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anode in the electro-Fenton process

Junfeng Li, *a Dongbao Song,a Keqing Du,a Zhaoyang Wangbcd and Chun Zhaoacd

Choosing an electrode material with good performance and low cost is of great significance for the

practical application of the electro-Fenton process. In this study, graphite felt was systematically studied

to determine its application performance in an electro-Fenton system. The influence of operating

parameters, pH and voltage, on the H2O2 yield and the evolution of iron ions was investigated, which

helped to select the optimal parameter values. The removal rate of methylene blue was 97.8% after

20 min electrolysis under the conditions of 7 V voltage and pH 3. Inhibition experiments showed the

graphite felt E-Fenton system mainly relied on the indirect oxidation of $OH and the direct oxidation of

the graphite felt anode to degrade the methylene blue. The graphite felt showed good stability as

a cathode during repeated use, but the anode conductivity and catalytic performance were decreased,

and the adsorption performance was enhanced. Finally, the graphite felt electrode was characterized by

scanning electron microscopy (SEM), X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) and X-ray

photoelectron spectroscopy (XPS) to preliminarily analyze the reason for the change in anode performance.
1. Introduction

In recent years, the electrochemical advanced oxidation process
(EAOPS) has been developed for the prevention and remedia-
tion of environmental pollution, especially for water treatment.1

The core of EAOPs is a series of physical processes and chemical
reactions to generate the hydroxyl radicals ($OH). $OH has
a strong oxidation potential (2.87 V), which is second only to F
(2.87 V).2 $OH can oxidize the vast majority of organic pollutants
in wastewater to CO2, H2O and inorganic ions.3 As a kind of
environmentally friendly electrochemical advanced oxidation
process, electro-Fenton (E-Fenton) technology is highly fav-
oured to treat wastewater because of its advantages, such as
high utilization rate of H2O2 and Fe2+, process cleaning, low
sludge residue and low investment cost.4

O2 + 2H+ + 2e� / H2O2 (1)

Fe2+ + H2O2 / Fe3+ + $OH + OH� (2)

RH + $OH / H2O + $R/H2O + CO2 (3)

Fe3+ + e� / Fe2+ (4)
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In the E-Fenton system, O2 can react with H+ at the cathode
to generate H2O2 (eqn (1)), and then H2O2 reacts with Fe2+ to
produce the $OH oxidizing organic pollutants (eqn (2) and
(3)).5,6 Compared with traditional Fenton technology, one of the
advantages of E-Fenton technology is to eliminate the trouble of
adding H2O2 and avoiding the potential danger of H2O2 storage
and transportation.7,8 Another advantage of E-Fenton tech-
nology is that Fe2+ can be regenerated at the cathode, which
greatly reduces the production of iron sludge.9,10 It can be seen
that studying the evolution of iron ions and the production of
H2O2 are of great signicance for further understanding and
regulation of E-Fenton technology. pH and voltage are two
important factors affecting the evolution of iron ions and the
production of H2O2. However, people are more concerned with
the effect of iron ion dosage, pH and voltage on the removal rate
of pollutants, no further consideration is given to the effects of
iron ions evolution and H2O2 production.11,12 There are also
many scholars who regulate the production of H2O2, but their
purpose is to maximize H2O2 production through technical
regulation.13,14 Therefore, the relationship between H2O2

production, iron ion evolution, and contaminant removal rate
needs further study. In addition, choosing an electrode material
with good performance is a problem that troubles the practical
popularization of E-Fenton technology.15 Most of the anodes
choose Pt, BDD, etc; however, they are rarely used for practical
purposes because of their high cost.1,16 Since both H2O2

production and iron ion regeneration occur at the cathode,
most people choose carbon-based three-dimensional electrode
materials for the cathode, such as graphite felt,17 carbon felt,18

carbon sponges and activated carbon bres.19,20 Some
RSC Adv., 2019, 9, 38345–38354 | 38345
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researchers have modied three-dimensional electrode mate-
rials to improve the application performance. For example,
Ganiyu et al. used FeIIFeIII LDH modied carbon felt cathode to
achieve efficient metronidazole removal over a wide pH range.21

