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Abstract: Manganese-catalyzed sulfite activation (i.e., Mn(II)/sulfite) has emerged as an advanced
oxidation process to produce sulfate radical (SO4

•−) for water treatment. However, to maintain the
catalytic activity of Mn(II) ion, solution acidity has to be kept below pH 4, which is difficult to maintain
in practice. Moreover, Mn(II)/sulfite reaction is a strongly oxygen-dependent process, and purging
air into reaction solution is another extra cost. To solve the above issues, we devised to implement
electrolysis into Mn(II)/sulfite (i.e., electro/Mn(II)/sulfite process) for organic compound (bisphenol A,
BPA) oxidation. It was revealed that, under near-neutral conditions (pH 6), the removal rate of 10 µM
BPA was increased from 46.3%, by Mn(II)/sulfite process, to 94.2% by electro/Mn(II)/sulfite process.
The enhancement of BPA removal after implementation of electrolysis to Mn(II)/sulfite process was
investigated, and concluded to be a result of several pathways. In detail, the produced oxygen from
water electrolysis, direct sulfite oxidation on anode, and local acidic pH at anode vicinity together
play a role in promoting SO4

•− production and, therefore, contaminant removal. Radical-scavenging
assays confirmed the dominant role of SO4

•− in electro/Mn(II)/sulfite process.
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1. Introduction

Water contamination has been a severe and widespread concern around the world, and effective
and economical treatments are necessary. Advanced oxidation processes (AOPs) have been widely
utilized for organic compound degradation based on oxidizing radicals such as hydroxyl radical
(HO•, E = 2.73 V, NHE) [1–4]. Recently, an emerging radical, the sulfate radical (SO4

•−), has been
extensively adopted for water treatment [5–7]. SO4

•− exhibits strong oxidizing potential, as strong as
HO• [6]. SO4

•− has been used to treat recalcitrant dyes, personal persistent organic pollutants (PPOPs),
arsenic, and bacteria and viruses; moreover, SO4

•− can be used to treat various waterbodies, including
wastewater and leachate from industry, etc. [5,8–10]. The versatile application of SO4

•− into water
treatment practice has attracted great attention.

Hitherto, several processes have been used to produce SO4
•− to support water treatment.

Previously, generation of SO4
•− has been heavily dependent on persulfate (PS) or peroxymonosulfate

(PMS) under activation by heat, photolysis, photocatalysis, transition metal catalysis, and heterogeneous
catalysis [5,11–13]. This method is flawed in that PS and PMS possess high stability in the environment,
and the toxic undecomposed residues may affect human health upon exposure, such as through
drinking water. Specifically, the LD50 (i.e., median lethal dose) for PS and PMS is reported to be
802 mg/kg [14] and 2000 mg/kg [15] by rat oral intake, respectively. Besides, PS/PMS could stably
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exist in environmental media for tens of days [16–20], which further contributes to the toxicity issue
to human health. To address this issue, Chen and colleagues have alternatively relied on sulfite as
a SO4

•− precursor under transition metal catalysis [21–24]. SO4
•− could be proliferated through a

series of radical chain reactions (Equations (1)–(7)) with high efficiency. Compared with PS/PMS-based
processes, metal/sulfite process has the advantages of low operating cost and negligible toxicity.
For instance, the LD50 for sulfite is 3560 mg/kg by rat oral intake [25], indicating a much weaker
acute toxicity than PS/PMS. Moreover, sulfite is vulnerable to trace transition metal catalysis [26–28].
Researchers also showed that micromolar-level manganese ions in the aqueous phase of atmosphere
could sufficiently catalyze the complete conversion of sulfite into non-toxic sulfate ion within a few
minutes [29]. Real environmental media contain abundant manganese or other catalytically active
transition metal ions (Cu, Cr, Fe, Co, Ni, etc.), which could catalyze sulfite oxidation. In addition, it has
also been reported that, although solid sulfite is quite stable, dissolved sulfite in the aqueous solution
could be oxidized simply by dissolved oxygen rapidly [30,31]. Based on the above information, it is
reasoned that the use of sulfite as SO4

•− precursor is safer than PS/PMS for water treatment purposes.
Compared with other transition metal catalysts (such as Cu(II) and Co(II)) [22], iron (Fe(II)) and
manganese (Mn(II)) ions have minimal cytotoxicity concern and are abundant in environmental media.
In addition, Mn(II)/sulfite possesses higher oxidation potential than Fe(II)/sulfite process, especially in
strongly acidic pH [22]. Therefore, in this study, Mn(II)/sulfite process was used for organic compound
oxidation. The Mn(II)/sulfite process relies on the Mn(II)/Mn(III) cycle to catalyze SO4

•− production
(Equations (1)–(7)), requiring minimal Mn(II) dose in solution as a catalyst [22,24]. Moreover, it should
be noted that, besides SO4

•−, Mn(II)/sulfite reaction also generates Mn(III), a strongly oxidative species
that has been recently reported to rapidly oxidize a variety of organic compounds [32–34].

