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Rapid global industrialization accompanies the discharge of industrial wastewater. p-Toluenesulfonic acid

(PTSA), a kind of aromatic sulfonate that belongs to the refractory organic pollutant, is one of the most

widely used chemicals in pharmaceutical, dye, petrochemical and plastic industries. In this study, we

developed a filtration-enhanced electro-Fenton (FEEF) reactor to remove PTSA from synthetic

wastewater. A filtration-enhanced stainless-steel mesh (FESSM) was used as the cathode. Under the

optimal operating conditions of applied voltage 2.5 V, pH ¼ 3.0, addition of 0.2 mM Fe2+ and 1.0 mM

H2O2 for 120 min, the removal efficiency of PTSA (initial concentration of 100 mg L�1) could reach

92.6%. Compared with the control anodic oxidation and conventional Fenton system, the FEEF system

showed higher cOH yield and PTSA removal efficiency, with a lower effluent biological toxicity and

operating cost. The enhanced mass transfer rate by the filtration in the FEEF system accelerated the

regeneration of catalyst Fe2+ and further promoted the heterogeneous reactions. The Fe species on the

surface of FESSM cathode possessed a gradient distribution, the inner layer was dominated by Fe and the

outer layer was Fe3+. The degradation pathways of PTSA were proposed, including methyl hydroxylation,

sulfonyl hydroxylation, b-hydrogen hydroxylation, and ring-opening reaction. These results demonstrate

that the novel FEEF system is a promising technology for the removal of refractory organic pollutants

from industrial wastewater.
1. Introduction

Rapid global industrialization accompanies the discharge of
industrial wastewater, which possibly contains a large number
of refractory organic pollutants (e.g., polycyclic aromatic
hydrocarbons, haloalkanes, and heterocyclic compounds).1,2

Refractory organic pollutants refer to the organic pollutants that
are difficult to be degraded by the conventional biological
wastewater treatment process.3,4 The accumulation of refractory
organic pollutants in the discharged wastewater will severely
threaten ecological environment and human health, due to
their high toxicity, teratogenicity and even carcinogenicity.5,6

p-Toluenesulfonic acid (PTSA), a kind of aromatic sulfonate
that belongs to the refractory organic pollutant, is one of the
most widely used chemicals in pharmaceutical, dye,
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petrochemical and plastic industries.7,8 PTSA is an organic
strong acid with a high corrosion ability. In addition, it has
biological toxicity and non-biodegradability due to the existence
of sulfonic acid functional group directly connected to the
aromatic ring.9 Therefore, it is imperative to develop effective
technologies to remove the refractory organic pollutant PTSA
from wastewater.

Various technologies have been adopted to remove refractory
organic pollutants from wastewater, including adsorption,10

ltration,11 Fenton and ozonation.12–15 Among them, electro-
Fenton (EF), an electrochemical advanced oxidation tech-
nology, has attracted increasing attention for the removal of
refractory organic pollutants, owing to the advantages of high
current efficiency and strong oxidation capacity.16 Degradation
of pollutants by EF systems relies on the generated cOH from
the reaction of (electrochemically produced) Fe2+ and H2O2.17–20

However, the efficiency of current EF technology is constrained
by the mass transfer rates of contaminants toward the elec-
trode, resulting in a low utilization rate of reactive oxygen
species and thereby an inadequate removal rate of contami-
nants. For instance, Özcan et al. investigated naphthol blue
black (NBB) removal by EF, and found that the complete
decolorization of NBB took 180 min.13 Santana-Mart́ınez et al.
found that under the condition of pH¼ 3 and current density 40
© 2022 The Author(s). Published by the Royal Society of Chemistry
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mA cm�2, the TOC removal of 4-chlorophenol with initial
concentration of 100 mg L�1 by EF was only 45% aer
120 min.18 Although some novel electrodes have been devel-
oped, such as gas diffusion electrode,21 three-dimensional
electrode,22 and carbon nanotube modied electrode,23 the
drawback of the limited mass transfer rate was still not well
addressed. Meanwhile, the capital expenditures of these elec-
trodes are quite high and the scale-up of these electrodes in real
wastewater treatment is still challenging. We hypothesize that
an EF system based on a ltration-enhanced stainless-steel
mesh (FESSM) cathode can be a cost-effective method to ach-
ieve favorable removal of PTSA. The ltration-enhanced system
may have several advantages: (i) convective mass transfer
toward the ltration-enhanced cathode surface could
strengthen the contact oxidation of PTSA by cOH; (ii) concen-
tration polarization of Fe species on the cathode surface could
accelerate the heterogeneous Fenton reaction; (iii) solid–liquid
separation and EF reaction could be achieved simultaneously.