Compared with two-dimensional electrodes, three-
dimensional electrodes have the advantages of counteracting
the limitations of the low space-time yield and low normalized
space velocity from electrochemical processes.22 Some
researchers also used three-dimensional electrode materials as
anodes. For example, Yi et al. used activated carbon ber as the
anode to degrade the alizarin red S (ARS) dye, and believed that
there is synergy between adsorption and electrochemical
oxidation during electrolysis.23 Since the functions of the anode
and the cathode are different in the E-Fenton system, the three-
dimensional electrode material as the cathode and the anode to
construct the E-Fenton system to degrade the pollutants need to
be further studied. However, there are few reports using three-
dimensional electrode materials as the cathode and anode in
the E-Fenton system to degrade pollutants. Considering that the
E-Fenton process is developed for long-term and large-scale
applications, the stability of the electrode is important for
determining the performance of the EF process. Zhou et al.
evaluated the stability of anodized GF electrode for p nitro-
phenol degradation in 10-times continuous runs, and the TOC
removal efficiency decreased within 15%.24 However, the
running time of these tests are not long enough.13 How to deal
with these scrapped electrodes is another issue to consider aer
the electrodes lose their electrochemical properties, so a lot of
repeated experiments are needed to determine the changes in
their performance.

Therefore, this study selected three-dimensional electrode
material graphite felt as the cathode and anode to degrade the
methylene blue, graphite felt was systematically studied to
determine its application performance in the electro-Fenton
system. To highlight the inuence of operating parameters,
the evolution of the iron ions and the effects of voltage and pH
on H2O2 production were studied. The experimental data of
methylene blue degradation were tted, and a kinetic model
was established. The degradation mechanism for the graphite
felt E-Fenton system was studied in detail. Finally, a repeated
use experiment was carried out to determine the change of
performance of the graphite felt electrode before and aer use.

2. Materials and methods
2.1 Materials

Analytical grade methylene blue (7220-79-3, 99%), methanol
(67-56-1, 99.5%), FeSO4$7H2O (7782-63-0, >99%) and Na2SO4

(7757-82-6, >99%) were purchased from Shengao Chemical
Industry, China. These reagents and dyes were directly used
without any further purication. All solutions were prepared
with ultrapure water (resistivity of 18.20 MU). Graphite felt was
purchased from Tianjin Carbon Factory, China, which was cut
into 12 � 1.5 � 0.5 cm pieces. During the experiment, the
graphite felt was immersed in water at a depth of 6 cm. Graphite
felt was washed with ultrapure water and then dried at 378.15 K
for 24 h.
38346 | RSC Adv., 2019, 9, 38345–38354
2.2 Reactor and degradation experiments

Batch studies were performed in a columnar vessel (diameter of
90 mm, height of 160 mm). Then, 500 mL of 20 mg L�1 meth-
ylene blue solution was taken for every study. Both the elec-
trodes (anode and cathode) were graphite felt with an effective
area of 25 cm2. Continuous aeration to the cathode was per-
formed using a sh aerator during the experiment. The graphite
felt electrode was kept parallel and the spacing between plates
was 4.0 cm. The pH was adjusted using 0.1 M H2SO4. Na2SO4

was used as the supporting electrolyte. A constant voltage was
applied across the electrodes using a DC power supply. If no
special instructions were given, all the voltages in the experi-
ment are cell voltages. All experiments were conducted at room
temperature (293.15 + 2 K).
2.3 Analytical methods

H2O2 and iron ions were sampled from the reactor every 5
minutes during the experiment. Methylene blue was sampled
from the reactor every 1 min during the experiment. The
concentration of H2O2 was analysed by a UV-vis spectropho-
tometer at 400 nm using the potassium titanium(IV) oxalate
method.25 The concentrations of total iron and Fe2+ were
determined by the 1,10-phenanthroline spectrophotometric
method (l¼ 510 nm).26 The Fe3+ was determined by subtraction
of total iron minus Fe2+ concentrations.15 The methylene blue
concentration at 664 nm was determined using an ultraviolet
spectrophotometer. The ultraviolet spectrophotometer was
purchased from HACH Company, Germany. Relative error of all
experimental data was less than 1.5%.
2.4 Characterization of the GF

The surface morphology was characterized by scanning electron
microscopy (SEM, Hitachi S-470). The crystal structure of the
catalysts was characterized via X-ray diffraction (XRD, Rigaku
MiniFlex 600). The surface OGs were analyzed by X-ray photo-
electron spectroscopy (XPS) analysis. XPS was obtained with an
AXIS-Ultra electron spectrometer (Shimadzu, Japan). The
specic surface area and pore volume were analyzed via N2

adsorption/desorption using the BET and t-plot method with
a Novaeseries (Quantachrome Co., USA).
2.5 Electric energy per order

The EE/O can be calculated using eqn (5).

