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mechanism and reaction
conditions of electrochemical preparation of
persulfate in a split-cell reactor using BDD anode†

Feng Zhang, * Zhiyu Sun and Jianguo Cui

Through a cyclic voltammetry (CV) curve, electron spin resonance spectroscopy (ESR) characterization and

a free radical competitive trapping experiment, an analysis was performed on the mechanism of persulfate

(PDS) electro-synthesis by sulfate at a boron-doped diamond (BDD) anode. It had been found that there

were two pathways of PDS formation. The first was to form PDS through the interaction of sulfate

radicals, which were generated from the oxidation reaction mediated by hydroxyl radicals, where the

protonized bisulfate ions and sulfuric acid were oxidized by hydroxyl radicals to sulfate radicals. The

second was to produce PDS by generating sulfate radicals through the direct loss of electrons from

sulfate and bisulfate ions on the electrode surface. In addition, the effects of initial pH, temperature,

current density and electrolyte concentration on the synthesis of PDS were investigated in the slotted

anode cycle electrolysis mode. As indicated by the results, despite the small effect of the initial pH on

PDS synthesis, acidic pH was slightly beneficial to the synthesis of PDS; in electrolysis, the temperature

should be controlled below the thermal decomposition temperature of PDS; and in practical application,

the increase of impressed current or voltage contributed little to the increase of PDS synthesis

concentration and current efficiency. In the case of the impressed current exceeding the limiting

current, the adoption of concentrated electrolyte solution shall improve the PDS output and current

efficiency.
Introduction

Also referred to as persulfate, peroxodisulfates (S2O8
2�, PDS) are

the most powerful oxidants known in peroxides with a standard
redox potential (E0) of 2.01 V. In addition to its application as an
oxidant and bleaching agent in the textile, electronics and
chemical industries, it is as extensively adopted as one of the
oxidants in in situ remediation of soil and water.1,2 On an
industrial scale, PDS is usually prepared by electrolyzing low-
temperature concentrated sulfuric acid/sulfate solution
(>2 mol L�1) at a high current density ($500 mA cm�2) using
a polished Pt electrode or a Ti-based platinum electrode (Ti/Pt)
as the anode.1 It is believed by some researchers that, in the
electrolysis at a Pt electrode, sulfate is protonized to produce
HSO4

�, which will directly lose two electrons on the electrode
surface with SO4

2� to synthesize S2O8
2� (eqn (1) and (2)).3,4

Because the oxygen evolution potential of the Pt electrode is
much lower than the electrochemical synthesis potential of
S2O8

2� (eqn (3)), the current efficiency of S2O8
2� synthesis is

low.3 Therefore, oxygen evolution inhibitors, like NH4
+, SCN�
eering, Taiyuan University of Technology,

hangfeng@tyut.edu.cn

tion (ESI) available. See DOI:

33936
and ammonium polyphosphate, are added during the electrol-
ysis to increase the output of S2O8

2�, improve the current effi-
ciency and maintain it within the range of 60–70%. If oxygen
evolution inhibitor is not added, the PDS can hardly be
prepared on the Pt electrode. And the separation and purica-
tion of PDS are challenged because of the corrosion products
easily formed on Pt electrode.5

2SO4
2� / S2O8

2� + 2e�, E0 ¼ 2.01 V (1)

2HSO4
� / S2O8

2� + 2H+ + 2e�, E0 ¼ 2.123 V (2)

H2O/
1

2
O2 þ 2Hþ þ 2e�; E0 ¼ 1:229 V vs: SHE (3)

With advantages of wide electrochemical potential window,
high oxygen-evolution potential and great corrosion resistance,
boron-doped diamond (BDD) electrode could produce a large
amount of highly oxidizable cOH by virtue of its weak adsorp-
tion on the surface, thereby has been introduced into the study
of electrochemical synthesis of PDS over the years.1,3 Our
previous research has performed X-ray diffraction, scanning
electron microscope analysis and Raman spectroscopy on the
tantalum-based BDD lm electrode used here.6 The BDD thin
lm is about 5 mm thick and is composed of randomly oriented
This journal is © The Royal Society of Chemistry 2020
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microcrystals. In the Raman spectrum of the BDD electrode,
a peak with obvious diamond characteristics (sp3) appears at
1327 cm�1, and the appearance of the peak at 1483 cm�1 can be
attributed to the sp2 hybrid structure of graphite-like non-
diamond phases. This indicates that the graphite structure
formed on the substrate of Ta is structurally complete and has
the remarkable features of a high quality polycrystalline dia-
mond thin lm.7–9 The crystal structure on the surface of the
BDD electrode dramatically increases the contact area between
the electrolyte and the electrode surface, which facilitates the
adsorption of electrolyte at the active site.10 The boron-doping
concentration of the BDD electrode is 2500 ppm; and boron is
doped in the interstitial state in substrate materials, so that the
conductivity of transition metal Ta is slightly reduced. The
diffraction peaks of Ta2C and TaC appear in the X-ray diffrac-
tion spectrum of the BDD electrode lm.11 But, the diffraction
peaks of Ta are signicantly stronger, and the main phase of the
BDD electrode lm is still Ta. This not only gives the electrode
excellent conductivity of metal electrodes, but also electro-
chemical active adsorption sites during the electrolysis, and the
electrode is not easy to corrode.12