Herein, we developed a ltration-enhanced electro-Fenton
(FEEF) reactor, with SSM ltration module as the cathode and
graphite plate as the anode, to achieve efficient removal of the
PTSA. The PTSA removal performance and inuencing factors
of FEEF system were investigated. The PTSA removal and the
production of cOH of the FEEF system were compared with
conventional Fenton and anodic oxidation systems. The Fe-
mediated mechanism of PTSA oxidation was claried. The
degradation pathway of PTSA was proposed aer identifying the
intermediate products. Moreover, the effluent biotoxicity and
energy consumption of the FEEF reactor for PTSA degradation
was evaluated.
Fig. 1 Schematic of filtration-enhanced electro-Fenton (FEEF) experime

© 2022 The Author(s). Published by the Royal Society of Chemistry
2. Materials and methods
2.1. Materials

All reagents and chemicals were analytical grade unless stated
otherwise. HPLC-grade methanol (CH3OH) was supplied by
Sigma-Aldrich (USA). Hydrogen peroxide (H2O2), phosphoric
acid, and ferrous sulfate heptahydrate were purchased from
Sinopharm (China). PTSA was provided by Rhawn (China). All
solutions were prepared by deionized water (18.2 MU cm), and
the pH of solutions was adjusted by 0.1 M H2SO4 or 0.1 M
NaOH. Unless otherwise specied, the pH value of the solution
at the concentration of PTSA was 3.
2.2. FEEF setup and operation

The electrochemical degradation of PTSA was carried out in
a 300 mL FEEF reactor (Fig. 1) in a constant voltage mode, using
two graphite plates as the anode and a stainless-steel mesh
(SSM) ltration module as the cathode. The graphite plates were
placed parallelly on both sides of the SSM ltrationmodule with
a spacing of 1 cm. The SSM ltrationmodule (with dimension¼
5 cm � 8 cm, thickness ¼ 1 cm, the total effective ltration area
36 cm2) was assembled by binding two SSMs (pore size¼ 48 mm)
to two sides of a polyvinyl chloride (PVC) bracket. The SSM
ltration module acted as both the cathode and the lter.24 DC
power was connected with the cathode and the anode of the
FEEF system through the wire. According to the linear sweep
voltammetry (LSV) curve (Fig. S1†), the voltage of 0–3.0 V was
selected for the experiment. An air diffuser was installed at the
bottom of the reactor for aeration with a ow rate 400
mL min�1.
ntal setup.

RSC Adv., 2022, 12, 25424–25432 | 25425
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All experiments of FEEF reactor operation were conducted in
an internally circulated ow-through mode. In this mode, the
synthetic PTSA-contained wastewater was ltrated through the
SSM ltration module (with a ux of 333.3 L m�2 h�1) and
returned to the reactor, where the electrolysis time equaled to
the sampling time. Compared with the traditional immersed
plate electrode and ow-by mode, the ow-through mode can
reduce the boundary layer and enhance the convective mass
transfer of pollutants from the bulk solution to the cathode
surface.25,26 Samples collected from the reactor were ltered via
0.45 mm polyether sulfone lter before further measurement.
Reagents (i.e., H2O2 or FeSO4) were added (if needed) by
syringes prior to the electrolysis. To further investigate the
efficiency of FEEF system, the two systems were compared, i.e.,
the traditional Fenton system without applied voltage and the
anodic oxidation system without Fe2+ and H2O2. In addition,
“Fenton + AO” refers to the similar one (or the control) to FEEF
system without the ltration capacity.