EE

O
¼ ðPþU � IÞ � t

V � 60� lg
�C

C0

� (5)

where eqn (5) represents the electric energy required in kW h to
remove methyl blue by one order of magnitude in a unit volume
(kW h order of methyl blue m�3), U is the voltage of DC power
(V), P is the rated DC power (W), I is the current of DC power (A),
and t is the treatment time (min). V is the volume of water
treated at time t (L), C0 is the initial concentration of methylene
blue (mg L�1), and C is the nal concentration of methylene
blue (mg L�1).
This journal is © The Royal Society of Chemistry 2019
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3. Results and discussion
3.1 Electrochemical generation of H2O2

Compared with the traditional Fenton process, the E-Fenton
process has the ability to produce H2O2 in situ; thus, the study
of H2O2 generation is of great signicance for understanding
and regulation the E-Fenton process. The effect of pH and
voltage on the yield of H2O2 was investigated in this study. We
performed continuous aeration at the cathode using a sh
aerator during the experiment. Since Fe2+ has a catalytic effect
on H2O2, Fe

2+ was not added. The catalytic effect of iron was
lost, and the Fenton reaction stopped during the electrolysis.15

Fig. 1a showed that the yield of H2O2 decreased as the pH
increased, which is consistent with the study of Lei Zhou et al.27

According to eqn (1), acid environment is a necessary condition
for generating H2O2. The higher the pH value, the lower the
concentration of H+ in the solution. Therefore, as the pH
increased, the yield of H2O2 gradually decreased. Fig. 1b showed
that as the voltage increased, the yield of H2O2 increased and
then reached a maximum when the voltage was 7 V. However,
the yield decreased when the voltage was continuously
increased to 9 V. According to Faraday's law, the current density
increases as the voltage increases, which leads to an increase in
H2O2 yield. However, when the current intensity is too high, the
oxidation rate of H2O2 will increase. H2O2 can be oxidized to
$HO2 and H+ on the surface of the anode. $HO2 is unstable and
further decomposes into H+ and O2 (eqn (6) and (7)).28,29 Sa-
zadeh et al. suggested that excessive voltage will lead to the
aggravation of the hydrogen evolution reaction (eqn (9)), and
the hydrogen evolution reaction will reduce the concentration
of H+ per unit volume in solution.30 In addition, the reduction of
O2 by a carbon electrode mainly occurs via 2 electrons or 4
electrons.31 The 2-electron reaction can produce H2O2 (eqn (1)),
and the 4-electron reaction can produce H2O (eqn (8)). The 4-
electron side reaction will lead to a decrease in H2O2 yield under
certain conditions of the solute.

Aer 20 min of reaction, the removal rates of methylene blue
at voltages 3, 5, 7 and 9 V were 86.55%, 96.16%, 97.80% and
90.33%, respectively. The highest removal rate of methylene
Fig. 1 Electrochemical generation of H2O2. Experimental conditions: pH
of H2O2. Experimental conditions: voltage¼ 7.0, [Na2SO4]¼ 10 mmol L�1

¼ 3, [Na2SO4] ¼ 10 mmol L�1.

This journal is © The Royal Society of Chemistry 2019
blue was obtained at voltage 7 V. This conclusion was consistent
with the highest H2O2 yield at the voltage of 7 V. Therefore, if
the production of H2O2 can be further optimized, it is of great
signicance to improve the degradation rate of organic matter
in the E-Fenton system. The removal rates of methylene blue at
pH 2.5, 3, 3.5 and 4 were 97.73%, 97.80%, 94.92% and 93.87%,
respectively. Fig. 1a showed that when the pH was 2.5, the yield
of H2O2 was higher than at pH 3. According to the calculation

formula for pH (eqn (10)), the acid added at pH 2.5 is
ffiffiffiffiffi
10

p
times

the amount of the acid added at pH 3, which considerably
increases the amount of acid. According to Chen et al., the
quenching effect of H+ on the $OH ismore obvious under strong
acid conditions.32 In addition, the reaction between Fe2+ and
H2O2 will be inhibited.33 Therefore, pH 3 was the optimal pH for
methylene blue degradation in this experiment.

