study the surface
chemistry and functional groups of the materials. Electrochemical prop-
erties of the samples were measured using Autolab PGSTAT 302
(Metrohm, Netherland) by cyclic voltammetry (CV) with a scanning
rate of 0.1 V s−1 and electrochemical impedance spectroscopy (EIS) at a
scan rate of 5 mV s−1 in 10 mM of K3 [Fe(CN)6] solution.

The TTZ concentration was measured at wavelength of 428 nm us-
ing a UV–Vis spectrophotometer (Model SP-60, Biochrom, UK) with
1.0 cm matched quartz cells. The degradation of TTZ was also charac-
terized by high-performance liquid chromatography (Thermo Fisher
Scientific Vanquish™ Flex UHPLC Systems, Thermo, USA) with photo-
diode array detection. The A solvent was phosphate buffer (pH = 7)
and the B solvent was methanol with an A/B ratio of 85/15. The HPLC
column was C18 - Waters (250 × 4.6 mm, 5 μm) coupled with a suit-
able pre-column, working at a flow rate of 1 mL min−1. The sample vol-
ume of 20 μL was analyzed by the PDA detector at a wavelength of
427 nm. The intermediates of the reaction were detected by MS (Xevo
TQD) (Waters, USA) with electrospray negative ion (ESI−) mode. In this
mode, the MS conditions were as follows: capillary voltage of 3.47 kV,
cone voltage of 115 V, source temperature of 150 °C, and desolvation
temperature of 200 °C. The scanning range was m/z 0 to 600 with a
flow rate of 20 μL min−1.

For other tests, the leaching of metals in the solution was tested by
using inductively coupled plasma mass spectrometry (ICP-MS,
PerkinElmer NexION® 2000, USA). The concentration of H2O2 was
measured at 353 nm using the iodide method (detection limit of
∼10−6 M) with molar absorption coefficient (εI3-) of
2.64 × 104 L mol−1 cm−1 (Klassen et al., 1994). For H2O2 measurement
using raw CF test, iron salt was not added to prevent the consumption
of H2O2 by the Fenton process.

The chemical oxygen demand (COD) of the sample was measured by
the method of SMEWW 5220 B:2017. At a certain period, 2.50 mL of
sample was taken and mixed with 0.1 g of manganese oxide in 20 min
for removing the residual H2O2, followed by centrifugation for solid re-
moval before COD analysis (Lin et al., 2014). The biochemical oxygen
demand (BOD5) of the water was determined by the method of SMEWW
5120 B:2017 and color (Pt–Co) was measured by the method of
SMEWW 2120C:2012.

The total organic carbon (TOC) of the sample was determined using
Multi N/C 2100 S analyzer (Analytik Jena, Germany) a non-dispersive
infrared absorption detector (NDIR) for measurement. Oxygen at a flow

rate of 160 mL min−1 was used as carrier gas and also combustion gas in
platinum catalyst chamber. Calibration of the analyzer was obtained by
potassium hydrogen phthalate, sodium carbonate, sodium hydrogen
carbonate, and sodium hydrogen carbonate standards for total carbon
(TC) and inorganic carbon (IC), respectively. The TOC values were cal-
culated by subtracting inorganic carbon (IC) from total carbon (TC).

3. Results and discussion

3.1. Electrode synthesis and characterizations

Fig. 1 shows the SEM images of the raw CF, CF pretreated by con-
centrated HNO3, and CoFe2O4/CF synthesized at the different
solvothermal temperatures from 180 to 240 °C. As seen in Fig. 1(a),
commercial CFs are long and fine fibers with clean, smooth, free of
organic and inorganic impurities adhering to the surface. The fibers
with a diameter of about 20 μm are randomly dispersed with a ho-
mogeneous space between them. Meanwhile, CF pretreated with con-
centrated HNO3 has a rough and deep surface with ridges and
grooves running parallel to the fiber length (Fig. 1(b)). These are
beneficial for increasing the surface area of the electrode, promoting
the redox reaction on the electrode surface, thus improving the con-
ductivity and the EF process efficiency.