Mn2+ + HSO3
−
→MnHSO3

+ (1)

MnHSO3
+ +

1
4

O2→MnSO3
+ +

1
2

H2O (2)

Mn3+ + HSO3
−
→MnSO3

+ + H+ (3)

MnSO3
+
→Mn2+ + SO3

•− (4)

SO3
•− + O2→ SO5

•− (5)

SO5
•− + HSO3

−
→ SO4

2− + SO4
•− + H+ (6)

HSO3
− + SO4

•−
→ SO4

2− + H+ + SO3
•− (7)

However, in practice, the use of the Mn(II)/sulfite process faces two major concerns, which are the
rapid consumption of dissolved oxygen in the solution, and the dependence of the acid to maintain
Mn(II) ion catalytic activity. The above concerns were previously addressed by pumping pure oxygen or
air into the solution, and adding acid to maintain optimum pH (~pH 4) [21]. These operations increase
the overall operating cost and, moreover, the strong acidity is hazardous to local ecology. It is well
documented that electrochemical water splitting could provide oxygen for oxygen-demanding chemical
reactions, and electrodes could also regulate solution pH based on released protons or hydroxyl ions.
For instance, the oxygen produced by anode has been used to support microbial degradation of vinyl
chloride [35], and the local acidity created by anode was employed to catalyze hydrogen peroxide
synthesis [36]. Moreover, electrolysis has been demonstrated to significantly increase the oxidation
capability of Fe(II)/sulfite process for the removal of nonsteroidal anti-inflammatory drug [37], but its
role in Mn(II)/sulfite process has not been examined.

In this work, we applied electrochemical water splitting into Mn(II)/sulfite process (that is,
electro/Mn(II)/sulfite process), in order to address the abovementioned issues. To this end, an anode
and a cathode were installed into the reaction beaker to provide oxygen and regulate local acidity
around electrodes to improve Mn(II)/sulfite reaction efficiency. Bisphenol A (BPA) was chosen
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as a target environmental contaminant, as BPA is an endocrine disruptor and has been widely
detected in environmental media [38,39]. The BPA removal efficiency, effect of sulfite dose and current
intensity, and reaction mechanism by electro/Mn(II)/sulfite process were further explored in this
study. In particular, the role of Mn(III) and SO4

•− in organics oxidation was explored in Mn(II)/sulfite
and electro/Mn(II)/sulfite processes under various experimental conditions. It is anticipated that
the developed electro/Mn(II)/sulfite process could address the concerns regarding the conventional
Mn(II)/sulfite process, and be used as a versatile water treatment platform in future.

2. Materials and Methods

2.1. Materials

Manganese sulfate (MnSO4), sodium sulfite (Na2SO3), bisphenol A (BPA, C15H16O2), and sodium
sulfate (Na2SO4) were purchased from Sigma-Aldrich Co., Ltd. (Shanghai, China). Ethanol and
tert-butanol, used as radical scavengers of SO4

•− and HO•, were from Fisher Scientific Ltd. (Hampton,
NH, USA). Other chemicals, including rhodamine B, congo red, orange II, methyl orange, atrazine,
metoprolol, phenol, 4-chlorophenol, amoxicillin, phosphoric acid, methanol, and acetonitrile were
obtained from Fisher Scientific Ltd. (Hampton, NH, USA). These chemicals were used as degradation
substrates and mobile phase for analysis, respectively. Two mixed metal oxide (MMO) mesh electrodes
(2 cm × 6 cm) (Xi’an Ocean Material Technology Co., Ltd., Xi’an, China) were used in this study.
MMO electrodes are relatively stable and have been tested in groundwater conditions. Previous reports
indicated that MMO electrodes could be used in groundwater for years without any poisoning by
organics or inorganic ions [36].