H2O2 / $HO2 + H+ + e� (6)

$HO2 / O2 + H+ + e� (7)

O2 + 4H+ + 4e� / 2H2O (8)

O2 + 4H+ + 4e� / 2H2[ (9)

pH ¼ �lg C(H+) (10)
3.2 Evolution of iron ions

In the E-Fenton process, Fe3+ can be electronically reduced to
Fe2+ at the cathode to achieve the cycle of Fe2+ and Fe3+, which
considerably reduces the dosage of Fe2+ and the production of
iron sludge. Therefore, the evolution of iron ions in this
experiment was investigated. When the water contains dis-
solved oxygen, the H2O2 produced by the cathode will react
with Fe2+. Thus, we adopted the method of continuous
bubbling N2 by Aboudalle et al. during the experiment to
remove the dissolved oxygen in the water.34 Fig. 2a showed the
total iron concentration did not remain constant when the
Fe3+ was added to the solution. The total iron ions in the
¼ 3, voltage¼ 7 V, [Na2SO4]¼ 10mmol L�1. (a) Effect of pH on the yield
. (b) Effect of voltage on the yield of H2O2. Experimental conditions: pH

RSC Adv., 2019, 9, 38345–38354 | 38347
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solution gradually decreased, and the Fe2+ concentration
gradually increased as the reaction proceeded (Fig. 2a and b).
When electrolysed for 20 min at voltages of 3, 5, 7 and 9 V, the
total iron ions decreased by 0.91%, 8.55%, 12.43%, and
19.33%, respectively. Therefore, the higher the voltage, the
more the total iron ion concentration decreases. The effect of
voltage on the iron ions may be related to the variation in pH.
According to previous studies, when adding 1 mmol L�1 Fe3+

to solution, [Fe(H2O)6]
3+ or simply Fe3+ as the sole species at

pH 0, Fe3+ practically disappears at pH 4. At the optimum pH
of 2.8, only approximately one-half of the free Fe3+ is always
present in the bulk.22 In this experiment, with an increase in
voltage, the cathode localized alkalization affected the pH near
the cathode,22,35 which caused the total iron ion concentration
to gradually decrease. Fig. 2c showed that the rate of regen-
eration of Fe2+ rst increased and then decreased with an
increase in voltage. Although the total iron ion concentration
was the highest at a voltage of 5 V, the rate of Fe3+ reduction
was faster because of the higher current density at the voltage
of 7 V. Thus, there was little difference in the Fe2+ regeneration
rate at voltage 5 V and 7 V (76.75% and 73.33%, respectively).
When the voltage was 3 V, the cathode localized alkalization
Fig. 2 Evolution of iron ions. (a) Effect of voltage on the total iron ion c
Experimental conditions: Fe3+ ¼ 0.2 mmol L�1, pH ¼ 3, [Na2SO4] ¼ 10 m
mental conditions: Fe2+ ¼ 0.2 mmol L�1, voltage ¼ 7.0, pH ¼ 3, [Na2SO

38348 | RSC Adv., 2019, 9, 38345–38354
was not signicant; thus, the total iron ion concentration was
almost constant in solution. However, the regeneration rate of
Fe2+ was only 60.19% due to a lower current density. When the
voltage was 9 V, the current density was large. Thus, the
regeneration rate of Fe2+ at the early stage was higher than 3 V.
However, the total iron ion concentration sharply decreased
with the reaction, resulting in a regeneration rate of Fe2+ of
only 61.33%.

Fig. 2a and b showed the ability of Fe3+ to regenerate Fe2+

under anaerobic conditions, whereas according to eqn (1)
and (4), the regeneration and consumption of Fe2+ are
simultaneous during the actual reaction. Therefore, the
evolution of iron ions was studied during the degradation
process of methylene blue in the graphite felt E-Fenton
system, and the reaction time was extended to 90 min; the
results are shown in Fig. 2d. As the reaction proceeded, the
total iron ion concentration continued to decreased in the
solution, which was consistent with the conclusions shown
in Fig. 2a. However, when electrolysis was conducted for
20 min, the total iron ion concentration dropped to 25.33%,
which was twice as much as under anaerobic conditions
(12.43%). The electrode localized alkalization was very
oncentration. (b) Regeneration of Fe2+. (c) Regeneration rate of Fe2+.
mol L�1. (d) Evolution of iron ions during the actual reaction. Experi-

4] ¼ 10 mmol L�1.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07525a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 2

/2
7/

20
26

 8
:2

4:
14

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
signicant in the actual treatment process. During the
actual treatment process, O2 continuously consumed H+ at
the cathode to produce H2O2, and Fe2+ reacted with H2O2 to
generate OH� (eqn (1) and (2)). The local alkalization of the
electrodes caused by these reactions was more pronounced,
resulting in a nal decrease in total iron concentration. In
addition, Fe2+ can not maintain a stable concentration
during the entire reaction process. The Fe2+ concentration
gradually decreased with the electrolysis time, and the Fe3+

concentration gradually increased. This phenomenon was
consistent with the research of Ramirez-Pereda et al., which
showed that the regeneration rate of Fe2+ was lower than its
consumption rate during the actual electrolysis process.15
Fig. 3 Reaction kinetics of methylene blue degradation.