As proven in Figs. 1(c), 180 °C is not a sufficient temperature for the
formation of CoFe2O4 on the surface of the CF. At a higher temperature
of 200 °C (Fig. 1(d)), CoFe2O4 starts to grow a thin and uneven film on
the surface of CF. SEM images of CoFe2O4/CF synthesized at 220 and
240 °C (Fig. 1(e) and (f)) show that CoFe2O4 particles are evenly
coated on the CF surface. On the other hand, Fig. 1(g) and its particle
size distribution histogram in Figure S2 show that CoFe2O4-220 has a
relatively uniform spherical shape with an average particle size of
140 nm, which are coated evenly on the surface of CF (Reddy et al.,
2015; Zhou et al., 2015; Yu et al., 2017). However, when the tempera-
ture increased to 240 °C (Fig. 1(h)), CoFe2O4 particles tend to agglom-
erate on the surface of the CF, which can decrease the electrochemical
efficiency in the EF process. The high solvothermal temperature could
increase the rate of nucleation and crystalline seed formation and in-
crease the van der Waals force between the particles, leading to the ag-
glomeration of CoFe2O4 particles on the CF surface (Reddy and
Mohamed, 2015). Hence, it can be concluded that 220 °C is the suitable
temperature for the solvothermal synthesis of small and evenly distrib-
uted CoFe2O4 particles on the CF surface. Moreover, as observed in
Figure S3, CoFe2O4 particles with a high content of Co and Fe (i.e.,
10–20 mM of Co2+ and 20–40 mM of Fe3+) tend to agglomerate to
form large and uneven clusters with different sizes of 200–500 nm
(CoFe2O4/CF-10-20) or around 500 nm (CoFe2O4/CF-20-40).

The mechanism for the formation of spherical CoFe2O4 nanoparti-
cles is explained as follows. When the temperature increases, the pres-
ence of the acetate precursor helps to form an intermediate complex of
iron acetate and cobalt acetate. The hydrolysis in the alkaline medium
will then form a precipitate of Fe(OH)3. With the presence of the ethyl-
ene glycol, Fe3+ is partially reduced to Fe2+, and Fe(OH)3 is con-
verted to Fe3O4. Finally, Co2+ partially replaced Fe2+ to form
CoFe2O4 nanocrystals (Reddy et al., 2015; Zhou et al., 2015). PEG, a
popular structure-directing agent for ferrite material synthesis due to its
hydrophilic, non-toxic, environmental-friendly, bio-compatible, and
uniform structure (Aisida et al., 2019), could be easily adsorbed on the
surface of ferrite material structure via hydrogen bonds and electrosta-
tic interaction (Covaliu et al., 2013). PEG coats the surface of CoFe2O4
particles to form a protective layer, thus reduces the surface activity of
the material, controls the crystal growth rate, and prevents particle ag-
glomeration (Briceño et al., 2012; Reddy and Mohamed, 2015; Wu et
al., 2016b). Besides, PEG acts as micro-reactors for nucleation and
CoFe2O4 particle growth (Chen and Gao, 2007; Wu et al., 2016b).
Therefore, the reaction temperature is very important since it does not
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Fig. 1. SEM images of (a) commercial CF, (b) CF activated by HNO3, (c) CoFe2O4/CF-180, (d) CoFe2O4/CF-200, (e) and (g) CoFe2O4/CF-220, and (f) and (h)
CoFe2O4/CF-240.

only affect the nucleation and particle growth but also the diffusion of
the reactants. At low temperatures in the range of 180–200 °C, the pres-
ence of PEG and CF in the solution could decrease the nucleation, re-
sulting in a low yield and uneven distribution of CoFe2O4 spherical par-
ticles on the CF surface (Thu et al., 2019). Moderate temperature of
220 °C is the best temperature for the formation of homogenously
CoFe2O4 spherical particles on the surface of the CF, possibly because of
the good interaction between CoFe2O4 small particles and PEG coating
layer, thus allowing the slow particle growth and preventing the ag-
glomeration of the particles (Reddy et al., 2015). The high temperature

of 240 °C facilitates the nucleation but may break the PEG coating
layer, resulting in a fast growth to form large particle aggregates (Wu et
al., 2016b).

As plotted in Fig. 2, the XRD spectrum of the raw CF shows two
broad and weak diffraction peaks at 2θ of 25.25° and 43.22°, which can
be indexed to the planes (002) and (100), respectively, of the amor-
phous structure of CF (Ganiyu et al., 2017; Huong Le et al., 2019). The
diffraction peaks of CoFe2O4 powder were observed at 2θ of 30.24°
(220), 35.66° (311), 37.51° (222), 43.23° (400), 53.64° (422), 57.19°
(511), and 62.72° (440), confirming the spinel structure of CoFe2O4
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Fig. 2. XRD patterns of the CF, CoFe2O4 powder, and CoFe2O4/CF electrode.

(JCPDS Card No. 79–1744) (Reddy et al., 2015; Zeng et al., 2018) with
high purity. The crystal size of CoFe2O4 determined by Debye Scherrer's
equation was about 42 nm. The XRD pattern of CoFe2O4/CF shows dif-
fraction peaks at 2θ of 25.28° (002) from CF and 35.12° (311) from
CoFe2O4. Since CoFe2O4 grows on the surface of CF, the weak character-
istic peak of CoFe2O4 on CF is due to the porous structure of CF. As
there are no other peaks observed, it can be concluded that the high pu-
rity of CoFe2O4 was successfully grown on the surface of CF (Ganiyu et
al., 2017; Sun et al., 2019).