The mechanism of the generation of S2O8
2� at BDD anodes

has been extensively studied and two probable mechanisms
have been proposed. In the process of sulfate solution elec-
trolysis, the oxidation reaction that generates SO4c

� by direct
electron transfer should occur before water oxidation; next, as
an important intermediate in the synthesis of PDS, SO4c

� can
also be generated through the cOHmediated oxidation reaction
from water oxidation.2,5,13 However, in the mechanisms
proposed, no direct experimental evidence has adequately
explained the pathway by which SO4c

� is generated.
Sulfate exists extensively in brackish water, mine wastewater

and industrial wastewater with a concentration of around
thousands of mg L�1 to tens of thousands of mg L�1.14 Gener-
ally, brackish water is neutral or slightly alkaline.15 Wastewater
containing sulphate, such as the mine wastewater, the effluent
of the monosodium glutamate factory, and the wastewater in
pharmaceutical industry and food and amino acid industry, is
mostly acidic,16,17 while the dyeing wastewater, tannery waste-
water and other wastewater, is mostly alkaline.18,19 Since the
organic content in brackish water and mine wastewater is low,
such wastewater can be used as exible water resources aer
desalination. As industrial sulphate-containing wastewater
contains various heavy metal ions or complex organic
compounds and forms highly toxic substances with sulphates,
such industrial wastewater must be treated before discharge or
reuse. The in situ electrochemical synthesis of PDS with low-
concentration sulfate in such type of water has the following
advantages: (1) the addition of the high-concentration sulphate
raw materials during industrial preparation of PDS is reduced;
and the recycling of sulphate is realized; (2) the organic matter
in the water is oxidized and degraded during electrolysis, which
to a certain extent puries the water and also reduces the
difficulty of PDS separation and purication; and (3) sulfate-
containing wastewater pollution due to the additional addi-
tion of persulfate is alleviated. Therefore, the study of the
This journal is © The Royal Society of Chemistry 2020
reaction generating PDS under mild conditions (low concen-
tration of sulfate electrolyte, pH 3–9) is of great signicance.

The objectives of this study are as follows: rstly, to clearly
analyze and explain the mechanism of the generation of per-
sulfate by electrolysis of sulfate on BDD anode through experi-
mental methods, especially the main pathways of persulfate
synthesis under the condition of low sulfate concentration;
secondly, to evaluate the economy and feasibility of preparing
persulfate with sulfate-containing wastewater by analyzing the
causes of affecting persulfate formation under different reac-
tion conditions. Therefore, in this study, methods including
cyclic voltammetry (CV) scanning, electron paramagnetic reso-
nance spectroscopy (ESR) and free radical competitive capture
were used to try to analyze the mechanism of electrochemical
synthesis of PDS on the BDD anode. The BDD electrode was
used as an anode to form a split circulating electrolytic cell, in
which the PDS was synthesized by electrolyzing sulfate solution.
The effects of pH, temperature, current densities and sulfate
concentrations on PDS generation were studied by single-factor
experiment, in order to provide a theoretical basis for the
recycling of sulfate in wastewater.
Materials and methods
Materials

The main reagents involved in the experiment include sodium
sulfate, potassium iodide, sodium hydroxide, sulfuric acid, tert-
butyl alcohol (TBA), carbamazepine (CBZ), sodium persulfate
(PDS), sodium bicarbonate, 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO), which were all analytically pure; as well as methanol
(MeOH) and acetonitrile, which were chromatographically pure.
All reagents were directly employed without further purica-
tion. All the solutions were prepared with ultrapure water
(resistivity 18.2 MU cm at 20 �C).
Experimental apparatus

The electrochemical experimental apparatus was composed of
three parts, which is shown in Fig. 1. The rst part was a custom
H-type anode–cathode tank reactor. With an effective volume of
100 mL, its anode and cathode chambers were separated by
a cation exchange membrane (Naon-115, U.S. DuPont) and
both were equipped with electrolyte input and output channels.
Being BDD (Based on Ta) electrode (25 mm � 50 mm � 1 mm)
and Pt electrode (25 mm � 50 mm � 1 mm) respectively, the
anode and cathode plates were placed vertically and parallel,
with immersion height of 40 mm and spacing of 27 mm.