2.3. Analytical methods

The concentration of PTSA was analyzed using a reversed-phase
high performance liquid chromatography (HPLC, Agilent 1290,
USA).8 The degradation intermediates of PTSA were rst puri-
ed using solid-phase extraction (SPE) column to remove
salinity and then determined by a liquid chromatograph mass
spectrometer (LC-MS) (Waters, Thermo, Q-Exactive) equipped
with ACQUITY UPLC HSS T3 column (detailed in Text S1†). The
iron species in the solution, including aqueous Fe(II), Fe(III), and
colloidal Fe(III) (oxyhydro) oxide, were quantied according to
the phenanthroline spectrometric method.8 The concentration
of H2O2 was analyzed using a UV-vis spectrophotometer
(PERSEE, Beijing, China) according to the metavanadate
method.27 Solution pH was determined by a pH meter (HQ40d,
Hach, USA). The toxicity of samples using Vibrio scheri (NRRL
B-11177) was measured according to a standard method (ISO
11348-3).

2.4. Analysis of energy cost

The operating cost of the FEEF system included the electrical
consumption of DC power supply and aeration pump, the cost
of possible addition of chemicals, and the cost of sludge
disposal. The specic calculation formula and parameters of
the operating costs are shown in Table 1.
Table 1 Calculation formulas and key parameters of treatment cost

Items Cost per unit key parameters

DC power supply 0.11 $ per kW h
Q ¼ E � I �HRT

1000V
a

Aeration 0.11 $ per kW h 1.2 kW (m3 gas min�1)�1

FeSO4$7H2O (98%) 74.9 $ per t
H2O2 (27.5%) 224.7 $ per t
Iron sludge disposal 74.9 $ per t 60% moisture content

a Q is the electrolytic energy consumption (kW h m�3), E is the applied
voltage (V), I is the mean current (A), HRT is hydraulic retention time
(electrolytic time) (h), V is the reactor volume (m3).

25426 | RSC Adv., 2022, 12, 25424–25432
3. Results and discussion
3.1. Electrochemical degradation of PTSA by FEEF reactor

3.1.1. Effect of applied voltage. Fig. 2a shows the PTSA
degradation performance of the FEEF system at different
applied different voltages (0–3.0 V). Note that additional Fe2+

and H2O2 were added into the system to ensure the PTSA
removal efficiency at the optimized condition. Under the same
condition ([PTSA]0 ¼ 100 mg L�1, 0.2 mM Fe2+ and 1.0 mM
H2O2), the removal efficiency of PTSA by the FEEF system with
applied voltage was higher than that without applied voltage,
because the electrochemical reduction reaction on the cathode
surface could accelerate the regeneration of Fe(II) and promote
the formation of cOH. However, the reaction of Fe(III) and H2O2

to generate Fe(II) was regarded as the rate-limiting step of
conventional Fenton reaction, and H2O2 would be consumed in
this process (eqn (1)).28 Moreover, the PTSA removal by FEEF
system is closely associated with applied voltage. The removal
efficiency was increased from 78.5% to 98.0% as the applied
voltage increased from 2.0 V to 3.0 V. When the applied voltage
was higher than 2.5 V, the removal efficiency of PTSA was only
slightly improved. The reason might be that increasing voltage
within a certain range could contribute to promote the regen-
eration of Fe(II) and further accelerated the production of more
cOH (Fig. S2†). However, when the applied voltage exceeded
3.0 V, the side reaction (eqn (2) and (3)) was intensied and
accompanied the consumption of H2O2.29

Fe(III) + H2O2 / Fe(II) + HO2c + H+ (1)

2H2O + 2e� / 2OH� + H2 (2)

2H2O2 + 4e� + 4H+ / 4H2O (3)