The surface chemical properties of the CF, CoFe2O4 powder, and
CoFe2O4/CF electrode were studied using their FTIR spectra (Figure
S4). As compared to the inert CF without any obvious peak,
CoFe2O4/CF shows some notable peaks at wavenumbers of 3348, 1641,
1547, 1408, 1070, and 450 cm−1. Regarding CoFe2O4 powder, the ab-
sorption bands around 547 and 460 cm−1 are assigned to the stretching
vibrations of tetrahedral and octahedral complexes, respectively. The
broad peak at 3348 cm−1 is attributed to the stretching vibration of sur-
face O–H groups on the ferrite nanoparticles. The 1641 cm−1 peak is
contributed by the H–O–H bending vibrations of water molecules. The
band at about 1547 cm−1 shows C = O elongated vibrations of oxidized
carbon groups. The peak at 1408 cm−1 showed elongated C–OH vibra-
tions (Reddy et al., 2015; Chen et al., 2019).

The electrochemical properties of CF and CoFe2O4/CF electrodes
were studied by cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) tests (Figure S5). Unlike electrodes of CF and
CoFe2O4/CF-180 without any redox pair peak, all other CoFe2O4/CF
electrodes show clear oxidation-reduction pairs (Figure S5(a)). More-
over, the redox current intensities of CoFe2O4 coated electrodes were

significantly higher than that of the raw CF electrode, implying a better
electrochemical efficiency for CF coated with CoFe2O4. Two pairs of re-
dox peaks observed at −0.25 V and −0.6 V for CoFe2O4/CF-220 can be
attributed to the activity of Feoct./Fetet. and Cooct./Cotet. pairs, respec-
tively, where oct. (octahedral) and tet. (tetrahedral) denote the octahe-
dral and tetrahedral coordination states of the Fe and Co elements in
the crystal lattice of CoFe2O4. Thus, using CoFe2O4/CF-220 as a cathode
electrode for the EF process could give a higher electrochemical effi-
ciency because this electrode would have better electron transfer effi-
ciency and therefore higher electrochemical efficiency than the others.
As demonstrated by the Nyquist plots in Figure S5(b), the smaller radius
of the semicircle in CoFe2O4/CF-220 proved that it could provide better
electrode activity and faster electron transfer rate than the others,
which is consistent with the CV results.

3.2. Electro-fenton degradation of TTZ using CoFe2O4/CF electrodes

The effect of synthesis temperature on the EF performance of
CoFe2O4/CF for tartrazine decolorization after 40 min of reaction is
demonstrated in Fig. 3. Original CF electrode gave a decolorization effi-
ciency of 64.36% (Fig. 3(a)), which was increased to 70.94% (for
CoFe2O4/CF-180), 85.09% (for CoFe2O4/CF-200), and reached the
highest efficiency (97.05%) for CoFe2O4/CF-220. The efficiency was
then decreased with the further increase of solvothermal temperature
to 240 °C (i.e., 90.95% for CoFe2O4/CF-240). As presented in Fig. 3(b),
the decomposition kinetics of TTZ follows the pseudo-first-order kinet-
ics model with R2 ≥ 0.991. The TTZ decolorization rate constant using
CoFe2O4/CF-220 (0.0919 min−1) was 3.5, 3, 2, and 1.6 times higher
than those using CF, CoFe2O4/CF-180, CoFe2O4/CF-200, and
CoFe2O4/CF-240, respectively. This can be explained by the results dis-
cussed for SEM, CV, and EIS, which showed that CoFe2O4-220 particles
are effectively and evenly coated on the CF surface. The good disper-
sion of small CoFe2O4 nanoparticles on the CF surface would be the key
factor for the activation of the in-situ H2O2 produced at the cathode for
ROS formation in the solution, which enhances the decomposition effi-
ciency of TTZ. As presented in Figure S6, the H2O2 concentration in-
creased rapidly during the first 35 min of electrodialysis and was then
stable at around 4.915 mg L−1. However, H2O2 was not detected when
using CoFe2O4/CF cathode, proving the effective consumption of H2O2
(e.g. without accumulation in the solution) by CoFe2O4 nanoparticles
on the cathode and partially by soluble Co2+ and Fe2+ in the solution
for the formation of ROS (Lu et al., 2020; Sopaj et al., 2020; Yang et al.,
2020).

(Experimental conditions: 50 mgTTZ L−1, pH = 3.0, 8.33 mA cm−2,
50 mM of Na2SO4).