The second part was the electrolyte cycling device. The anode
electrolyte circulated between the anode chamber and the
250 mL anode electrolyte storage tank at a constant ow rate of
30 mL min�1 through a constant current pump. The liquid
storage tank was placed on a constant temperature magnetic
agitator to ensure constant temperature (25 � 2 �C) and
uniform concentration of the electrolyte. The cathode circula-
tion was completely symmetrically arranged with that of the
anode circulation.
RSC Adv., 2020, 10, 33928–33936 | 33929

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04669h


Fig. 1 Experimental setup for electrochemical preparation of
persulfate.
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The third part was the dc stabilized power supply, which was
connected to the electrode plate through electrode xtures and
provides constant current during the experiment.

CV curve scanning

The CV curve was scanned by electrochemical workstation
(CHI600E, Shanghai Chenhua). As a classical conventional
three-electrode system, the working electrode of the CV curve
test system was BDD electrode, the opposite electrode was Pt
electrode, and the reference electrode was saturated calomel
electrode (SCE). The experiment was carried out at room
temperature of 20 �C with the circulation device closed. High
purity nitrogen was introduced for 20 min to remove the dis-
solved oxygen before scanning. The scanning range was from
�2.2 V to 2 V, and the scanning rate was 100 mV s�1.

ESR spectrum characterization

To identify whether there was SO4c
� generated in the process of

electro-synthesis of PDS, the ESR spectrum (EMXPLUS 10/12,
Bruckner, Germany) analysis was conducted by taking DMPO
as the trapping agent. In the experiment, aer electrolysis for 15
minutes at the concentration of Na2SO4 electrolyte of
0.1 mol L�1 and the current density of 30 mA cm�2, a syringe
lled with DMPO at the concentration of 0.2 mol L�1 in advance
was adopted to extract the reaction solution and mix quickly.
The generation of cOH and SO4c

� was explored on account of
the signal peaks of DMPO-cOH and DMPO-SO4c

�. The condition
of ESR detection was microwave power of 20 mW, modulation
frequency of 100 kHz, central eld of 3510.00 G, scanning width
of 100.0 G, scanning time of 60 s, and gain of 30 dB.

Free radical competitive trapping

CBZ was taken as free radical probe, while methanol and tert-
butyl alcohol were taken as free radical scavenger, respectively.
The degree of oxidative degradation of CBZ in BDD anode
33930 | RSC Adv., 2020, 10, 33928–33936
electrolysis was measured at the initial concentration of CBZ of
10 mmol L�1, the current density of 30 mA cm�2 and the elec-
trolyte concentration of Na2SO4 of 0.1 mol L�1. In the blank
control experiment of CBZ direct electrolysis, NaClO4 was
introduced to prepare the background electrolyte solution, in
view of its favorable stability and oxidation resistance in anode
electrolysis.20 The concentration of CBZ was determined by high
performance liquid chromatography (Agilent 1260 Innity II)
with a UV detector, a C18 column, a acetonitrile (60%)/water
(40%) ow matching ratio and a detection wavelength of
286 nm. 0.22 mm organic ltration membrane was required
before injection. The same experiment repeated at least twice.
Effect of reaction conditions on the electro-preparation of PDS

In the experiment, the initial pH before electrolysis was adjusted to
3, 5, 7 and 9 through NaOH (1 mol L�1) and H2SO4 (1 mol L�1),
respectively. At the current density of 30 mA cm�2 and Na2SO4

concentration of 0.1 mol L�1, the effect of initial pH on PDS
generation was researched. At the current density of 30 mA cm�2

and Na2SO4 concentration of 0.1 mol L�1, the generation of PDS at
15 �C, 25 �C and 40 �C was respectively investigated without
adjusting the initial pH. In addition, an 1 h electrolysis was carried
out at the Na2SO4 electrolyte concentration of 0.2–0.8 mol L�1 and
current density of 30–120 mA cm�2 without adjusting the initial
pH, so as to identify the effect of current density and electrolyte
concentration on PDS generation respectively. The same experi-
ment repeated at least twice.

