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• The performance of GOP systems was
evaluated under different solution con-
ditions.

• IS showed a dual effect but the anions
had little impact on BPA degradation.

• The electrodes had high stability and
their hydration facilitated BPA degrada-
tion.

• Graphite itself without catalyst coating
was also capable of shuttling electrons.

• The CSTR-GOP systemachieved efficient
and stable BPA degradation.
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The activation of peroxymonosulfate (PMS) for organic contaminant oxidation usually relies on the formation of
reactive oxygen species (ROSs). However, the ubiquitous anions and natural organic matter can easily scavenge
ROSs and/or PMS, resulting in lower efficiencies and/or the formation of toxic byproducts. Relying on the unique
long-distance electron transfer property, the recently developed Galvanic Oxidation Process (GOP) successfully
achieved bisphenol A (BPA) degradation when BPA and PMS were physically separated in two reactors. In this
study, we systematically investigated the performance of GOP at different PMS or BPA concentrations, pH, and
ionic strength (IS) in both PMS and BPA solutions. The kinetic modeling employing the Langmuir-
Hinshelwood model at different BPA concentrations suggested that although BPA and PMS were physically sep-
arated, the oxidation of the adsorbed BPA and reduction of the adsorbed PMS still followed a similar mechanism
to that in traditional heterogeneous catalytic processes. The anions in the target water showed little impact on
BPA degradation; higher IS enhanced the solution conductivity but inhibited BPA and electrode interactions,
resulting in increased and then decrease BPA degradation rate. The electrodes presented high stability with a
rate increase of 12% after 13 times of uses, and their hydration significantly facilitated BPA degradation but re-
duced the current by decreasing the potential difference between the anode and cathode. The graphite sheet it-
self without catalyst coating was also capable of shuttling electrons, while the use of a graphite fiber anode
increased the BPA degradation by near 100% because of the larger surface area. The developed continuous
stirred-tank reactor coupled with GOP (CSTR-GOP) achieved stable BPA degradation in less than 35 min and
its scaling up is promising for future applications.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Peroxymonosulfate (PMS)-based advanced oxidation processes
(AOPs) are gaining growing attention in the oxidation of organic con-
taminants in water, mainly relying on the generation of radicals
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including sulfate radicals (SO4•f−) and hydroxyl radicals (H•O). How-
ever, natural organic matter (NOM), halides including Cl−, Br−, and
I−, and other anions such as HCO3

− and HPO4
2− are ubiquitous in aquatic

environments, and have been reported to be strong radical scavengers
to significantly impact the removal efficiency of organic contaminants
(Ghanbari and Moradi, 2017; Wang and Wang, 2018). Therefore, stud-
ies have developed a series of non-radical systems to overcome these is-
sues by activating PMS for the formation of singlet oxygen (1O2) or
through direct electron transfer pathways (Ahn et al., 2016, 2019;
Huang and Zhang, 2019; Luo et al., 2019; Wang et al., 2018; Yun et al.,
2018). However, PMS itself has been recognized to directly react with
halides to form non-radical reactive halogen species such as HOCl,
HOBr, and HOI, which can oxidize NOM and organic contaminants to
form toxic halogenated byproducts, making the systems problematic
(Fang et al., 2017; Ghanbari and Moradi, 2017; Huang and Zhang,
2020; Li et al., 2018;Wang andWang, 2020). In addition, these systems
suffer from drawbacks such as difficulty in catalyst recovery and sec-
ondary contamination due to chemical addition (Deng et al., 2018; Li
et al., 2016; Peng et al., 2018; Ye et al., 2018). This has inspired us to de-
velop a new treatment system that can overcome all the above issues.