Table 1 Kinetic parameters for E-Fenton oxidations of methylene blue

Reaction

First-order Second-order

K (min�1) R2 K (L mg�1 min) R2
3.3 Reaction kinetics of degradation of methylene blue by
the electro-Fenton process

Methylene blue (20 mg L�1) was degraded at a voltage of 7 V
with Fe2+ at 0.2 mmol L�1, the supporting electrolyte, Na2SO4, at
10 mmol L�1 and at pH 3. The removal rate of methylene blue
was 97.80% aer 20 min of electrolysis. The E-Fenton oxidation
of methylene blue can be represented by the following nth-order
reaction kinetics.

dC

dt
¼ �kCn (11)

where C represents the dye concentration, t represents the time,
k represents the reaction rate coefficient and n represents the
order of the reaction.

For the rst order reaction, eqn (11) was integrated and
converted:

Ct ¼ C0 e
�kt (12)

in which C0 is the initial dye concentration. For the second
order reaction, eqn (11) was integrated and converted:

Ct ¼ C0

1þ KC0t
(13)

The degradation data of methylene blue in the graphite felt
E-Fenton systemwas plotted via rst-order reaction kinetics and
second-order reaction kinetics. Fig. 3 showed a comparison of
the two kinetic models for the experimental results, and Table 1
shows the parameters obtained from the curve tting. The
second-order kinetics does not t the data very well for the
entire E-Fenton reaction due to the lower regression coefficients
(<0.96). The rst-order kinetics ts the results best as evidenced
by the high regression coefficient (>0.99). Therefore, the
kinetics process of degradation of methylene blue by the
graphite felt E-Fenton method was determined to be rst-order
reaction kinetics.

Its kinetic equation is:

Ct ¼ 20 e�0.26 (14)
E-Fenton 0.26 0.995 0.03 0.911
This journal is © The Royal Society of Chemistry 2019
3.4 Removal mechanism of the electro-Fenton system

When methylene blue was degraded, its degradation rate
decreased signicantly aer 15 minutes. In order to reduce the
experimental error and to more clearly see the experimental
differences under each reaction condition, the electrolysis time
was set to 15 min during the investigation of degradation
mechanism. Each set of experiments was repeated 3 times, and
the average value was obtained.

Fig. 4 H showed the individual adsorption effect of graphite
felt on the removal rate of methylene blue, which was 3.26%
aer 15 min of adsorption. In addition, when H2O2 was added
alone, methylene blue exhibited almost no degradation; thus,
H2O2 cannot oxidize methylene blue alone without an electric
eld. Fig. 4A and E showed the degradation rate of methylene
under the conditions of Fe2+ at 0.2 mmol L�1 and 0 mmol L�1,
respectively. When Fe2+ was added to the solution, the removal
rate of methylene blue increased by 41.37%; thus, the Fenton
reaction to produce $OH and $HO2 was the main factor for the
degradation of methylene blue. Methanol is recognized as $OH
scavenger. The reaction rate of methanol with $OH is 1.2 � 109

to 2.8� 109 M�1 s�1.36 In the presence of Fe2+, 5 mL of methanol
was added to the solution. The removal rate of methylene blue
decreased by 52.33%, which conrmed that $OH was the main
active substance in the E-Fenton system (Fig. 4A and F). When
5 mL of methanol was added without the Fe2+-forming Fenton
reagent in the solution, the removal rate of methylene blue did
not signicantly change (Fig. 4C and E). This showed that the
methylene blue is directly oxidized by the graphite felt anode.
RSC Adv., 2019, 9, 38345–38354 | 38349
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Fig. 4 Inhibition experiments under different experimental conditions.
Experimental conditions: methylene blue¼ 20mg L�1, pH¼ 3, voltage
¼ 7 V, [Na2SO4] ¼ 10 mmol L�1. (A) Electrolysis with aeration (O2), Fe

2+

¼ 0.2 mmol L�1. (B) Electrolysis without aeration, Fe2+ ¼ 0.2 mmol L�1.
(C) Electrolysis with aeration (O2), Fe

2+ ¼ 0 mmol L�1, methanol ¼ 5
mL. (D) Electrolysis with aeration (N2), Fe

2+ ¼ 0 mmol L�1. (E) Elec-
trolysis with aeration (O2), Fe

2+ ¼ 0 mmol L�1. (F) Electrolysis with
aeration (O2), Fe

2+ ¼ 0.2 mmol L�1, methanol ¼ 5 mL. (G) Electrolysis
with aeration (O2), Fe

2+¼ 0mmol L�1, [H2O2]¼ 10mL. (H) Graphite felt
electrode adsorption alone. (I) Electrolysis without aeration, Fe2+ ¼
0 mmol L�1.
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According to Fig. 4E and G, the removal rate of methylene blue
decreased when 10 mL of H2O2 was added to the solution; thus,
H2O2 cannot produce $OH under the action of an electric eld
without Fe2+. In contrast, the competition between H2O2 anodic
oxidation and methylene blue anodic oxidation resulted in
a decrease in the removal rate of methylene blue.