2.2. Batch Reaction of BPA Removal

The reactor configuration is described in Figure 1. In a typical assay, 0.2 mM MnSO4, 2 mM
sulfite, 5 mM sulfate as supporting electrolyte, and 10 µM BPA were prepared in the 200 mL reaction
solution. Solution pH was rapidly adjusted to pH 6 with diluted NaOH and H2SO4. The reaction was
initiated by turning on the power supply (Agilent E3617A model) that was connected to the MMO
electrodes. The electric current was set constant at 100 mA. In other assays, the sulfite concentration
and electric current applied into the reaction solution were changed as indicated. At specific time
intervals, 1 mL reaction solution was sampled and filtered using a 0.45 µm membrane (Millipore,
Burlington, MA, USA) to remove manganese hydroxide precipitate particles. The reaction solution
sample was then loaded onto high-performance liquid chromatography (HPLC, Agilent 1200 series)
for analysis. BPA was separated by using methanol/water 60:40 as the mobile phase, and Agilent
ZORBAX Eclipse Plus C18 (4.6 × 100 mm 5 µm) as the column. The detection wavelength was 230 nm.
In Section 3.5, other contaminants were also used as substrates of electro/Mn(II)/sulfite process, and the
analysis method was included.
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2 mM sulfite, 5 mM sulfate as supporting electrolyte, and 10 μM BPA were added into each chamber. 
Solutions were under constant magnetic stirring. Reactions were initiated by switching on power 
supply (Agilent E3617A model) to maintain a constant electric current at 100 mA, and BPA 
concentration, solution pH, and dissolved oxygen content in each chamber were monitored. 

2.4. Measurement of MnO2 Concentration 

MnO2 concentration was measured based on a previous report [40]. In detail, 1 mL sampled 
solution was added into 1 mL 200 μM 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) in 
20 mM HEPES buffer (pH 6), and a green ABTS•+ product developed within 5 min. The samples were 
measured with a UV–Vis spectrometer at 645 nm. 0–200 μM MnO2 was used as standard solutions 
for calibration purpose. 

2.5. Measurement of Formaldehyde Concentration 

Methanol (10 mM) was added into Mn(II)/sulfite or electro/Mn(II)/sulfite processes at indicated 
conditions. The produced formaldehyde in 1 mL sample was first derivatized by adding 0.5 mL 500 
μM 2,4-dinitrophenylhydrazine (DNPH). The formed formaldehyde–DNPH adduct has a strong 
absorption at 360 nm and was detected by HPLC. The formaldehyde–DNPH product was separated 
by water/acetonitrile (55:45 (v/v)) mobile phase at a flow rate of 1 mL/min. This method has a 
detection limit of 0.1 ppm [41]. 

2.6. Radical-Scavenging Assay 

In order to study the role of SO4•− in BPA degradation, selective radical scavengers were added 
into the reaction solution. In detail, ethanol (strong SO4•− scavenger) and tert-butanol (inert to SO4•−) 
were prepared into the electro/Mn(II)/sulfite reaction solution at indicated concentrations (5 or 10 
mM), while other parameters were fixed (i.e., 0.2 mM MnSO4, 2 mM sulfite, 5 mM sulfate as 
supporting electrolyte, 10 μM BPA, 100 mA electric current, and pH 6). The BPA removal rate was 

Figure 1. Configuration of the reactor for electro/Mn(II)/sulfite process. Reactor dimension was included,
and reaction was under constant stirring. “+” and “−” denotes anode and cathode, respectively.

2.3. BPA Removal by Electro/Mn(II)/Sulfite Process in Divided Electrochemical Cell

Two separate beakers (divided cells, 150 mL volume of each reactor) were connected by a channel
with a Nafion selective membrane in the middle, and anode was inserted into one chamber while
cathode was inserted into the other chamber. In each chamber, 100 mL (pH 6) of 0.2 mM MnSO4, 2 mM
sulfite, 5 mM sulfate as supporting electrolyte, and 10 µM BPA were added into each chamber. Solutions
were under constant magnetic stirring. Reactions were initiated by switching on power supply (Agilent
E3617A model) to maintain a constant electric current at 100 mA, and BPA concentration, solution pH,
and dissolved oxygen content in each chamber were monitored.

2.4. Measurement of MnO2 Concentration

MnO2 concentration was measured based on a previous report [40]. In detail, 1 mL sampled
solution was added into 1 mL 200 µM 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) in
20 mM HEPES buffer (pH 6), and a green ABTS•+ product developed within 5 min. The samples were
measured with a UV–Vis spectrometer at 645 nm. 0–200 µM MnO2 was used as standard solutions for
calibration purpose.

2.5. Measurement of Formaldehyde Concentration

Methanol (10 mM) was added into Mn(II)/sulfite or electro/Mn(II)/sulfite processes at indicated
conditions. The produced formaldehyde in 1 mL sample was first derivatized by adding 0.5 mL
500 µM 2,4-dinitrophenylhydrazine (DNPH). The formed formaldehyde–DNPH adduct has a strong
absorption at 360 nm and was detected by HPLC. The formaldehyde–DNPH product was separated
by water/acetonitrile (55:45 (v/v)) mobile phase at a flow rate of 1 mL/min. This method has a detection
limit of 0.1 ppm [41].