PDS was determined by UV-vis spectrophotometry (UV-5200,
Shanghai Yuanxi) based on the improved iodimetry.21 PDS has
strong oxidizing properties. The PDS anion reacts with KI in the
presence of sodium bicarbonate and forms I3

� (eqn (4) and (5)),
which iodine yellow color that absorbs in the UV-vis range with
maximum absorptions at 352 nm. Sodium bicarbonate must be
added to the potassium iodide solution to prevent iodide from
contacting with air and oxidizing.

S2O8
2� + 2I� / 2SO4

2� + I2 (4)

I2 + I� / I3
� (5)

The ratio of the amount of charge effectively utilized by PDS
generation was reected by Faraday current efficiency, which is
calculated as follows (eqn (6)):

CE ð%Þ ¼ nCVF

It
� 100 (6)

where, n is the number of electrons transferred by the reaction,
2; C is the molality of S2O8

2�, mol L�1; V is the volume of
electrolyte, L; F is the Faraday constant, 96 485 C mol�1; I is the
current, A; t is the electrolysis time, s.
Results and discussion
CV curve of BDD anode in sulfate

The electrochemical behavior of sulfate on the surface of BDD
electrode is the key to the analysis of PDS synthesis mechanism.
The CV curves of BDD electrode with different concentrations of
This journal is © The Royal Society of Chemistry 2020
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Na2SO4 electrolyte are as shown in Fig. 2. This could be found
that the oxidation peak corresponding to the direct oxidation of
SO4

2� occurred between 1.2 V and 1.5 V. With the increase of
Na2SO4 concentration, the resistance of the electrolyte solution
decreases, the oxidation peakmoved to the direction of negative
potential and the peak current increased. The oxidation peak
current of the BDD electrode in the Na2SO4 electrolyte at
a concentration of 0.8 mol L�1 was almost twice as much as that
in the Na2SO4 electrolyte at a concentration of 0.2 mol L�1,
suggesting that the increase of the concentration of the BDD
electrode promoted its electron exchange rate at BDD electrode
and thus facilitated its direct oxidation. As the concentration of
SO4

2� increased, the peak width of the oxidation peak increased
and the smoothness of the peak shape decreased, which might
be attributed to the generation of other oxidizing substances
(such as H2O2 and O2c

�) in the electrolysis process,22 in spite of
the minimal output of these substances.

In Fig. 2, at the voltage of 2 V, the current density for the
solution concentrated at 0.4 mol L�1 is even higher than those
at 0.6 mol L�1 and 0.8 mol L�1. The electrode reaction changed
with the increase of the concentration of sulfate electrolyte.
When the sulfate concentration was 0.4 mol L�1, the active
species on the electrode surface might be different. In the
meantime, affected by mass transfer, the thickness of the
diffuse double layer got relatively smaller, so the current was
relatively high.

In Fig. 2, the oxygen evolution potential and the hydrogen
evolution potential are 1.8 V and �1.2 V, respectively. The
forward scan curve and the reverse scan curve cannot coincide.
The electrode reaction was less reversible. In the sulfate elec-
trolyte, the electrochemical reaction on the BDD electrode
involved several redox pairs. The most classical irreversible
chemical reaction system was the electrolysis of water
(eqn (3) and (7)).1,23–25 Then, SO4

2� was not inert during anodic
electrolysis and could lose an electron on the surface of the BDD
electrode to generate SO4c

�. SO4c
� could not exist stably in

electrolyte solution and could only exist near the surface of the
electrode to continue to join the oxidation reaction to form
other oxidation products, or it would be quenched very quickly.
Therefore, the reaction became chemically irreversible.
Fig. 2 Cyclic voltammetry curves of BDD electrodes in Na2SO4

electrolytes with different concentrations.

This journal is © The Royal Society of Chemistry 2020
Although the oxidation product S2O8
2� could exist stably in the

electrolyte solution for some time, it generated SO4
2� and SO4c

�

mainly by obtaining an electron (eqn (8)), while S2O8
2� had

several reaction paths in the anodic oxidation process. There-
fore, during CV curve scanning, when the direction of the
current changed, different redox reactions occurred on the
electrode, forming a chemically irreversible system, thus
resulting in the asymmetry of the CV curve.