Manganese oxides (MnOx) are attracting increasing attention for
catalytic contaminant oxidation in AOPs because of their high reactivity,
low toxicity, and large abundance in nature (Huang and Zhang, 2019).
As doping can usually change the properties and improve the reactivity
of a material, an iron (Fe3+)-doped manganese dioxide (δ-MnO2) was
prepared through the air oxidation of MnSO4 solution under alkaline
condition. Iron was selected as the dopant mainly because it is environ-
mentally friendly, has similar physicochemical properties asmanganese
such as size, charge, and coordination tendencies, and can result in sta-
ble products. After a series of experiments, our recent study found that
the obtained catalyst (Fe0.15Mn0.85O2) can activate PMS to oxidize BPA
through a direct electron transfer pathway (Huang and Zhang, 2019).
By coating the catalyst onto two graphite electrodes that are connected
by an external circuit and separating PMS and targetwater into two half
cells, we have converted the traditional PMS-based AOP into a so-called
Galvanic Oxidation Process (GOP) (Huang and Zhang, 2019). Relying on
the excellent long-distance electron shuttling ability of the GOP, a com-
mon organic contaminant bisphenol A (BPA)was successfully degraded
when PMS and BPA were physically separated. BPA was selected as the
model compound mainly because it is widely present in the environ-
ment and its degradation has been extensively investigated in oxidation
systems (Belfroid et al., 2002;Ma et al., 2019; Zeng et al., 2019). Another
advantage of using nonradical-based catalysts is that the PMS decompo-
sition only occurs when the catalyst and the substrate coexist, and the
catalyst alone cannot cause the depletion of PMS (Ahn et al., 2016;
Huang and Zhang, 2019; Wang et al., 2018; Zhang et al., 2014). This
has made it possible for PMS not to be decomposed by the catalyst itself
in GOP systems, which resulted in substantially higher PMS utilization
efficiencies (the amount of substrate degraded per unit amount of
PMS consumed) than in some of the traditional AOPs (Huang and
Zhang, 2019).

AlthoughGOP is an electrochemicalmethod, it is substantially differ-
ent from traditional electrochemical oxidations including Electrochem-
ically Activated Persulfate (EAP) and Electrochemical Advanced
Oxidation Processes (EAOPs). The EAP system usually consists of an ex-
ternal power supply and a pair of electrodes in the same working solu-
tion, in which radicals generated from the one-electron reduction of
PDS/PMS at the cathode work as the major reactive oxygen species
(ROSs) responsible for pollutant oxidation (Matzek and Carter, 2016;
Matzek et al., 2018). A consumable anode may also be used to release
metal ions into the working solution as the persulfate activator
(Matzek and Carter, 2016). However, EAP systems generally require
the addition of persulfates into the target water and both the system
setup and reactionmechanisms are different from those of the GOP sys-
tem. EAOPs are well-known for electrochemically generating oxidiz-
ing agents without chemical addition, including anodic oxidation
and photoelectrocatalysis for the generation of heterogeneous H•O
at the anode surface, and electro-Fenton, photoelectron-Fenton,
and sonoelectrolysis for the generation of homogeneous H•O in
bulk solution (Martinez-Huitle and Ferro, 2006; Sires et al., 2014).
Reactive halogen species can be the major oxidizing agents in
EAOPs when halides are present in the target water. Although
some organic contaminants can be directly oxidized by the anode, a
major portion of their removals is still due to the attack by the gen-
erated reactive agents. In addition, EAOPs require external power
supplies or other types of energy inputs such as photo- and sono-
irradiation. However, none of these are essential in GOPs. Therefore,
no energy consumption is expected for this system.

Although the GOP was developed in our previous study, only a very
basic concept was introduced and a deep understanding was not avail-
able. To obtain a better understanding of this system and evaluate the
large-scale applicability, in this study, we systematically investigated
the impact of operating conditions and water quality parameters on the
removal of organic contaminants. BPA was selected as the probe com-
pound because of its frequent presence in the environment (Belfroid
et al., 2002). The iron-dopedmanganese oxide (Fe0.15Mn0.85O2)was syn-
thesized through air oxidation under alkaline conditions and was coated
onto graphite sheet electrodes as the catalyst to enhance the electron
transfer process. Because the PMS andBPA solutionswere physically sep-
arated, we varied the water quality parameters of both the PMS and BPA
solutions to investigate the BPA removal efficiency, including the PMS
and BPA concentrations, pH, and ionic strength (IS). To better understand
the reaction kinetics and the effect of BPA concentration, a kinetic model
was developed based on the Langmuir-Hinshelwood (L-H) model to
quantify the extent of BPA adsorption and relate it to the initial degrada-
tion rate. The L-Hmodel has been extensively applied to investigate het-
erogeneous catalytic processes, such as PMS-based catalytic or TiO2