2.6. Radical-Scavenging Assay

In order to study the role of SO4
•− in BPA degradation, selective radical scavengers were added

into the reaction solution. In detail, ethanol (strong SO4
•− scavenger) and tert-butanol (inert to SO4

•−)
were prepared into the electro/Mn(II)/sulfite reaction solution at indicated concentrations (5 or 10 mM),
while other parameters were fixed (i.e., 0.2 mM MnSO4, 2 mM sulfite, 5 mM sulfate as supporting
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electrolyte, 10 µM BPA, 100 mA electric current, and pH 6). The BPA removal rate was monitored
at specific time interval by taking samples and analysis with HPLC as stated in Section 2.2 (i.e.,
methanol/water 60:40 as the mobile phase, detection wavelength was 230 nm).

3. Results and Discussion

3.1. Removal of BPA by Electro/Mn(II)/Sulfite Process

BPA removal results by electro/Mn(II)/sulfite process and related controls are shown in Figure 2.
Negligible BPA removal was observed after individual treatment by electricity, Mn(II), and sulfite
solution, indicating that BPA was insensitive to electrode electrolysis. Electro/Mn(II) reaction did
not mediate any BPA removal, suggesting that no reactive species, such as Mn(III), were generated
on electrodes. At pH 6, Mn(II)/sulfite reaction showed weak oxidation capacity, and removed 46.3%
of 10 µM BPA. Electro/sulfite reaction also produced slight BPA removal, consistent with previous
report [37]. This is because sulfite could be oxidized on anodes, through direct electron transfer
procedure [37,42]. The produced SO3

•− then evolved into SO4
•− by oxygen, that could oxidize organic

compounds in the solution (Equations (8)–(10)). In order to further study reactions on anode, the applied
potential was measured. Results indicated that applied potential to the anode was measured to be
1.4–1.5 V (vs. SHE). The redox potential of H2O/O2 is 1.23 V (vs. SHE), Mn(II/III) is 1.51 V (vs. SHE) [43],
and SO3

2−/SO3
− is 0.63–0.84 V (vs. SHE) [27,44]. Hence, within the applied potential range, water

and sulfite could be oxidized, while Mn(II) oxidation into Mn(III) and sulfate ion oxidation into SO4
•−

on the anode is highly improbable considering essential overpotential and reaction rate to support
sufficient production of reactive species. Results indicated that electro/Mn(II)/sulfite process removed
94.2% of 10 µM BPA within 40 min, significantly higher than the above controls. The role of electrolysis
needs more investigation.

HSO3
−/SO3

2−
→ HSO3

−/SO3
2−

ads→ SO3
•−

ads + e− (8)

SO3
•−

ads + O2→ SO5
•−

ads (9)

SO5
•−

ads + HSO3
−/SO3

2−
ads→ SO4

2− + SO4
•−

ads (10)

To discern the role of electrolysis in the Mn(II)/sulfite process, dissolved oxygen content and solution
pH were monitored. As shown in Figure 2b, in conventional Mn(II)/sulfite process, the dissolved
oxygen content rapidly decreased to 3.59 mg/L although this reaction is slow at pH 6. At pH 4, which is
the optimum solution acidity for the Mn(II)/sulfite process, the complete depletion of dissolved oxygen
can be achieved within a few seconds [24]. The consumption of dissolved oxygen is due to Equations (2)
and (5), the latter of which plays an especially significant role. A previous investigation has shown
that, by purging nitrogen in the metal/sulfite reaction solution, the decolorization of an organic dye
compound can be fully stalled [21]. This indicates that oxygen is necessary to produce SO4

•− radical
by the Mn(II)/sulfite process. In the electro/Mn(II)/sulfite process, however, the solution dissolved
oxygen content was maintained at around 8.19 mg/L during the first 5 min, and then slightly increased
to 8.79 mg/L at the end of reaction (Figure 2b). The high oxygen concentration by electrolysis led to
more SO4

•− radical production, which mediated a higher BPA removal efficiency.
Figure 2c shows the solution pH change during Mn(II)/sulfite and electro/Mn(II)/sulfite processes.