3.1.2. Effect of pH. Fig. 2b shows the effect of different pH
(pH ¼ 2.5, 3.0, 3.5, and 4.0) on the PTSA removal efficiency in
the FEEF system. The highest removal efficiency of PTSA was
observed at pH ¼ 3.0, which was close to the results reported in
previous literature that the optimal pH of conventional Fenton
reaction was 2.8.30,31 Moreover, when the pH value was higher
than 3.0, the removal efficiency of PTSA decreased rapidly. The
reason was that the higher pH inhibited the regeneration of
Fe(II) through the cathodic reduction of Fe(III).32,33 When the pH
was 2.5, the removal efficiency of PTSA in FEEF system
decreased slightly due to the inuence of hydrogen evolution
reaction (eqn (2)).34 These results showed that pH ¼ 3 was the
optimal pH value for the PTSA removal by the FEEF system.

3.1.3. Effect of initial concentration of PTSA. To evaluate
the effect of the initial PTSA concentration on the removal
efficiency of FEEF system (or the PTSA treatment capacity of the
FEEF system), the experiments were conducted under PTSA
concentrations of 50, 100, 150, and 200 mg L�1. As shown in
Fig. 2c, the removal efficiency of PTSA decreased with the
increase of PTSA initial concentration. For example, when the
initial concentration of PTSA increased from 50 mg L�1 to
200 mg L�1, the removal efficiency of PTSA decreased from
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The effects of (a) applied voltage, (b) solution pH, (c) initial PTSA concentration, (d) H2O2 concentration, and (e) Fe2+ concentration on the
removal of PTSA by the FEEF system. Experimental conditions: (a) [PTSA]0 ¼ 100 mg L�1, pH ¼ 3.0, 0.2 mM Fe2+ and 1.0 mM H2O2 dosage. (b)
[PTSA]0 ¼ 100 mg L�1, applied voltage ¼ 2.5 V, 0.2 mM Fe2+ and 1.0 mM H2O2 dosage. (c) Applied voltage ¼ 2.5 V, pH ¼ 3.0, 0.2 mM Fe2+ and
1.0 mMH2O2 dosage, (d) [PTSA]0 ¼ 100mg L�1, applied voltage¼ 2.5 V, pH¼ 3.0, 0.2 mM Fe2+ dosage. (e) [PTSA]0 ¼ 100mg L�1, applied voltage
¼ 2.5 V, pH ¼ 3.0, 1.0 mM H2O2 dosage.
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99.3% to 56.1% aer 120min electrolysis under the condition of
2.5 V applied voltage, 0.2 mM Fe2+ and 1.0 mM H2O2. This is
because the PTSA oxidation was constrained by the amount of
generated cOH.When the initial concentration of PTSA was low,
the generated cOH could react with more proportion of PTSA,
resulting in higher removal efficiency of PTSA.

3.1.4. Effect of H2O2 concentration. The effect of different
H2O2 dosage on the removal efficiency of PTSA in the FEEF
system was further investigated. As shown in Fig. 2d, the FEEF
system without adding H2O2 still exhibited stable PTSA removal
(67.6% aer electrolysis 120 min), which might be attributed to
the generation of H2O2 on the FESSM cathode surface by two-
electron electrochemical reduction.35 As expected, the addition
of H2O2 would accelerate the degradation of PTSA. For example,
under the condition of 1.0 mM H2O2, only a quarter of the time
was needed to achieve the same PTSA removal efficiency
(67.6%) under the condition of 0 mMH2O2. The reason was that
the addition of H2O2, as one of the key Fenton reagents, could
promote the homogeneous Fenton reaction.36 Meanwhile, the
heterogeneous Fenton reaction occurring on the FESSM
cathode surface was enhanced by adding H2O2. It should be
noted that when the dosage of H2O2 exceeded 1.0 mM, the
removal efficiency of PTSA was not signicantly improved,
which might be attributed to the negative effects of excessive
H2O2, such as the scavenging effect on cOH and the accelerated
electrocatalytic decomposition of H2O2, thereby reducing the
utilization efficiency of oxidants.37
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.1.5. Effect of Fe2+ concentration. The effect of different
Fe2+ dosage on the removal efficiency of PTSA by the FEEF
system was further investigated. As shown in Fig. 2e, the
removal efficiency of PTSA substantially increased aer adding
Fe2+. For example, when Fe2+ dosage increased from 0 mM to
0.2 mM, the removal efficiency of PTSA (electrolysis for 120 min)
increased from 17.7% to 92.6%. The reason might be that the
occurrence of homogeneous Fenton reaction and the increase
of Fe2+ loading on the FESSM cathode surface (enhanced the
heterogeneous Fenton reaction).38 However, when the Fe2+