In addition, aeration had a signicant effect on the degra-
dation of methylene blue in the graphite felt E-Fenton system.
When the solution did not contain Fe2+, the removal rate was
3.13% and 55.07% under conditions of no aeration and aera-
tion, respectively (Fig. 4E and I). When the solution contained
Fe2+, the removal rate was 77.09% and 96.44% under conditions
of no aeration and aeration, respectively (Fig. 4A and B). Tam-
meveski et al. thought that because an activated carbon bre
surface contains a large number of functional groups, O2 will be
reduced to $O2

� at the cathode.37 Based on this, we speculate
that aeration may play three roles in the graphite felt E-Fenton
system: (i) as active substance, where $O2

� was produced under
the action of an electric eld; (ii) to accelerate the mass transfer
of the solutions; (iii) and to produce the Fenton reagent, H2O2,
at the cathode. According to Fig. 4D and E, when N2 or O2 was
exposed to the solution without Fe2+, the removal rate of
methylene blue did not signicantly change; thus, it can be
concluded that no $O2

� was produced. When Fe2+ was not
present in this system, the main role of O2 was to accelerate the
mass transfer. When Fe2+ was present, the role of O2 was to
accelerate the solution mass transfer and the generation of the
Fenton reagent, H2O2. When Fe2+ was present and the solution
38350 | RSC Adv., 2019, 9, 38345–38354
was not aerated, the potential difference between the anode and
the cathode was the migration power of the ions. Fe2+ and H+

migrated to the cathode and generated $OH via eqn (1) and (2).
In addition, methylene blue formed a highly chromatic mono-
valent cationic quaternary ammonium salt ionic group in
aqueous solution, and the quaternary ammonium salt ionic
group migrated to the cathode under the action of an electric
eld, which accelerated the reaction rate of methylene blue with
$OH. Therefore, there was a high degradation rate of methylene
blue even under the condition of no aeration. When no Fe2+ was
in the solution, the degradation of methylene blue depended on
the direct oxidation of the anode; however, the anode will repel
methylene blue because of the charged nature of methylene
blue. Therefore, the degradation of methylene blue was very
slow under unaerated conditions. When continuous aeration
was applied to the solution, the disturbance of oxygen on water
overcomes the repulsive force of the anode on methylene blue
and enabled methylene to be oxidized directly at the anode.

In summary, a probable mechanism of the graphite felt E-
Fenton system to remove the methylene blue is shown in
Fig. 5. During the electrolysis process, the graphite felt anode
can directly oxidize the methylene blue. H2O2 was electro-
generated from the reduction of O2 on the graphite felt
cathode under the condition of aeration. H2O2 then migrated
into the liquid phase to react with Fe2+ and Fe3+. The $OH and
$HO2 were generated by the Fenton and Fenton-like reaction.
Then, the methylene blue was degraded by $OH and $HO2

indirectly.
3.5 Repeated use of graphite felt in the E-Fenton system and
cost analysis

In order to study the stability of graphite felt electrode, the
experiment of reusing was carried out. Fig. 6(a) showed the
change in methylene blue removal rate and system current with
the number of uses under the optimal conditions for 15 min of
electrolysis. The graphite felt electrode was not regenerated
during the process of repeated use. According to Fig. 6(a), the
methylene blue removal rate and current showed a downward
trend with increasing usage counts. Aer 90 times of repeated
Fig. 5 Degradation mechanism of the graphite felt E-Fenton system.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Repeated use of graphite felt in the E-Fenton system. (a) Changes in methylene blue removal rate and system current. (b) Comparison of
removal rate and adsorption performance.