The effect of Co and Fe contents in the CoFe2O4/CF on its EF perfor-
mance was also investigated. As observed in Figure S7, CoFe2O4/CF-2-4

Fig. 3. Effect of CoFe2O4/CF synthesis temperature on tartrazine decolorization: (a) decolorization efficiency and (b) pseudo-first-order decolorization kinetic model.
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electrodes has higher decolorization efficiency (97.05%) than
CoFe2O4/CF-10-20 (88.56%) and CoFe2O4/CF-20-40 (82.65%). The re-
action rate constant by CoFe2O4/CF-2-4 was also 1.7 and 2.2 times
higher than those of CoFe2O4/CF-10-20 and CoFe2O4/CF-20-40, respec-
tively. Therefore, CoFe2O4/CF synthesized at 220 °C using 2 mM of
Co2+ and 4 mM of Fe3+ precursors was the best cathode material and
used for further investigation.

The effects of environmental factors (i.e., current density, pH, TTZ
concentration, and electrolyte) on the decolorization of TTZ are pre-
sented in Fig. 4 (pseudo-first-order rate constant) and Figure S8 (decol-
orization efficiency). As one of the important parameters related to the
generation of ROS, the effect of applied current density on the TTZ de-
colorization was investigated in the range of 4.17–25.00 mA cm−2 (Fig.
4(a) and Figure S8(a)). One can see that the TTZ decolorization rate
constant increased slightly 1.2 times when the current density in-
creased from 4.167 to 8.333 mA cm−2, where it reached the highest
value of 0.0919 min−1. At low current densities, the produced H2O2 re-
acts efficiently with FeII surface or Fe2+ ions to form ROS, thus prevent-
ing the accumulation of H2O2 in the solution and its thermal decompo-
sition or electrochemical reactions (Reactions 13–15). Moreover, the
formation of Pt (HO ) on the anode by oxidation of water (Reaction 5),
which could also effectively adsorb and oxidize the TTZ pollutant
(Diaw et al., 2020; Sopaj et al., 2020). However, it then continuously
decreased with the further increase of current density up to
25.00 mA cm−2 (e.g., decreased 3 times). Under higher applied current
densities, more H2O2 and HO are produced (Reactions 1 and 2), result-

ing in the parasitic reactions of hydroxyl radicals (Reaction 9) to form
hydroperoxyl radicals ( ), which is a weakly oxidizing agent (Cai
et al., 2020; Midassi et al., 2020). On the other hand, a high concentra-
tion of Pt (HO ) leads to their wasting use through Reactions 10 and 11.
Moreover, at high current values, more side reactions start to occur (Re-
actions 12–15), competing with the main reaction that produces H2O2
(Reaction 1) (Zhang et al., 2021), which could reduce the in-situ H2O2
production and thus the ROS formation for TTZ degradation. Therefore,
8.333 mA cm−2 was chosen as the suitable current density for further
experiments.

(9)
2 Pt(HO ) → 2 Pt + H2O2 (10)

2 Pt(HO ) → 2 Pt + O2 + 2H+ + 2e− (11)

O2 + 2H+ + 4e− → H2O (12)

H2O2 + 2H+ + 2e− → 2H2O (13)

H2O2 → O2 + 2H+ + 2e− (14)
(15)

pH has a strong effect on the performance of an EF process via the
solubility of iron and the activity of radicals. Fig. 4(b) and Figure S8(b)
illustrated the influence of initial pH (in the range of 2–9) on the TTZ
decolorization in the EF system using CoFe2O4/CF cathode. It is obvious
that strongly acid conditions are required for an effective EF process

Fig. 4. Effects of (a) current density, (b) pH, (c) TTZ concentration, and (d) type of electrolyte on the EF decolorization rate constant of TTZ from the pseudo-first-
order kinetic model using CoFe2O4/CF cathode.
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(Zhang et al., 2019b). The rate constant increased from 0.0884 min−1 at
pH 2 to the highest value of 0.0919 min−1 at pH 3, but then drastically
declined to 0.0069 min−1 with a further increase of pH up to 9. The bet-
ter EF performance at pH 3 than at pH 2 can be explained by (i) the ten-
dency of H2O2 to form peroxonium cations (H3O2+) at pH 2 that re-
duces the reaction of H2O2 with Fe2+/≡FeII–OH/CoII–OH (Ganiyu et al.,
2017) and (ii) the conversion of HO to (Reaction 6), which de-
creases the EF performance.