concentration was higher than 0.2 mM, the removal efficiency
of PTSA was not signicantly improved, which might be due to
the excessive Fe2+ reaction with cOH.39
3.2. Enhanced oxidation of PTSA in FEEF system

As shown in Fig. 3a, the removal efficiency of PTSA in the FEEF
system was found higher than that in conventional Fenton or
anodic oxidation (AO) system. Interestingly, the removal effi-
ciency of PTSA was even much greater than the mathematical
addition of the removal efficiency of the Fenton and AO systems
(“Fenton + AO”). cOH production was further evaluated by
adding excessive isopropanol (100 mM) as a probe
compound.24,40 It can be seen from Fig. 3b that the cOH
production (represented by acetone, the oxidized product of
isopropanol) in the FEEF system within 60 min was much larger
than that of anodic oxidation and Fenton systems, indicating
that the FEEF system enhanced the cOH production in the
RSC Adv., 2022, 12, 25424–25432 | 25427
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Fig. 3 (a) The removal performance of PTSA, and (b) the cOH production under different systems. Experimental condition of FEEF: [PTSA]0 ¼
100 mg L�1, voltage ¼ 2.5 V, pH 3.0, 0.2 mM Fe2+ and 1.0 mM H2O2 dosage. Experimental condition of anodic oxidation: [PTSA]0 ¼ 100 mg L�1,
voltage ¼ 2.5 V, pH 3.0. Experimental condition of Fenton: [PTSA]0 ¼ 100 mg L�1, pH 3.0, 0.2 mM Fe2+ and 1.0 mM H2O2 dosage.
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system. The reason was: (i) Fe(II) could capture H2O2 (from
cathode generation or external addition) at the FESSM cathode
interface or in bulk solution, thereby improving the utilization
efficiency of oxidants;26 (ii) the applied voltage could accelerate
the regeneration of Fe(II), thereby promoting the heterogeneous
Fenton reaction at the cathode interface.38 These results indi-
cated that the FEEF system has better potential for the treat-
ment of refractory organic compounds.

3.3. Proposed Fe-mediated mechanisms of PTSA oxidation

The regeneration process of Fe(II) is one of the key rate-limiting
steps of Fenton reaction. To clarify the Fe-mediated mecha-
nisms of PTSA oxidation in FEEF system, the distribution and
concentration changes of Fe (e.g. Fe0, Fe(II), Fe(III), and colloidal
Fe) in the homogeneous solution and the FESSM cathode
surface were investigated. Fig. 4a shows the distribution of Fe
species in the homogeneous solution of the FEEF system. Fe2+

was rapidly converted to Fe3+ by homogeneous Fenton reaction
within 0–5 min, and accompanied by the consumption of H2O2

(Fig. S2†). With the increasing consumption of H2O2, the Fen-
ton reaction rate decreased, resulting in the consumption rate
of Fe2+ slower than the electrochemical regeneration rate.
Furthermore, the Fe species gradually transformed from Fe3+ to
Fe2+, and resulting in the existence of majority of Fe species in
aqueous solution in the form of Fe2+ aer 30 min.