Table 2 Different electrode combinations

Electrode Different electrode combinations

Anode A A A B B C C
Cathode A B C A C A B
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use, the removal rate decreased by 26.02%, and the current
decreased by 76.56%. Linear tting was performed on the
change of methylene blue removal rate, and the slope of the
tting line was �0.20. The removal rate of graphite felt only
decreased by 0.20% for each use, which reected the good
reusable performance of graphite felt. In addition, the current
drop was much larger than the removal rate during the reusing
process. According to Fig. 6(b), the adsorption performance of
graphite felt was greatly improved aer repeated use. The
adsorption removal rate of unused graphite felt to the methy-
lene blue was only 3.26%. Aer 90 repeated times of use, the
adsorption removal rate of graphite felt to the methylene blue
was 38.91%, and the adsorption effect was considerably
improved. Although the current density of the E-Fenton system
decreased during repeated use, the increase in the adsorption
capacity was helpful to shorten the reaction path between
methylene blue and active substances, which made up for
repeated use current greatly reduced defects to some extent.

This study initially investigated the reasons for the decrease
of current and removal rate during the repeated use of graphite
felt E-Fenton system. According to eqn (15), under the condition
of constant voltage and constant solution composition, the
reason for the decrease in current was the increase in the
internal resistance of the graphite felt electrode.

I ¼ U

Re þ Ri

(15)

where I represents the current (mA), U represents the voltage
(V), Ri represents the internal resistance of the graphite felt
electrode, and Re represents the external resistance of the
solution.

We used the original graphite felt A, the repeated use
graphite felt B (used as the anode) and the repeated use graphite
felt C (used as the cathode) and completed a total of 7 permu-
tation combinations to study the reasons for the decrease in
current and removal rate (Table 2). The experimental results
were shown in Fig. 7(a) and (b).

According to Fig. 7(a), the current of the A + A system was 64
mA; however, the currents of the A + B, B + A, C + B, and B + C
systems were 25, 18, 13, and 15 mA, respectively. These results
This journal is © The Royal Society of Chemistry 2019
indicated that in the presence of the B electrode, the current
value of the entire E-Fenton system is low regardless of whether
the B electrode continues to function as the anode or the
cathode, or whether the counter electrode or the new electrode
is used. The currents of the A + C and C + A system were 55 mA
and 67 mA, respectively, indicating that the repeated use
cathode C has little inuence on the current drop. Thus, the
decrease in current was because of the increase in anode
resistance.

Fig. 7(b) showed the rst-order linear tting results for
methylene blue removal. The K values (the reaction rate coeffi-
cients) of the A + A, C + A, A + C, B + A, B + C, A + B, and C + B
systems were 0.22, 0.19, 0.14, 0.11, 0.08, 0.07, and 0.06 min�1,
respectively. Upon comparing the K value of B + C (0.08) with the
B + A (0.11), A + B (0.07), and C + B (0.06) systems, the removal
rate of methylene blue was very low regardless of how the
electrode was replaced in the presence of electrode B. Upon
comparing B + C (0.08) with C + A (0.19) and A + C (0.14), the K
value increased as long as electrode B was replaced. Thus, the
decrease in catalytic activity of electrode B was the main reason
for the decrease in the methylene blue removal rate.

Although the catalytic activity of electrode C is lowered, the
magnitude of the decrease was much smaller than the decrease
of the electrode B. Therefore, the method of replacing the anode
B can be used to restore the degradation efficiency of the E-
Fenton system in practical application. However, it did not
work well to only use the new electrode A to replace the used
anode B (the K value of A + C was 0.14). According to C + A (0.19)
and A + C (0.14), the new electrode A was used to replace elec-
trode C as a cathode, and electrode C was no longer used as
a cathode but was used as an anode. This electrode replacement
method can restore the maximum removal efficiency of the E-
RSC Adv., 2019, 9, 38345–38354 | 38351
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Fig. 7 Different electrode combinations. (a) Current of different electrode combinations. (b) First-order linear fitting results for methylene blue
removal rate.
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Fenton system, and the K value is only 0.03 different from that
of the new electrode system A + A.

It can be determined graphite felt will cause three changes
aer being used as anode: the conductivity and catalytic
performance will be decreased, and the adsorption perfor-
mance will be increased. According to the characterization
results of Fig. 8, the reasons for the above performance changes
can be preliminarily inferred. The pore width distribution
showed the number of micropores increased. BET test showed
the specic surface area of anode graphite felt increased by 3.69
m2 g�1 compared with the raw graphite felt. In addition,
performance changes may be related to changes in crystal
structure.38 The XRD results showed that the diffraction peak at
2q ¼ 23� was stronger, corresponding to the (002) crystal plane
of the graphite crystallite; the diffraction peak at 2q ¼ 44� was
weaker, corresponding to the (010) crystal plane of the graphite
Fig. 8 (a) Pore width of raw GF and anode GF, (b) X-ray diffraction patter
GF. SEM images of (d)–(f).