photocatalytic degradation of organic contaminants, by assuming surface
reaction as the rate-limiting step (Jadbabaei et al., 2017; Lowry and
Reinhard, 2001; Wang et al., 2014; Xu et al., 2007; Zhu et al., 2005). To
elucidate the matrix effects of water parameters on the GOP perfor-
mance, we studied the BPA degradation in the presence of different an-
ions and levels of dissolved organic carbon (DOC) that are common in
surface water or hypersaline wastewater. The electrode stability was
then tested for a total of 13 times of use, while the reactivities of the elec-
trodes with and without the catalyst coating were compared. Further-
more, to simulate real-world applications, a continuous stirred-tank
reactor (CSTR) was built with the GOP incorporated (i.e., CSTR-GOP)
and its performance was examined.

2. Materials and methods

2.1. Chemicals

The chemicals used in this study were purchased from Fisher Scien-
tific and Sigma Aldrich in reagent grade and used without further puri-
fication, including Oxone (2KHSO5·KHSO4·K2SO4, 98%), manganese
chloride, sodium hydroxide, ferric chloride, sodium chloride, potassium
chloride, sodium acetate, methanol, sodium perchlorate, sulfuric acid,
acetic acid, potassium iodide, sodium bicarbonate, bisphenol A, and
Leonardite humic acid.

2.2. Synthesis of the catalyst and preparation of electrodes

In this study, the iron-doped manganese oxide was synthesized
through air oxidation and employed as the catalyst for preparing the
electrodes. The synthesis details can be found in our previous study
and the catalyst was characterized to be Fe0.15Mn0.85O2 (Huang and
Zhang, 2019). Briefly, MnCl2 and FeCl3 were dissolved in 50 mL deion-
ized (DI) water at a molar ratio of 5:1. The solution was then aerated
with air at a flow rate of 4 L/min and 80 mL NaOH solution was added
dropwise into the mixture within a time period of 20 min. After 6 h of
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reaction, the product was centrifuged and washed a few times with DI
water and then transfer into KCl solution for ion exchange overnight.
The productwaswashed thoroughly and dried at 65 °C overnight before
a 2-h calcination at 200 °C. The catalyst was then ground into fine pow-
der for later use.

To prepare catalyst suspension, 625 mg of the catalyst was added
into 50 mL isopropanol together with 750 μL Nafion solution (15% in
alcohol, Ion Power Inc.) as a polymer binder. The mixture was
ultrasonicated for at least 1 h and agitated on a magnetic stirrer over-
night to ensure even dispersion. To prepare the electrodes, graphite
sheets (2.5 cm × 2.5 cm × 0.5 mm) were washed with DI water and
dried at 65 °C for 1 h. Then, 100 μL of the suspension was added onto
one side of a graphite sheet; after drying for 20min, another 100 μL sus-
pension was coated onto the same side. This process was repeated for
the other side of the sheet and an evenly coated electrodewas obtained.
2.3. Development of GOP and CSTR-GOP reactors

The salt bridge was built with 1.5% agar and NaCl or K2SO4, where
K2SO4 was recommended to minimize the negative impact of the salt
bridge on PMS decomposition as Cl− can react with PMS. The mixture
was heated at 200 °C under agitation until clear and then added into a
U-shaped glass tube. After it was cooled down to room temperature,
the salt bridge was applied to connect the two half cells to ensure elec-
trical neutrality during the reaction. To minimize the effect of possible
changes in the salt bridge during the reactions (e.g., electrolyte loss),
each salt bridge was only used up to three times. Note that in real-
world applications, a salt bridge can usually last much longer. The re-
placement of salt bridges is also easy and cheap to do because only
salt needs to be replenished. Therefore, we believe this will not be a
problem for real-world applications.

GOP systemswere developed using the prepared electrodes and salt
bridges with BPA and PMS present in two separate cells, as shown in
Fig. 1 (dashed box). To study its performance on contaminant removal
in a continuous flow, a CSTR coupled with GOP was developed with
three identical graphite sheets in the BPA cell and one in the PMS cell
(Fig. 1). Because the PMS had a concentration much higher than that
of BPA (25 mM vs. 5 μM), the interactions between BPA and the anodes
should be the rate-limiting step. Therefore, increasing the number of
graphite sheets to three as anodes would be enough to maintain the
Fig. 1. A CSTR-GOP system for co
BPA degradation at a high rate. The effluent was not returned to the
water tank and the BPA concentration in the effluent was monitored.