In the Mn(II)/sulfite process, the solution pH gradually decreased, and it reached pH 5.67 at 10 min,
and pH 4.89 at the end of reaction. The decrease of solution pH is due to sulfite being a Lewis base,
and its oxidation could lead to solution acidification. The pH decrease by Mn(II)/sulfite process
with an original pH 6 was slow because of the retarded catalytic transformation of sulfite under
near-neutral pH. In electro/Mn(II)/sulfite process, however, remarkable solution acidification was
observed. The significant pH decrease started at 5 min, and reached pH 3.12 at 40 min. Two pathways
could account for the intensive pH acidification by electro/Mn(II)/sulfite process. At first, as shown
above, the oxygen produced by anode could accelerate the overall Mn(II)/sulfite reaction, which then
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acidified solution pH via consuming sulfite. Second, the anode vicinity exhibits a strong acidity
(measured as pH 3.8 during our study, data not shown). This acidity around the anode is especially
favored by Mn(II)/sulfite reaction, which then, in turn, also led to solution acidification. Consequently,
it is recognized, overall, that both produced oxygen and local acidity around the anode contributed to
the enhanced BPA removal by the electro/Mn(II)/sulfite process [37].
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Figure 2. Removal of bisphenol A (BPA) by the electro/Mn(II)/sulfite process. (a) BPA removal by
several controls; (b) dissolved oxygen in the solution changes in Mn(II)/sulfite and electro/Mn(II)/sulfite
processes; and (c) solution pH changes in Mn(II)/sulfite and electro/Mn(II)/sulfite processes.
Reaction conditions: 0.2 mM Mn(II), 2 mM sulfite, 5 mM sulfate as supporting electrolyte, 10 µM BPA,
100 mA electric current, and pH 6.

In order to further study the role of electrolysis in electro/Mn(II)/sulfite process, the assay was
performed in a divided electrochemical cell with a Nafion selective membrane that only allows protons
to cross. BPA degradation by Mn(II)/sulfite process was monitored in both anode and cathode chambers
(Figure 3a). As shown, 45.7% of BPA was removed in the cathode chamber over the course of reaction.
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However, in the anode chamber, BPA was rapidly degraded, and 66.9% of 10 µM BPA was removed
within 10 min. The BPA removal by Mn(II)/sulfite process in the anode chamber was faster than
undivided electro/Mn(II)/sulfite process. The measurements of dissolved oxygen content (Figure 3b)
and solution pH (Figure 3c) confirmed that the anode chamber produced oxygen and acidic pH that
are favored by Mn(II)/sulfite reaction.
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Figure 3. Removal of BPA by the electro/Mn(II)/sulfite process in divided electrochemical cell.
(a) BPA removal by the electro/Mn(II)/sulfite process in anode and cathode chambers and undivided
electrochemical cell; (b) dissolved oxygen in the solution changes in anode and cathode chambers; and
(c) solution pH changes in anode and cathode chambers. Reaction conditions: 0.2 mM Mn(II), 2 mM
sulfite, 5 mM sulfate as supporting electrolyte, 10 µM BPA, 100 mA electric current, and pH 6.

3.2. Effect of Sulfite Dose

Sulfite is the precursor of SO4
•−, and it has a complex role in SO4

•− radical generation. Specifically,
as reported previously, low sulfite dose is proportional to SO4

•− radical yield, whereas high sulfite
dose could retard SO4

•− radical generation through self-scavenging (Equation (7)). This is because
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overdosed sulfite could compete with organic substrates to consume SO4
•−, leading to lower substrate

removals. To figure out the role of sulfite dose in the electro/Mn(II)/sulfite process, sulfite concentrations
of 0–4 mM were used, with other parameters fixed, and the BPA removal results are shown in Figure 4.
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Figure 4. Effect of sulfite dose on the BPA removal by the electro/Mn(II)/sulfite process. (a) BPA removal
and (b) pseudo first-order removal constant versus sulfite concentration. Reaction conditions: 0.2 mM
Mn(II), 0.5–4 mM sulfite, 5 mM sulfate as supporting electrolyte, 10 µM BPA, 100 mA electric current,
and pH 6.

As observed, the BPA removal improved with increasing sulfite concentration when sulfite was
below 2 mM. For instance, the eventual BPA removal at 0.5, 1, and 2 mM sulfite was 29%, 53.9%,
and 94.2%, respectively. However, as sulfite concentration was further increased to over 2 mM, BPA
removal was weakened. The BPA removal at 4 mM sulfite was 45.3% at the end of reaction. The pseudo
first-order kinetics were used to fit BPA removal curves (Figure 4b). As shown, the pseudo first-order
reaction constant of BPA removal (k) by electro/Mn(II)/sulfite process at 0.5, 1, 2, 3, and 4 mM sulfite
was 0.0081, 0.0179, 0.065, 0.0258, and 0.015 min−1, respectively. The effect of sulfite concentration was
consistent with previous reports [21–24].