The elemental chemical states of Fe on the surface of FESSM
cathode in the FEEF system was further analyzed by XPS and
compared with the original SSM. As shown in Fig. 4b–d, the
surface of the original SSM was mainly composed of Fe(II) and
Fe(III). Aer electrochemical experiment, the proportion of
Fe(III) on the FESSM cathode surface increased greatly and
existed in the form of FeOOH, and the Fe species in bulk
solution was mainly Fe(II). These results indicated that Fe(III) on
the FESSM cathode surface was derived from the oxidation of
Fe(II) by heterogeneous Fenton reaction rather than the
adsorption of Fe species in bulk solution. Moreover, it was
found that the FESSM cathode was mainly composed of
elemental Fe with a small amount of Fe(II) and Fe(III) aer
cleaning the Fe sludge on the cathode surface. This result
25428 | RSC Adv., 2022, 12, 25424–25432
suggested that the gradient distribution of Fe species (Fe–Fe(III)
from inside to outside) appeared on the FESSM cathode in the
electrochemical reaction process, which accelerated the elec-
tron transfer in heterogeneous Fenton reaction.23

Based on the above results and previous studies, the PTSA
degradation mechanism in the FEEF system is illustrated in
Fig. 5. The FESSM cathode could produce H2O2 through oxygen
reduction.41 Subsequently, the FESSM cathode increased the
convective mass transfer of the PTSA, iron species and H2O2

toward the cathode, ensuring the electron transfer rate of iron
species to the FESSM cathode surface and accelerating the
heterogeneous Fenton reaction to produce more cOH. Conse-
quently, the oxidation of PTSA was enhanced in the FEEF
system.32

3.4. The degradation pathways of PTSA

To further unravel the degradation pathway of PTSA in FEEF
system, the degradation intermediates of PTSA at 120 min were
determined by LC-MS (Q-Exactive). Based on the identied
intermediate products (Fig. S3–S5†), the electrochemical
oxidation degradation pathway of PTSA was proposed (Fig. 6).

In FEEF system, the oxidant produced by the electrochemical
oxidation process attacked PTSA from three reaction sites.
Firstly, hydrogen atom on methyl group was attacked by cOH,
resulting in the conversion of methyl group to –CH2OH, –CHO
and –COOH (i.e., 4-sulfobenzyl alcohol (EP1), 4-sulfobenzalde-
hyde (EP2), and 4-sulfobenzoate (EP3)), and then the –COOH
was further replaced by –OH to achieve methyl hydroxylation.8

The second pathway was the cleavage of C–S bond by cOH
attack, and the sulfonyl group was replaced by –OH to form
intermediate p-methylphenol (EP5).32 Furthermore, these
aromatic compounds such as p-methylphenol (EP5) and 4-
hydroxybenzenesulfonic acid (EP4) could be further oxidized to
hydroquinone (EP11) and benzoquinone (EP12, yellow) through
the successive oxidation of cOH.42 The observed phenomenon
that the color of the solution gradually changed from trans-
parent to light yellow also supports this pathway. In addition,
according to the literature, the third pathway is that b-hydrogen
of benzene and sulfonic group were attacked by cOH to form
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Changes of Fe species in homogeneous solution of FEEF system, XPS spectrums of Fe species on (b) pristine steel mesh, (c) FESSM
cathode after electrochemical experiment, (d) FESSM cathode after electrochemical experiment and cleaning the Fe sludge adsorbed on
cathode surface. Experimental conditions: [PTSA]0 ¼ 100 mg L�1, applied voltage ¼ 2.5 V, pH ¼ 3.0, 0.2 mM Fe2+ and 1.0 mM H2O2 dosage.
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substances such as 2, 4, 6-trihydroxybenzoic acid (EP9).13,43

When cOH is sufficient, hydroquinone (EP12) and 2, 4, 6-trihy-
droxybenzoic acid (EP9) would further undertake the ring-
opening reactions of the benzene to form carboxylic acids,
Fig. 5 Schematic of the Fe-mediated PTSA degradation mechanism in

© 2022 The Author(s). Published by the Royal Society of Chemistry
and nally mineralized to CO2 and H2O.8 In addition, the
change of chemical oxygen demand (COD) concentration was
measured to evaluate the mineralization of PTSA in FEEF
system. It was found that the removal efficiency of COD was
the FEEF system.
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Fig. 6 The degradation pathways of PTSA in FEEF system.