2.4. Experimental procedure and analytical methods

For typical GOP reactions, BPA solutions of 5 μM were prepared in
50 mL beakers and buffered at pH 7 with 0.02 M borate buffer. 25 or
500 mM PMS solutions were prepared by dissolving Oxone powder
into water. When 0.5 mM PMS was used, the working solution was ob-
tained by diluting the 25 mM solution. Both BPA and PMS solutions
were magnetically stirred at 250 rpm. To start the reaction, both elec-
trodes were first immersed into the solutions to reach adsorption equi-
librium unless otherwise specified. This process was completed in a
short time, generally less than 25 min. This is also the prerequisite as-
sumption for the L-H model that the adsorption reaches equilibrium
very quickly and the surface reaction is the rate-limiting step. Then,
the salt bridge was dipped in and the two electrodes were connected
by a copper wire to initiate the reaction. The BPA concentration and
the current between the two electrodes were monitored. For the
CSTR-GOP system, the same BPA solution with a total volume of 1 L
was pumped into a 50 mL reactor at a flow rate of 3.4 mL/min. The
PMS solution was the same as that used in the GOP system. The BPA
concentration in the effluentwas then periodicallymonitored. The elec-
trode reusability test was carried out for both electrodes for a total of 13
times of use in four days. The trials in each day were successively con-
ducted without drying either electrode, whereas both electrodes were
dried at room temperature in air overnight between each day.

Tomeasure the potentials of the anode and cathode, a silver chloride
reference electrode (Ag/AgCl) was employed with 1 M potassium
chloride solution as the electrolyte. Themeasurement setupwas similar
to the GOP reactor (Fig. S1, Supplementary material), where the
untargeted electrode was substituted by the reference electrode. By
connecting the reference and the working electrode with a high imped-
ance voltmeter, the potential difference wasmeasured and theworking
electrode potential was expressed as “vs. Ag/AgCl” (Bard et al., 1980).

To analyze the BPA concentration, 1 mL sample aliquots were with-
drawn at predetermined time intervals into 2 mL amber glass vials to-
gether with 30 μL hydroxylamine hydrochloride (1 M) to dissolve any
possible catalyst that came into the solution. The residual BPA concen-
tration was measured by a high-performance liquid chromatography
(HPLC; Agilent 1260 Infinity II) equipped with a C18 column (Poroshell
ntinuous water treatment.
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120 EC-C18; 3.0 × 55mm, 2.7 μmparticle size) and a diode array detec-
tor. Themobile phase consisted of 0.1% acetic acid andmethanol (v:v=
57:43) at a flow rate of 0.5mL/min. The detectionwavelengthwas set at
279 nm and the retention time was 2.898 min. The PMS concentration
was determined based on its reaction with excess KI forming iodine,
which was quantified at λmax = 352 nm on a Cary Series UV–Vis spec-
trophotometer (Agilent) (Liang et al., 2008).

3. Results and discussion

3.1. Effects of PMS concentration, solution pH and IS in the PMS cell

Because PMS was present in a separate cell from the target water, it
was easy tomanipulate its conditions to optimize contaminant removal
without disturbing the target water. In this study, three PMS concentra-
tions of 0.5, 25, and 500 mM were investigated while the pH was con-
trolled at 5 with 0.02 M acetate buffer. Due to the connection of the
salt bridge, trace PMS might transport from the PMS cell to the BPA
cell. However, this was not observed throughout the reaction (data
not shown), suggesting that the BPA degradation was only attributed
to the no-contact direct electron transfer. PMS was not decomposed
by the electrode itself except for its ~4% adsorption in the first 20 min
(Fig. S2), which was similar to the finding in the batch AOP system
when no BPA was present (Huang and Zhang, 2019).