2H2O + 2e� / H2 + 2OH� (7)

S2O8
2� + e� / SO4

2� + SO4c
� (8)

ESR spectrum characterization of sulfate radical SO4c
�

To identify whether there was SO4c
� generated in the process of

electro-synthesis of PDS, the ESR spectrum analysis was con-
ducted by taking DMPO as the trapping agent, with results
obtained in Fig. 3. Through the introduction of ESR signal
acquisition soware, simulation analysis was conducted
according to the hyperne coupling constant of DMPO-cOH and
DMPO-SO4c

� (DMPO-cOH: aN ¼ 14.9 G, aH ¼ 14.9 G (g-factor of
2.009); DMPO-SO4c

�: aN ¼ 13.2 G, aH ¼ 9.6 G, aH ¼ 1.48 G and
aH ¼ 0.78 G).26–28 The results showed the typical quartet lines of
DMPO-cOH admixture (with a peak intensity ratio of 1 : 2 : 2 : 1)
and the typical sextet lines of DMPO-SO4c

� (with a peak inten-
sity ratio of 1 : 1 : 1 : 1 : 1 : 1), indicating that both cOH and
SO4c

� were produced in the process of electro-preparation of
PDS by sulfate at BDD anode. According to the estimation based
on the absolute height of peak intensity, the output of cOH in
the transient state was much larger than that of SO4c

�.

Free radical competitive trapping and analysis of PDS
synthesis mechanism

To further analyze the generation pathway of SO4c
� on the

surface of BDD anode, MeOH and TBA were taken as free radical
scavengers to conduct competitive trapping of SO4c

�. In view of
the close reaction rate constant between MeOH and SO4c

� and
cOH (only about 1 order of magnitude difference), the addition
of excessive MeOH shall remove both SO4c

� and cOH at the
Fig. 3 ESR spectrum of Na2SO4 electrolysis at BDD anode.

RSC Adv., 2020, 10, 33928–33936 | 33931
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Table 1 Quenching reaction and rate constant in competitive trap-
ping experiment

No. Reaction formula
Rate constant,
k (L mol�1 s�1) Reference

1 MeOH + cOH / product 9.7 � 108 29 and 30
2 MeOH + SO4c

� / product 1.1 � 107 30 and 31
3 TBA + cOH / product 6 � 108 29 and 30
4 TBA + SO4c

� / product 8.4 � 105 30 and 31
5 CBZ + cOH / product 8.8 � 109 32
6 CBZ + SO4c

� / product �109 32

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 7

/1
2/

20
25

 6
:5

2:
17

 P
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
same time. In contrast, since the reaction rate constant with
cOH is about three orders of magnitude higher than that with
SO4c

�, TBA without a-hydrogen is mainly adopted for the
removal of cOH. In order to ensure the effective scavenging of
free radicals by quenchants, the concentrations of MeOH and
TBA were set at a higher level of mol L�1 in the competitive
trapping experiment. The main reactions and rate constants in
the experiment are as shown in Table 1.

Given the negligible contribution of PDS alone to the
degradation of CBZ,32 CBZ was selected as the free radical probe
in the experiment. Based on the different degradation degree of
CBZ caused by the competitive trapping of SO4c

� by MeOH and
TBA, the generation of SO4c

� was analyzed to obtain the results
as shown in Fig. 4. The degradation of CBZ under different
electrolysis conditions was in accordance with the rst-order
kinetics. The relative contribution ratio of different oxidizing
species to CBZ degradation was calculated according to the ratio
of reaction rate, as shown in Table 2 below:
Fig. 4 (a) Effect of methanol and tert-butanol on the degradation of CB

Table 2 Contribution rate of oxide species to CBZ degradation (relative

Reaction conditions Oxidizing species

Without alcohol DET + SO4c
� + cOH

Direct electrolysis DET + cOH
1 mol L�1 MeOH DET

cOH
SO4c

�

33932 | RSC Adv., 2020, 10, 33928–33936
In the process of direct electrolysis, the degradation rate of
CBZ mainly depended on the direct electron transfer (DET) on
the electrode surface and the oxidation reaction mediated by
cOH, at a rst-order reaction rate of 0.0110 min�1. In the Na2SO4

electrolyte, CBZ was rapidly degraded in a very short time
(0.0384 min�1) without considering the oxidation of PDS,
indicating that the electrolysis at BDD anode could activate
SO4

2� into highly oxidizable SO4c
�, which was in coordination

with cOH to facilitate the degradation of organics. The relative
contribution ratio of SO4c

� to CBZ degradation in this reaction
reached 71.35%. In addition, the electrolysis process might as
well produce oxidizing active substances such as O2c

�, HO2c and
1O2.22,33–35 According to the detection of ESR signal peaks above,
however, no other obvious characteristic peaks were observed
except for SO4c

� and cOH, implying the negligible impact of
oxidizing active substances such as O2c

�, HO2c and
1O2 on the

relative contribution rate of SO4c
� study.