3.3. Effect of Current Intensity

The role of electric current was explored in the range of 0–200 mA for BPA removal by
electro/Mn(II)/sulfite process. As shown in Figure 5a, as the electric current increased, the BPA
removal rate was also improved. For instance, the BPA removal rate at 20, 50, and 100 mA current
was 58.6%, 72%, and 94.2%, respectively. The BPA removal curves were also re-plotted using pseudo
first-order kinetics, and results are shown in Figure 5b. It was observed that the increase of the pseudo
first-order removal constant of BPA (k) was remarkable in the range of 0–100 mA electric current.
However, beyond the range of 100 mA current intensity, the increase of k became negligible.
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Figure 5. Effect of electric current on the BPA removal by the electro/Mn(II)/sulfite process. (a) BPA
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0.2 mM Mn(II), 2 mM sulfite, 5 mM sulfate as supporting electrolyte, 10 µM BPA, 0–200 mA electric
current, and pH 6.

As mentioned above, several pathways might account for the role of electricity in the
electro/Mn(II)/sulfite process. First, the oxygen produced by the anode could drive more SO4

•−

generation and, second, sulfite could be directly oxidized by the anode into SO3
•− which also

eventually evolves into SO4
•−. Higher electric current leads to enhanced effects in both of the above

pathways, which accounted for the positive correlation between electric current and BPA removal in the
range of 0–100 mA. However, as the electric current further increased to above 100 mA, the dissolved
oxygen in the solution was saturated, and the sparked SO3

•− by anode oxidation reached a plateau as
its production was limited to the adsorbed amount of SO3

2− molecules [37]. As a result, the further
increase of BPA removal at above 100 mA electric current was not significant.

3.4. Mechanism Study

As shown in Equations (1)–(7), a mixture of oxysulfur radicals (SO3
•−, SO5

•−, and SO4
•−) could

be produced by the electro/Mn(II)/sulfite process. These oxysulfur radicals have exhibited distinct
properties in reaction with organic compounds. In a previous report, it has been summarized that
SO3

•− has weak reduction capability, SO5
•− can selectively oxidize amines, while SO4

•− possesses
much broader selectivity toward a wide range of organic compounds and possibly plays the most
significant role in BPA removal in this study [23,37]. Moreover, it is worth noting that Mn(III), a strongly
oxidative species, was reported to be generated in Mn(II)/sulfite reaction (Equations (2), (3) and (12)).
The presence of Mn(III) has been previously confirmed via pyrophosphate, and Mn(III) is able to
rapidly remove organic compounds in tens of seconds [32–34]. The disproportion of Mn(III) could also
generate Mn(IV) (Equation (11)).

2H2O + 2Mn3+
→MnO2 + Mn2+ + 4H+ (11)

MnO2 + HSO3
− + 3H+

→Mn3+ + SO3
•− + 2H2O (12)
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Mn3+ + OC→Mn2+ + OC•+ (OC, organic compound) (13)

Mn2+ + SO4
•−
→Mn3+ + SO4

2− (14)

SO4
•− + H2O→ SO4

2− + HO• + H+ (15)

SO4
•− + HO−→ SO4

2− + HO• (16)

In order to discern the role of reactive species, a radical-scavenging approach was adopted.
In detail, we individually added ethanol and tert-butanol into the electro/Mn(II)/sulfite-treated BPA
solution. Ethanol could react with SO4

•− with relatively high activity [45], while tert-butanol is inert
toward SO4

•− [46]. Besides, ethanol and tert-butanol are reported to be both inert to Mn(III), as Mn(III)
is an electrophilic oxidant [34]. This method has been widely used to distinguish if SO4

•− plays a role in
certain oxidation process [47–50]. As shown in Figure 6, addition of 5 and 10 mM tert-butanol showed
little effect in BPA removal kinetics. The slight difference between control group and the group with
tert-butanol was due to the reaction between tert-butanol and SO4

•−, because although tert-butanol is
inert to SO4

•− (9.1 × 105 M−1 s−1) [51], the concentration of tert-butanol used in this study (5 or 10 mM)
was 500–1000 times higher than the used BPA concentration. By comparison, 10 mM ethanol fully
inhibited BPA removal, and decreased the BPA removal kinetic constant from 0.065 to 0.0034 min−1.
Additionally, it has been reported that HO• could also be produced from the reaction between SO4