The rate constant at pH 3 was 2.2, 5.8, and 13.2 times higher than
those at pH 5.5, 7, and 9, respectively. This could be explained via the
redox potential of the OH/H2O pair, which decreases from 2.8 to
1.65 V as compared to the standard hydrogen electrode when pH in-
creases from 0 to 14 (He and Zhou, 2017). Under acidic conditions,
OH exhibits stronger oxidizing properties than under neutral and basic

environments. In addition, some previous publications reported that
the pHpzc of CoFe2O4 was 7.3 (Reddy et al., 2015; Nassar and Khatab,
2016), thus the surface of CoFe2O4/CF is positively charged in the
acidic environments. On the other hand, TTZ exists in many different
forms depending on its solution pH. At pH 3, tartrazine molecules exist
in H2L2− form (Sahnoun et al., 2018), which promotes the adsorption of
TTZ on the surface CoFe2O4/CF and leads to an increase in TTZ decol-
orization. When pH > 4, the decrease in TTZ decolorization could be
explained by (i) the decrease in the production of H2O2 from Reaction
3, (ii) the decrease in the redox potential of OH/H2O couple, and (iii)
the precipitation of soluble Fe3+ ions in the solution (Dung et al.,
2020b; Lu et al., 2020).

The changes in pH during TTZ degradation at different times were
also recorded and displayed in Figure S9. Under strongly acidic condi-
tions, there was a slight increase in pH from 2.0 to 2.1 and 3.0 to 3.3 af-
ter 40 min of reaction. This can be explained by the degradation of TTZ
into intermediate products of short-chain carboxylic acids such as ox-
alic, maleic, acetic, and formic acids (Le et al., 2016). In the neutral pH
range of 5–7, the pH values dropped rapidly in the first 5 min of the re-
action and then remained stable in an acidic environment with a pH of
4.3–4.5. At pH 9, only a slight decrease in the final pH of 8.8 was ob-
served. Some studies have shown that at strong acidic conditions (e.g.
pH 2), Co and Fe leaching process will occur on the surface of CoFe2O4
heterogeneous catalyst, causing secondary pollution of metal ions (Wu
et al., 2016a; Ganiyu et al., 2018; Hong et al., 2020). Furthermore, the
solution pH was virtually unchanged during the EF process with initial
pH 2 (Figure S9), as also reported by Zhang et al. (2015a). Therefore, it
needs to spend a lot of chemicals to adjust the pH to neutral after the EF
process, which increases the treatment cost. Consequently, pH 3 is con-
sidered as the optimal acidic condition for subsequent EF processes,
which is also consistent with previous publications (Ganiyu et al., 2017;
Mi et al., 2019b).

The influence of initial TTZ concentration on its decolorization is
demonstrated in Fig. 4(c) and Figure S8(c). When the initial TTZ con-
centration increased from 10 to 100 mg L−1, the rate constants of TTZ
decolorization decreased from 0.1867 to 0.0456 min−1. At low concen-
trations of 10 and 25 mg L−1, TTZ was degraded almost completely af-
ter 15 and 25 min, respectively. The decolorization efficiencies for
higher concentrations of 50, 75, and 100 mg L−1 were 97.05, 88.78,
and 84.34%, respectively, after 40 min of reaction. The insufficient sup-
ply of ROS would be the reason for the low decolorization efficiency of
high-concentration TTZ, which needs a longer reaction time (Wang et
al., 2020; Huang et al., 2021). Moreover, the TTZ concentration of
50 mg L−1 results in a color of 6577 Pt–Co for the prepared synthetic
water sample, which is similar to the color in real textile wastewaters.
Therefore, the initial concentration of TTZ of 50 mg L−1 was chosen for
the next study.

In the textile industry, a large amount of salts is often used in the
dyeing processes (Dung et al., 2020a; Khajeh et al., 2020), which can
influence the radical formation and the degradation of the dyes in the
EF process since anions also act as electrolytes. The effects of different

anions (i.e., SO42−, Cl−, NO3−, HCO3−, and HPO42− with a concentration
of 50 mM) on the decolorization efficiency of TTZ were investigated
and the results are presented in Fig. 4(d) and Figure S8(d). It was found
that some anions inhibited the EF process and reduced the decoloriza-
tion rate of TTZ. In particular, the decolorization efficiency of TTZ was
97.1, 83.2, 76.9, 25.5, and 13.7% when using Na2SO4, NaCl, NaNO3,
NaHCO3, and Na2HPO4, respectively, as electrolytes (Figure S8(d)). The
decolorization rate constant of TTZ in the presence of Na2SO4 (0.0919
min−1) was 2.2, 2.5, 13.2, and 28.2 times higher than those of NaCl,
NaNO3, NaHCO3, and Na2HPO4, respectively, which can be explained
as follows. The anions, acting as free radical scavenging agents, react
with the radicals to form new radicals such as Cl , , , and

(Reactions 16–20) (Govindan et al., 2020; Xi et al., 2020). These
newly formed radicals have lower oxidizing abilities than the OH
group (2.8 V), thus the decomposition efficiency of TTZ is reduced.