In the free radical scavenging experiment, the rst-order
reaction rates of CBZ aer adding TBA and MeOH were
0.0063 min�1 and 0.0026 min�1, respectively. Since the degra-
dation of CBZ was signicantly inhibited, it was inferred that
the generation of SO4c

� might be mainly the result of cOH
induction. In the case that the indirect induction of cOHwas the
only way to generate SO4c

�, and the removal rate of cOH by TBA
and MeOH was similar (the order of magnitude of
109 mol�1 s�1), the rst-order reaction rate of CBZ degradation
in sodium sulfate electrolyte containing excessive TBA and
MeOH respectively should be basically the same. However, the
contrary results showed that SO4c

� can be produced by direct
electron transfer oxidation.
Z; (b) first-order reaction rate of CBZ degradation.

ly)

First-order reaction
rate (min�1)

Contribution
ratio

0.0384 100%
0.0110 28.65%
0.0026 6.77%
0.0084 16.15%
0.0274 71.35%

This journal is © The Royal Society of Chemistry 2020
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Analysis of preparation mechanism

According to the CV curve, ESR spectrum and the results of free
radical competitive trapping experiment, there were two
possible paths for the electro-synthesis of PDS by sulfate at BDD
anode. On the one hand, due to the weak interaction between
the BDD lm and the electrochemical reactive oxygen species,
a large number of cOH-mediated oxidation reactions could take
place on the electrode surface. Aer H2O lost electrons on the
surface of the BDD electrode and generated cOH (eqn (9)), the
protonized HSO4

� and H2SO4 could be oxidized by cOH to SO4c
�

(eqn (10) and (11)), which generated S2O8
2� through interaction

(eqn (12)).3,36 This was consistent with Serrano et al.'s hypoth-
esis of PDS generation mechanism on BDD electrode based on
the analysis of CV curve.3 Some researchers argued that apart
from being induced by cOH, direct electron transfer might as
well result in PDS generation. By introducing density functional
theory (DFT) and molecular dynamics (MD) models, Davis and
Farrell et al. investigated possible reaction pathways for the
preparation of PDS at BDD electrodes, and it was deduced that
the direct loss of electrons from SO4

2� and HSO4
� on the elec-

trode surface would produce SO4c
� (eqon (13)–(16)) and further

generated S2O8
2�,2,5 as veried by the ESR spectrum and free

radical competitive trapping experiment above.

H2O / cOH + H+ + e�, E0 ¼ 2.72 V vs. SHE (9)

HSO4
� + cOH / SO4c

� + H2O (10)

H2SO4 + cOH / SO4c
� + H3O

+ (11)

SO4c
� + SO4c

� / S2O8
2� (12)

SO4
2� / SO4c

� + e�, E0 ¼ 3.4 V vs. SHE (13)

HSO4
� / SO4c

� + H+ + e� (14)

SO4c
� + SO4

2� / S2O8
2� + e�, E0 ¼ 0.6 V vs. SHE (15)

SO4c
� + HSO4

� / S2O8
2� + H+ + e� (16)

In the preparation process of the PDS by electrolyzing sulfate
on the BDD anode, the oxygen evolution reaction was the main
side reaction reducing the current efficiency. The evolution
Fig. 5 (a) Effect of pH on electro-synthetic PDS; (b) effect of pH on cur

This journal is © The Royal Society of Chemistry 2020
mechanism of O2 on the BDD electrode included two steps:
rst, due to the sp3 hybrid structure on the surface of the BDD
electrode, the adsorption capacity of the reaction intermediate
was weak on its surface, while H2O lost an electron on the
electrode surface and formed cOH (eqn (9)). Second, the redox
potential of cOH is 1.8–2.7 V, and it is strongly oxidizing. In
addition to indirectly oxidizing sulfates to produce the PDS, the
competing reactions among cOH combined to produce O2 (eqn
(17)).3 The PDS was unstable in water and would decompose to
produce O2 (eqn (18)). Besides, the pH value decreased
constantly as the anode electrolysis got on, and Caro's acid
might be produced in this process. Its oxidation rate in the
electrolyte solution was higher than its formation rate. Thus,
the quantities of Caro's acid were low (eqn (19) and (20)).