•−

and water or HO− (Equations (15) and (16)), which could oxidize a large variety of organic compounds.
tert-Butanol (6 × 108 M−1 s−1) and ethanol (1.9 × 109 M−1 s−1) [52] are strong scavengers of HO•.
The addition of 5 or 10 mM tert-butanol mediated slight decrease of BPA removal, suggesting that HO•

was not a major contributor for BPA removal. Overall, above results thus indicated that SO4
•− was

completely responsible for BPA oxidation in the electro/Mn(II)/sulfite process.
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Figure 6. Radical-scavenging assay of the electro/Mn(II)/sulfite process. (a) BPA removal and (b) pseudo
first-order removal constant after addition of radical scavengers. Reaction conditions: 0.2 mM Mn(II),
2 mM sulfite, 5 mM sulfate as supporting electrolyte, 10 µM BPA, 100 mA electric current, and pH 6.
Ethanol and tert-butanol at indicated concentration was added to reaction solution. Control indicates
no addition of radical scavenger.
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Previous studies suggested that, under certain circumstances, both Mn(III) and SO4
•− could be

generated and play a significant role in organic compound oxidation in manganese-catalyzed sulfite
activation processes, such as permanganate/sulfite, MnO2/sulfite, and Mn(II)/sulfite reactions [32–34,40].
Studies have reported that solution pH might affect the species responsible for organic compound
oxidation. For instance, MnO2/sulfite reaction at near-neutral pH produces Mn(III) for organic
compound removal [34], while Mn(II)/sulfite reaction at acidic pH generates SO4

•− for substrate
oxidation [40]. Moreover, the mutual conversion of MnO2 and Mn(II) could be mediated by sulfite
(Equations (11)–(14)). At first, the produced MnO2 by Mn(II)/sulfite and electro/Mn(II)/sulfite processes
at different solution pH was quantified (Figure 7a). It was shown that, as solution pH increased,
the produced MnO2 was improved for both Mn(II)/sulfite and electro/Mn(II)/sulfite processes. Moreover,
Mn(II)/sulfite produced more MnO2 than electro/Mn(II)/sulfite process, probably because of lower final
pH in electro/Mn(II)/sulfite process (Figure 7b). The final measured solution pH of Mn(II)/sulfite and
electro/Mn(II)/sulfite process with an initial pH of 6 were pH 4.89 and 3.12, respectively. Our results
are consistent with a previous report [40].
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Figure 7. Quantification of produced MnO2 (a) and measurement of final solution pH (b) in Mn(II)/sulfite
and electro/Mn(II)/sulfite processes at different initial pH. Reaction conditions: 0.2 mM Mn(II), 2 mM
sulfite, 5 mM sulfate as supporting electrolyte, 10 µM BPA, and 100 mA electric current. Initial solution
pH varied as indicated.

The contribution of Mn(III) and SO4
•− towards BPA oxidation was further tested with a rational

semi-quantitative method. In detail, as demonstrated above, tert-butanol and ethanol could discern
the role of SO4

•−. Besides, we tested if Mn(III) played a role by measuring its oxidation products of
methanol because SO4

•− oxidizes alcohol into formaldehyde while Mn(III) cannot [34]. BPA removal
by Mn(II)/sulfite (Figure 8a) and electro/Mn(II)/sulfite (Figure 8b) process after addition of tert-butanol
and ethanol was monitored. It is interesting to note that, in the range of pH 2–6, higher solution pH
decreased BPA removal efficiency for Mn(II)/sulfite process, i.e., 95.38% at pH 2 and 56.3% at pH 6.
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However, at pH 8, the BPA removal was improved up to 89.4% at the end of reaction. The role of
reactive species in Mn(II)/sulfite process at pH 8 was studied. The radical-scavenging assay results
indicated that SO4

•− did not likely played a major role in BPA removal at pH 8 in Mn(II)/sulfite process.
The oxidation of methanol into formaldehyde was also measured (Figure 8c). Results indicated
that at pH 8, negligible formaldehyde was observed in Mn(II)/sulfite process, indicating that Mn(III)
instead of SO4

•− accounted for BPA removal. In sharp contrast, the BPA removal efficiency by
electro/Mn(II)/sulfite process decreased at higher solution pH in the range of pH 2–8 (Figure 8b).
Moreover, radical-scavenging assay results indicated that SO4

•− played a major role in BPA removal
regardless of solution pH (Figure 8b). Such a conclusion was further confirmed by the detection of
produced formaldehyde (Figure 8c).
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Figure 8. BPA removal by Mn(II)/sulfite (a) and electro/Mn(II)/sulfite (b) processes at different pH and
addition of 10 mM tert-butanol or 10 mM ethanol, and produced formaldehyde by Mn(II)/sulfite and
electro/Mn(II)/sulfite process at different pH (c). Reaction conditions: 0.2 mM Mn(II), 2 mM sulfite,
5 mM sulfate as supporting electrolyte, 10 µM BPA, and 100 mA electric current. Initial solution pH
varied as indicated. (c) Formaldehyde was generated between SO4