Cl− + HO → ClOH− (16)

OHCl− + H+ → Cl + H2O (17)
(18)

(19)
(20)

Although the use of NaCl provided a relatively high decolorization
efficiency thanks to the formation of reactive chlorine species such as
Cl2 (E° = 1.358 V), HOCl (E° = 1.63 V), and OCl− (E° = 0.90 V) (Re-
actions 21–23). However, their oxidation abilities are lower than those
of ROS such as hydroxyl or sulfate radicals, resulting in a lower TTZ de-
colorization (Yang, 2020). Besides, the produced HClO can react with
H2O2, reducing the hydroxyl radical formation (Özcan et al., 2016).
Moreover, there is the formation of chlorooxyanions such as chlorate
and perchlorate (Reactions 24–25) and other chlorinated organic com-
pounds, which are toxic for humans and the environment. Therefore,
the use of NaCl as an electrolyte needs to be strictly controlled with spe-
cial care (Cruz-Rizo et al., 2017; Yang, 2020).

2Cl- → Cl2(aq) + 2e− (21)

Cl2(aq) + H2O → HOCl + Cl− + H+ (22)

HOCl → H+ + OCl− (23)
(24)
(25)

When Na2SO4 is used as a supporting electrolyte, sulfate radicals
( ) (Eo = 2.6–3.2 V) are formed at the anode surface from the Re-
actions 26–28 and contribute to the decolorization of TTZ. Sulfate radi-
cal has a long existence time in the solution with strong redox ability,
which contributes to the selective oxidation of organic pollutants in wa-
ter (Hai et al., 2020).

(26)
(27)

(28)

3.3. Degradation pathway

Figure S10 shows the change in the UV–Vis spectrum of TTZ over
time. The UV–Vis molecular absorption spectrum of TTZ is character-
ized by a band in the ultraviolet region at 260 nm (characteristic for
aromatic rings) and the visible region with a maximum absorbance at
428 nm characterizing the level the n-π* energy transfer of the azo
bond (-N = N-). The maximum absorption reduction at a wavelength
of 428 nm with time indicates that TTZ degradation is due to azo bond
cleavage by ROS. On the other hand, a reduced absorbance at 260 nm
was seen as evidence of the aromatic ring degradation of TTZ and its
intermediate products (dos Santos et al., 2014; Vu et al., 2019). Fur-
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thermore, the decomposition of TTZ took place rapidly in the first
15 min (76%) and almost completely after 40 min (97%), showing the
effective oxidation of TTZ by EF process using CoFe2O4/CF cathode.

The HPLC-PDA spectral profile of TTZ during the reaction time is
plotted in Figure S11, where the characteristic peak of TTZ is identified
at a retention time of 6.367–6.523 min. Meanwhile, there were new
peaks appeared at retention times of 2–4 min, indicating the formation
of intermediates from the degradation of TTZ. After 40 min of reaction,
the characteristic peak of TTZ was almost disappeared and the TTZ
degradation efficiency was calculated to be 96%, which is consistent
with the results from UV–Vis measurement.

Moreover, the MS was employed to determine the intermediates and
clarify the reaction pathways. The TTZ molecule contains three groups
of carboxylic, thus the electrospray ionization with negative ion mode
(ESI−) was used with high accuracy and stability (Ràfols and Barceló,
1997; dos Santos et al., 2014). Different intermediates with different
m/z values were detected by MS (Figure S12) and their probable struc-
tures are summarized in Table S1. Based on the detected intermediates,
a possible mechanism of TTZ degradation by the EF process is proposed
in Fig. 5. Accordingly, the ROS participate in the cleavage (at C–N and
azo bonds) and desulfonation reactions for TTZ degradation (Bansal
and Sud, 2013; Srinivasan and Sadasivam, 2021). The cleavage reac-
tions of C–N and azo bond and desulfonation reaction produce interme-
diates with m/z values at 193.94, 342.79, and 232.90 (A1 – A3), which
are then further oxidized to become simpler intermediates with m/z
values at 98.83, 199.86, and 149.88 (A4 – A6) (Stylidi et al., 2003;
Zhang et al., 2015b).