cOH + cOH / O2 + 2H+ + 2e� (17)

S2O8
2� þH2O/ 2HSO4

� þ 1

2
O2 (18)

H2S2O8 + H2O / H2SO5 + H2SO4 (19)

H2SO5 + H2O / O2 + H2SO4 + 2H+ + 2e� (20)
Effect of pH on PDS generation

Despite high sulfate concentrations in mine and industrial
wastewater, they are mostly acidic. Therefore, the effect of pH
should be taken into account when sulfate at high concentra-
tions in such wastewater is utilized for the electro-preparation
of PDS. In the separated anode electrolysis experiment, the
rate of protons passing through the ion-exchange membrane to
the cathode was slower than the oxidation reaction producing
protons,37 and the pH value rapidly dropped below 2. The
concentration and current efficiency of the electro-synthesis of
PDS by sulfate at different initial pH are shown in Fig. 5.

The generation of PDS followed the zero-order reaction
kinetics in the split cycle anode electrolysis mode. Despite the
weak effect of initial pH on PDS synthesis, acidic pH conditions
were more favorable to the PDS generation than alkaline pH
conditions. As an intermediate active substance in PDS gener-
ation, under neutral or basic pH conditions, SO4c

� might be
rent efficiency of synthetic PDS.

RSC Adv., 2020, 10, 33928–33936 | 33933
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Fig. 6 (a) Effect of temperature on electro-synthetic PDS; (b) effect of temperature on current efficiency of synthetic PDS.
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reduced to SO4
2� before generating cOH. As the reverse reaction

of cOH oxidizing SO4
2� to form SO4c

� (eqn (21) and (22)), it was
not conducive to the generation of PDS.38,39 As suggested by
previous studies, PDS demonstrated a slow decomposition
efficiency in neutral and alkaline aqueous solutions (eqn (23)
and (24)).40–42 Since the decomposition of PDS is much slower
than its formation, no additional acid–base neutralizer is
required to synthesize PDS from acidic sulfate wastewater.

SO4c
� + H2O / SO4

2� + H+ + cOH (21)

SO4c
� + OH� / SO4

2� + cOH (22)

S2O8
2� þH2O/ 2HSO4

� þ 1

2
O2 (23)

S2O8
2� + OH� / HSO4

� + SO5
2� (24)

Effect of temperature on PDS generation

The generation concentration and current efficiency of PDS at
different temperatures (15 �C, 25 �C and 40 �C) are shown in
Fig. 6, indicating the PDS output and current efficiency
decreased with the increase of temperature. The reason lied in
that, under the condition of thermal enhancement ($40 �C),
S2O8

2�might homogenize and decompose into SO4c
� with great

oxidation due to thermal activation (eqn (25)), resulting in the
decrease of PDS concentration.41,43
Fig. 7 (a) Effect of current density on the synthesis of PDS (electrolysis tim
PDS (electrolysis time is 1 h).

33934 | RSC Adv., 2020, 10, 33928–33936
S2O8
2�

���!heat
2SO4

�� (25)

Effect of current density on PDS generation

In Fig. 7, the effect of current density on PDS synthesis is
investigated. There is a linear relationship between PDS output
and current density, and the linear regression coefficients are
all greater than 0.95. The output of PDS rise with the increase of
current density. At high current densities from 60 mA cm�2 to
120 mA cm�2, the current efficiency of PDS synthesis is higher
and hardly changed with the increase of current density, while
at low current density 30 mA cm�2, the current efficiency of PDS
synthesis is lower. During the preparation of persulfate with 0.2,
0.4, 0.6 and 0.8 mol L�1 Na2SO4 as the electrolyte solution, the
synthesis of persulfate almost increases linearly as the current
densities rise (as shown in Fig. S4–S7†). This embodied the
critical role of current density in the reaction rate and current
efficiency of PDS synthesis. Each current density value was
driven by a certain over-potential, and the limiting current
corresponded to the limiting potential. In the electrolysis
process, the occurrence of different electrode reactions was on
the premise that the impressed current exceeds the limiting
current. Therefore, the low current density might constitute
a limitation to the reaction of direct oxidation synthesis of PDS.
Moreover, a large amount of gas was produced in the anode
during electrolysis, indicating that the synthesis of PDS was
accompanied by the side reaction of oxygen evolution. On the
e is 1 h); (b) effect of current density on current efficiency of synthetic