Fig. 7 Influent and effluent biotoxicity in FEEF system and Fenton
system.

Fig. 8 Operating cost of FEEF, anodic oxidation, and Fenton system.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 8

/5
/2

02
5 

2:
35

:4
7 

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
35.5% aer 120 min electrolysis (Fig. S6†), indicating that the
system had a certain mineralization ability.

3.5. Analysis of effluent toxicity

To investigate the environmental risk of the treated PTSA-
containing wastewater by the FEEF system, the biotoxicity of
the inuent and effluent samples of FEEF was tested by Vibrio
scheri at the initial PTSA concentration of 100 mg L�1, and
compared with the conventional Fenton system. As shown in
Fig. 7, the effluent biotoxicity of FEEF system decreased with
the increase of electrolysis time. For example, the inhibition of
luminescence was 4.9% aer 60 min of electrolysis, which was
much lower than that of the inuent (29.1%). This phenom-
enon indicated that the FEEF system signicantly reduced the
biological toxicity of PTSA-containing wastewater. Moreover, it
is worth noting that the effluent toxicity of the conventional
Fenton system was higher than that of the inuent, indicating
that some intermediates with higher microbial toxicity might
be produced. The above results showed that FEEF system was
more effective in toxicity removal compared to Fenton
system.43,44

3.6. Energy consumption

Operating cost is an important parameter to evaluate the
economic feasibility of FEEF system in treating refractory
industrial wastewater. In this work, we not only consider the
25430 | RSC Adv., 2022, 12, 25424–25432
power consumption, but also consider the reagent cost and iron
sludge treatment cost (Table S1†). As shown in Fig. 8, under the
operating conditions of applied voltage 2.5 V, pH 3.0, addition
of 0.2 mM Fe2+ and 1.0 mM H2O2, the operation cost of FEEF
system was 0.86 $ per kg PTSA, which was only 80% of
conventional Fenton system or 24% of anodic oxidation system.
The FEEF system improved the removal efficiency of PTSA and
reduced energy consumption by ltration-enhanced electro-
Fenton. In addition, compared with the other Fenton systems,
the FEEF system has higher PTSA removal efficiency (Table S2†).
Overall, the FEEF system has a great potential to treat refractory
industrial wastewater with high efficiency and operation cost.
Our study provides a new technical solution for the treatment of
actual refractory industrial wastewater.
4. Conclusions

In this study, a novel and cost-effective FEEF reactor with
ltration-enhanced cathode was developed to remove PTSA.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Under the optimal operating conditions of applied voltage 2.5 V,
pH ¼ 3.0, addition of 0.2 mM Fe2+ and 1.0 mM H2O2 for
120 min, the removal efficiency of PTSA (initial concentration of
100 mg L�1) reached 92.6%. Compared with anodic oxidation,
conventional Fenton system and reported photo-Fenton system,
the FEEF system showed higher cOH yield and PTSA removal
efficiency, with a lower effluent biological toxicity and operating
cost. The enhanced mass transfer rate by the ltration in the
FEEF system accelerated the regeneration of catalyst Fe2+ and
further promoted the heterogeneous reactions. The Fe species
on the surface of FESSM cathode possessed a gradient distri-
bution, the inner layer was dominated by Fe and the outer layer
was Fe(III). The degradation pathways of PTSA were proposed,
including methyl hydroxylation, sulfonyl hydroxylation, b-
hydrogen hydroxylation, and ring-opening reaction. These
results demonstrate that the novel FEEF system is a promising
technology for the removal of refractory organic pollutants from
industrial wastewater. However, the stability and feasibility of
FEEF system in actual wastewater containing refractory organic
pollutants needs to be further investigated in the future.
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