3.4. Applicability of the CoFe2O4/CF cathode and its EF mechanism
explanation

Stability or durability is one of the key factors that affect the applic-
ability of an electrode in practical applications. In this study, the
reusability of the CoFe2O4/CF electrode was evaluated via its decol-
orization of TTZ after five consecutive experiments at the same condi-
tion. After each cycle, the CoFe2O4/CF electrode was washed 3 times
with ethanol, dried at 70 °C for 12 h, and then applied for the next cy-
cle. As shown in Figure S13, the decolorization of TTZ was almost sta-
ble after 5 times of recycling test with an efficiency of around 95%.
Moreover, the concentration of Co and Fe leached in the solution was

analyzed by the ICP-MS method. The leaching of metal usually reaches
the highest value in the first run, which was 0.73 mgCo L−1 and
2.4 mgFe L−1. This result meets the effluent standards of wastewater ac-
cording to QCVN40:2011/BTNMT (Column B). These results indicate
that CoFe2O4/CF cathode material has a stable structure and good
reusability, which is potential for industrial wastewater treatment, es-
pecially textile wastewater.

The decolorization of TTZ by homogeneous EF was also conducted
using raw CF as cathode under the presence of 0.73 mgCo2+ L−1 and 2.4
mgFe3+ L−1, which was measured in the solution when using
CoFe2O4/CF as the cathode. After 40 min of reaction (Figure S14), the
TTZ decolorization efficiencies were 32.94% for homogeneous EF (us-
ing raw CF cathode, added with soluble Co2+ and Fe3+ ions) and 97%
for heterogeneous EF (using CoFe2O4/CF cathode). Therefore, the de-
colorization of TTZ is the combination of heterogeneous EF on the sur-
face of the cathode and homogeneous EF by a small amount of Fe3+ and
Co2+ released from CoFe2O4 into the solution (Yao et al., 2021; Yu et
al., 2021). However, the decolorization of TTZ is mainly contributed by
the heterogeneous catalysis on the surface of the CoFe2O4 cathode (Gao
et al., 2020).

To determine the key reactive species in the EF process using
CoFe2O4/CF cathode, radical quenching tests were conducted using
TBA, p-BQ, and FFA. Literature has reported that pBQ can selectively
react with (kpBQ-O2 - = 9.8 × 108 M−1 s−1), TBA with HO
(kTBA-HO = 3.8–7.6 × 108 M−1 s−1), and FFA with HO
(kFFA- HO = 1.5 × 1010 M−1 s−1) and 1O2
(kFFA-1O2 = 1.2 × 108 M−1 s−1) (Li et al., 2019). As seen in Fig. 6(a), the
decolorization efficiency of TTZ was 97.6% in the absence of radical
scavenger after 40 min, which decreased to 67.50, 47.40, and 6.12% in
the presence of 100 mM of TBA, 100 mM of FFA, and 10 mM of p-BQ,
respectively. Accordingly, the decolorization rate constant of TTZ also
decreased by 3.44, 5.89, and 82.5 times, respectively (Fig. 6(b)), so the
role of radicals in the decolorization of TTZ is the order of

> 1O2 > HO . In addition, nitrogen gas was used for aeration in-
stead of air to evaluate the role of air oxygen in the EF process. Results
in Fig. 6(a) shows that nitrogen supply reduced the decolorization effi-
ciency of TTZ from 97.05% to 76.00% while the decolorization rate
constant decreased 2.61 times. Thus, oxygen gas (e.g., by air aeration)
is an important factor for the formation of radicals, affecting the TTZ
decolorization.

Fig. 5. Proposed pathway for the degradation of TTZ using EF.
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Fig. 6. (a) Influence of different quenching agents on the decolorization of TTZ and (b) The decolorization kinetics of TTZ with different quenching agents.

(Experimental conditions: 50 mgTTZ L−1, 50 mM of Na2SO4, pH 3,
8.33 mA cm−2, 100 mM of TBA or FFA, 10 mM of p-BQ).

The performance of the prepared CoFe2O4/CF cathode in this study
was compared with those reported in the literature using other CF-
supported EF catalysts (Ganiyu et al., 2017; Li et al., 2017; Huong Le et
al., 2019; Mi et al., 2019b; Sun et al., 2019; Fdez-Sanromán et al., 2020;
Yang et al., 2020). As summarized in Table S2, the CoFe2O4/CF elec-
trode has a very high TTZ decolorization efficiency (i.e., 97%) within a
short reaction time (i.e., after 40 min) while the electrode area and ap-
plied current density used are smaller than those of other electrodes.
Besides proving the high stability of the heterogeneous catalyst, this
study also reveals that superoxide radicals play a major role in the TTZ
decolorization as well as the contribution of 1O2.