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) Effect of Na2SO4 electrolyte concentration on electro-synthesis of PDS (electrolysis time is 1 h); (b) effect of Na2SO4 electrolyte
concentration on current efficiency of synthetic PDS (electrolysis time is 1 h).
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one hand, the oxygen evolution reaction competed with SO4
2�

for the reactive sites on the electrode surface to inhibit its direct
oxidation; on the other hand, the effective electrode area of PDS
synthesis was reduced due to the partial attachment of O2

generated on the electrode surface.44 The oxygen evolution was
more intense at low current density, which led to a signicant
decrease in current efficiency.
Effect of SO4
2� concentration on PDS generation

The effect of Na2SO4 electrolyte solution concentration on PDS
generation is shown in Fig. 8. With the increase of Na2SO4

concentration, the generation concentration and current effi-
ciency of PDS grew linearly. Firstly, it might be that the
increase of SO4

2� concentration enabled it occupy more
reaction-active adsorption sites on the electrode surface,
which led to the enhancement of direct electrolysis capability.
Secondly, from the perspective of chemical thermodynamics,
the increase in SO4

2� concentration made the electrolytic
equilibrium biased in favor of PDS synthesis and led to the
increase in PDS generation. Under different current densities,
the current efficiency of PDS synthesis grew linearly with the
increase of Na2SO4 concentration. However, at the current
density of 60–120 mA cm�2, the current efficiency demon-
strated a consistent growth with the increase of Na2SO4 elec-
trolyte concentration, while at the current density of 30 mA
cm�2, the current efficiency was signicantly lower. As indi-
cated by the results, within the concentration range, low
current density might make PDS synthesis mainly through
cOH mediated oxidation; when the current density exceeded
the limiting current density, the current efficiency mainly
changed with the concentration of the electrolyte solution
rather than current density. Also, this implied that in addition
to cOH mediated oxidation, as an intermediate substance of
PDS synthesis, SO4

2� might generate SO4c
� mainly through

rapid electron transfer at higher concentrations.13 According
to the above rules, we can roughly infer that the current effi-
ciency of the PDS can be above 78% when the concentration of
sulfate electrolyte is 2 mol L�1 and the current density is 120
mA cm�2. Thanks to the low current density, this process was
energy-saving. In addition, this method did not need the
addition of oxygen evolution inhibitors, which helped prepare
This journal is © The Royal Society of Chemistry 2020
PDS products with low impurity content and lower the cost of
separation and purication.

Although this method required no oxygen evolution inhib-
itor, the output and current efficiency of the PDS could also be
maintained at a high level. Furthermore, the cOH, SO4c

�, S2O8
2�

and other substances that were strongly oxidizing from the
electrolysis ensured more thorough decomposition of organic
impurities. This was conducive to the preparation of PDS
products with less impurities.26,45 At present, the separation and
purication methods for salts mainly include ion exchange,
electrodialysis, crystallization and precipitation. The separation
and purication of PDS from electrolyte solution require further
study.

Conclusions

The electrochemical synthesis mechanism of PDS at BDD anode
was interpreted through experimental methods of CV curve,
electron spin resonance spectroscopy (ESR) and free radical
competitive trapping; in the split anode electrolysis mode, the
effects of reaction conditions including pH, temperature,
current density and electrolyte concentration of the electro-
synthesis of PDS by sulfate at BDD anode was identied.
According to the results: (1) based on the formation of inter-
mediate substance SO4c

� of PDS synthesis, it was concluded
that there were two possible paths for PDS synthesis by sulfate
at BDD anode. The rst was that SO4

2� was induced by indirect
oxidation of cOH to form SO4c

�; the second was that when the
impressed current density exceeded the limiting current
density, the electron loss rate of SO4

2� on the surface of BDD
electrode increased, resulting the growth of SO4c

� generated by
direct oxidation. (2) In a split-cell reactor, the initial pH
contributed little on PDS synthesis, and the acidic condition
was slightly benecial to PDS synthesis. No additional pH
regulator is required for the synthesis of PDS with sulfate from
acid mine and industrial wastewater. (3) At a temperature
higher than 40 �C, thermal decomposition of PDS resulted in
the decrease of its output and current efficiency. It is suggested
the necessity of ensuring the temperature lower than its thermal
decomposition temperature in the electro-synthesis of PDS; (4)
in practical application, the increase of impressed current or
voltage assumes no signicant contribution to the
RSC Adv., 2020, 10, 33928–33936 | 33935
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improvement of current efficiency of PDS synthesis. In case of
the impressed current exceeding the limiting current, the PDS
cumulative concentration and current efficiency can be
improved through concentrated pretreatment of sulfate
solution.
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