38352 | RSC Adv., 2019, 9, 38345–38354
crystallite, and the peak shape of the two diffraction peaks was
wider, which proves that the graphite felt was a graphite
microcrystalline layered structure. And the characteristic
diffraction peak position of the anode did not change
substantially, indicating that the graphite felt electrode did not
change the graphite ber structure before and aer use.
However, the intensity of the anode peak was weakened, the
peak height was shortened, and the width was increased, indi-
cating that the anode graphite felt grain becomes smaller, the
delocalized electrons decreased, the grain boundary hindered
the electron conduction, and the resistance increased. SEM
image showed that the anode attachment increases, which may
affect the conductivity. Moreover, cracks appeared in the
structure of anode ber, which indicated that the physical
strength and mechanical strength of graphite felt were
damaged greatly and the electrode life was reduced. The XPS
ns of raw GF and anode GF, (c) XPS survey spectra of raw GF and anode

This journal is © The Royal Society of Chemistry 2019
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results showed that the O 1s peak was greatly enhanced, while
the C element peak intensity was slightly lowered. The content
of C]O decreased from 47.12% to 40.31% and the content of
H–O–H increased from 19.87% to 27.42%. The decrease in
electrical conductivity and catalytic performance may be related
to changes in oxygen-containing functional groups.13 Malitesta
et al. indicated the oxygen can be located not only at the beta
carbon but also on the alpha carbon, leading to the breakage of
polymer chains, resulting in a decrease in conductivity.39

In this study, the removal rate of methylene blue was 97.80%
aer electrolysis for 20 min in the graphite felt E-Fenton system,
and these results were very competitive if compared with the
traditional graphite electrode system.16 Electric energy
consumption is a key index to evaluate the scale-up and
industrial applications of the graphite felt E-Fenton system. In
this study, the voltage and current of the DC power were 7 V and
64 mA, respectively. The rated power of the sh aerator was 1W.
C0 and C were 20 mg L�1 and 0.44 mg L�1, respectively. The
volume of water treated was 0.5 L, and the electrolysis time was
20 min. Taking the above data into eqn (5), the EE/O of the
graphite felt system was calculated, and the results were 0.55
kW h m�3, which revealed a signicant reduction in energy
consumption.15 The graphite felt also showed a good price
advantage. The price of graphite felt purchased by our labora-
tory was 35 yuan (20 � 123 � 0.5 cm pieces). Aer cutting it into
electrodes (12 � 1.5 � 0.5 cm pieces), each graphite felt elec-
trode was only approximately 0.3 Yuan. Moreover, the adsorp-
tion performance of the graphite felt used in the E-Fenton
system was considerably improved; therefore, the anode
graphite felt can be used alone as an adsorbent. In general, the
graphite felt E-Fenton system has a good practical signicance.

4. Conclusion

Graphite felt was used as the anode and cathode to investigate
the application performance in the E-Fenton system. pH and
voltage affected the yield of H2O2. The yield of H2O2 decreased
as pH increased and rst increased and then decreased as
voltage increase. Voltage affected the evolution of iron ions. The
higher the voltage, the faster the total iron concentration
decreased. The regeneration rate of Fe2+ can reach 73.33%
under the condition of N2 aeration at a voltage of 7 V and pH 3.
The graphite felt E-Fenton system can effectively remove the
methylene blue. At a voltage of 7 V, pH 3 and a supporting
electrolyte of 10 mmol L�1 Na2SO4, the removal rate of methy-
lene blue was 97.80% aer 20 min of electrolysis. The reaction
kinetics of the degradation of methylene blue from the E-
Fenton system was tted. The degradation of methylene blue
is consistent with the rst-order reaction kinetics, and its
kinetic equation is: Ct ¼ 20 e�0.26. The mechanism of degra-
dation of methylene blue by the graphite felt E-Fenton system
was discussed. In addition to the indirect oxidation of $HO2 and
$OH, this also includes direct oxidation of the anode and
adsorption of the graphite felt. The graphite felt E-Fenton
system was used repeatedly 90 times, and the results showed
that the removal rate of graphite felt only decreased by 0.20%
for each use, which reected the good reusable performance of
This journal is © The Royal Society of Chemistry 2019
graphite felt. Graphite felt exhibited a greatly enhanced
adsorption performance aer repeated use and can be used as
a good adsorbent. The decrease in catalytic activity of electrode
B was the main reason for the decrease in the methylene blue
removal rate. Amethod of replacing the electrode was proposed,
which could restore the removal efficiency of the E-Fenton
system to the greatest extent, and the K value was only 0.03
different from the new electrode system A. The cost analysis
showed that the graphite felt E-Fenton system has the potential
for scale-up and industrial application.
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