The mechanism of TTZ degradation in the heterogeneous EF process
using CoFe2O4/CF cathode is proposed in Fig. 7, which is mainly due to
the surface catalysis occurring at the solid-liquid surface. At the cath-
ode, the adsorbed oxygen is reduced to form H2O2 (Reaction 3). More-
over, XPS analyses in previous studies showed that there are redox pairs
of CoIII/CoII and FeIII/FeII on the surface of CoFe2O4 (Xu et al., 2019;
Hong et al., 2020). These ≡ FeII–OH and ≡ CoII–OH can activate H2O2 to
form HO radical, ≡ FeIII–OH and ≡ CoIII–OH, (Fenton reaction 29 and
Fenton-like reaction 30). In addition, ≡ FeIII–OH, ≡ CoIII–OH are re-

Fig. 7. The degradation mechanism of TTZ by electro-Fenton using CoFe2O4/CF
cathode.

duced by H2O2 to form ≡ FeII–OH, ≡ CoII–OH, and radical (Fen-
ton-like reactions 31 and 32). Furthermore, since the redox potentials
(Eo) of CoIII/CoII and FeIII/FeII are 1.81 and 0.77 V, respectively, the re-
action between CoIII and FeII is thermodynamically favorable, promot-
ing the internal electronic transfer (Reaction 33). On the other hand,
the reaction between e− with O2 forms radical (Reaction 34) while
the reactions between and /HO or and HO produces
1O2 (Reactions 35–39). Finally, radicals of , HO , and 1O2 are re-
sponsible for the degradation of TTZ into CO2, H2O, and other by-
products (Reaction 40).

≡FeII–OH + H2O2 → ≡FeIII–OH + HO− + OH (29)

≡CoII–OH + H2O2 → ≡CoIII–OH + HO− + OH (30)
(31)
(32)

≡FeIII–OH + ≡CoII–OH → ≡FeII–OH + ≡CoIII–OH (33)
(34)

(35)
(36)
(37)
(38)

(39)
(40)

3.5. Mineralization of TTZ and biodegradability of products

In order to determine the degradation and mineralization of the TTZ
by EF process using CoFe2O4 cathode, the water samples at the begin-
ning and after being treated at 5, 10, 20, 40, and 60 min were taken for
COD measurement. As presented in Figure S16, the COD removal in-
creased from 13.1% (after 5 min of reaction) to 46.9% (after 40 min)
and 54.4% (after 60 min), proving the efficient mineralization of the
TTZ by the EF process. The power consumption after 40 min was then
calculated to be 6.88 kWh kgCOD−1 or 8.24 kWh kgTTZ−1 (Figure S15).
Besides, the TOC removal was slow in TTZ treatment with a low effi-
ciency of 4.30% after 10 min and then reached 22.51% after 40 min of
reaction. This low efficiency is due to the high initial TTZ concentration
(50 mg L−1) and its complex and persistent structure, which may need
more time for mineralization. However, this TOC removal efficiency is
similar to those reported in the literature for Acid Orange 7 at
35 mg L−1 using Fe-MFI/CF (27%) and Fe-MOFs@CF800 (46.1%) after
8 h of reaction (Huong Le et al., 2019; Le et al., 2019).

The biodegradability of the water samples was evaluated via the
BOD5 parameter, or more specifically, BOD5/COD ratio (Rahmani et al.,
2019; Samarghandi et al., 2020). As also illustrated in Figure S16, the
initial BOD5/COD of TTZ solution at the concentration of 50 mg L−1
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was determined at < 0.008, proving its non-biodegradable characteris-
tic because of its high toxicity to microorganisms. The ratio then in-
creased slightly to 0.026 (after 5 min of reaction) and remarkably to
0.560 (after 40 min) and 0.794 (after 60 min), indicating a significant
improvement in the biodegradability of the water sample by EF process
using CoFe2O4/CF. This also indirectly confirms that the toxicity of the
water sample is greatly reduced after being treated by the EF process
since it now is ready for being decomposed by the microorganisms in
natural or constructed biological systems for wastewater treatment.

4. Conclusions

CoFe2O4/CF cathode was successfully synthesized by chemical
treatment in combination with solvothermal method and applied for
highly efficient TTZ degradation by the EF process. The decolorization
efficiency of TTZ reaches 97% within 40 min, which benefits from the
redox pairs CoIII/CoII and FeIII/FeII on the CoFe2O4/CF cathode surface.
The suitable condition for the EF process was determined at TTZ con-
centration of 50 mg L−1, pH 3, applied current density of
8.33 mA cm−2, and Na2SO4 concentration of 50 mM. Among the radi-
cals, , 1O2, and HO play an important role in the degradation of
TTZ by the EF process. Finally, the relatively high stability and reusabil-
ity of CoFe2O4/CF cathode make it a promising cathode in the EF
process for the decolorization of TTZ and maybe other dyes and organ-
ics in wastewater treatment, where it could greatly improve the
biodegradability of the wastewater.
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