•− and 10 mM methanol.
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Consequently, the following conclusions could be drawn from above results: (1) SO4
•− played

a major role in BPA removal by Mn(II)/sulfite process at pH below 6; (2) Mn(III) accounted for BPA
removal by the Mn(II)/sulfite process at pH 8; and (3) SO4

•− was completely responsible for BPA
removal by the electro/Mn(II)/sulfite process, presumably because of the acidic conditions mediated by
electrolysis. The reaction mechanism for electro/Mn(II)/sulfite is shown in Figure 9.Water 2019, 11, x FOR PEER REVIEW 13 of 19 
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3.5. Degradation of Other Organic Pollutants

The capability of the electro/Mn(II)/sulfite process to degrade other organic pollutants was
tested. Nine organic compounds were selected to represent the commonly detected pollutants in the
environmental medium, and their quantification methods were included in Table 1. Among them,
rhodamine B, congo red, orange II, and methyl orange are organic dyes which were analyzed by
UV–Vis spectrometry. Atrazine, metoprolol, phenol, 4-chlorophenol, and amoxicillin were quantified
by high-performance liquid chromatography (HPLC).
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Table 1. Quantification methods for selected organic compounds.

Name Structure Chemical Formula Quantification Method Mobile Phase Detection
Wavelength (nm)

Rhodamine B
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Table 1. Cont.

Name Structure Chemical Formula Quantification Method Mobile Phase Detection
Wavelength (nm)

Metoprolol
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Results showed that removal rates of all tested organic compounds at a concentration of 10 µM by
the electro/Mn(II)/sulfite process were above 85% (Figure 10). In particular, the degradation of organic
dyes was, in general, more pronounced than the other compounds, possibly because the dyes possess
electrophilic chromophore groups that are easily oxidized by SO4

•−. Moreover, the degradation of
metoprolol (a beta-blocker to treat high blood pressure, chest pain, and heart failure) showed the
lowest efficiency (85.4%) by electro/Mn(II)/sulfite process, due to the weak oxidation capacity of SO4

•−

toward electrophilic functional groups such as saturated C–C bonds. Above results demonstrated
that electro/Mn(II)/sulfite process could non-selectively degrade a wide variety of organic compounds,
therefore demonstrating strong potential toward practical applications.
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4. Conclusions

In this work, electrolysis was applied to Mn(II)/sulfite process, in order to realize effective
water treatment in near-neutral conditions. At pH 6, the BPA removal was increased from 46.3% by
Mn(II)/sulfite process to 94.2% by electro/Mn(II)/sulfite process. The synergetic role of electrolysis was
investigated, and results indicated that it mainly affects two pathways of promoting SO4

•− generation.
At first, the oxygen produced by anode from water electrolysis is used to improve oxysulfur radical
evolution (Equations (1)–(7)), and eventually mediates higher yield of SO4

•− and results in higher
BPA removal. Second, sulfite could be oxidized on the anode through direct electron transfer, i.e.,
the electron was transferred from sulfite to anode without catalyst (Equations (8)–(10)). The above
mechanisms demonstrated in this study are consistent with previous studies. The contribution of
Mn(III) toward BPA removal was also tested, and Mn(III) unlikely plays a significant role in BPA
oxidation in electro/Mn(II)/sulfite process. However, Mn(III) was dominant in BPA oxidation in
Mn(II)/sulfite process at high pH (such as above pH 6), as shown in this study. It should also be
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noted that the pH profile in the solution could also be regulated in the vicinity around the electrode,
and the pH in the anode vicinity was measured as pH 3.8. This local acidity could also accelerate
the Mn(II)/sulfite process for BPA removal. Together, these roles of electrolysis contribute to the high
oxidizing efficiency of electro/Mn(II)/sulfite process toward organic compound removal.

This study has great implications in practice. For instance, most natural waterbodies are
near-neutral, at which the conventional Mn(II)/sulfite or other transition metal-based AOPs are
ineffective. Our developed electro/Mn(II)/sulfite process avoids the addition of acid into the solution,
thus reducing the cost. Moreover, compared with PS/PMS or hydrogen peroxide, which are often used
as radical precursors for water treatment, sulfite is cheaper and more readily to produce in industrial
scale. Besides, an ideal niche of this work should be the treatment of lightly polluted waterbodies
where ozone oxidation or other costly processes are ineffective. For instance, the electro/Mn(II)/sulfite
process could be used to treat contaminated groundwater. This is because Mn(II)-containing minerals
are abundant in groundwater matrices which could release Mn(II) ions. Considering all the above, it is
thus reasoned that this process holds great potential for the water treatment industry.
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