As shown in Fig. 2A, bare graphite sheets (electrodes without coat-
ing) did not result in any decrease in the BPA concentration when PMS
was 0 mM as the adsorption had achieved equilibrium before sampling.
However, the electrodes with coating led to a slight decrease in the BPA
concentration. This might be due to the direct oxidation of BPA by the
MnOx in the coating (Fig. 2A). As adsorption is generally considered to
bemuch faster than the subsequent oxidation, the BPA oxidation during
the adsorption period should be negligible (Jadbabaei et al., 2017). In
contrast, once PMS was present, BPA degradation became much faster
and the rate increased with increasing PMS concentration. For example,
the pseudo-first order rate constant k increased from 0.004 to 0.014 and
0.023 min−1 with the increase in the PMS concentration from 0.5 to 25
and 500 mM, respectively. Because the BPA oxidation by theMnOx was
much slower compared to that by PMS/MnOx, the k values represented
the overall BPA depletion rates including the contributions of the oxida-
tion by the catalyst. In addition, larger average currents between the two
cells were observed, as shown in Fig. S3. This was reasonable because
higher PMS concentrations can lead to higher conductivity and faster
electron transfer and thus faster BPA oxidation.
Fig. 2. (A) BPA degradation at different PMS concentrations. “PMS= 0mM, no coating”means
while “PMS= 0 mM”means that the BPA concentration decrease was due to the adsorption b
kinetics as quantified by the pseudo-first order rate constants k at different pH and IS conditi
[PMS]0 = 25 mM for (B); Catalyst on each electrode = 50 mg. Error bars represent the data ra
It was reported that lower pHwas beneficial for the complexation of
PMS with the catalyst in the pH range of 5 to 13 (Huang and Zhang,
2019). In this study, we further explored the pH of 5, 2.3, and 1 (without
buffering) because the PMS itself in the commercial name of Oxonewas
strongly acidic,with a pHof 2.3 at 25mM. As shown in Fig. 2B, therewas
no significant difference in the k values at the three pH conditions, with
a p value of 0.18 N 0.05 in an ANOVA test. This indicated that the inter-
action between PMS and the electrode was not further enhanced when
the pH was below 5. δ-MnO2 is reported to have a pHZPC (pH of zero
point of charge) value of around 2.2–2.4 (Choi et al., 2014). The pre-
pared catalyst was δ-MnO2 doped with 1/5 iron (Fe3+), but all our ex-
perimental results in both previous and current studies support that
the pHZPC was near that value. Although the surface charge of the cata-
lyst changed from negative to positive when pH decreased to below its
pHZPC, the adsorption of negatively charged PMS (HSO5

−, pKa=9.4) did
not increase significantly (Fig. S4). This agreed well with our previous
work that the interaction between PMS and the catalyst was mostly
inner-sphere complexation (Huang and Zhang, 2019). As the 25 mM
PMS solution without buffering had a pH of 2.3, we adopted this condi-
tion for the rest of the tests.

In addition to the PMS concentration and pH, the effect of IS of the
PMS solutionwas investigated. As shown in Fig. 2B, there was no signif-
icant change (p value of 0.39) in the BPA degradation rate with the
addition of 50 and 500 mMNaClO4 (total IS = 0.125 and 0.575, respec-
tively), indicating that the IS negligibly impacted the interaction of PMS
with the electrode and thus the oxidation of BPA. This is also in agree-
ment with the finding that, similar to the surface charges, the solution
IS did not affect the inner-sphere complexation between PMS and the
catalyst (Zhang et al., 2019). For example, while working with inner-
sphere complexation-based catalysts such as CuO, CuFe2O4 and α-
Mn2O3@α-MnO2, studies reported negligible effects of the IS on pollut-
ant degradation in AOPs (Khan et al., 2018; Xu et al., 2016; Zhang et al.,
2013; Zhang et al., 2019). For some other types of interactions such as
outer-sphere complexation, however, the IS may pose a significant im-
pact on the substrate degradation (Zhang et al., 2019).

3.2. Effect of BPA concentration and kinetic modeling

In addition to the conditions of the PMS solution, it is important to
understand the impact of the water quality of the target water on con-
taminant removal. In this study, three BPA concentrations were first in-
vestigated. As shown in Fig. 3A, higher BPA concentrations resulted in
smaller rate constants. The k values were found to be 0.012, 0.010, and
that the BPA concentration decrease was due to the adsorption by the pure graphite sheet,
y the coated catalyst and graphite and the oxidation by the catalyst. (B) BPA degradation
ons of the PMS solution. Other experimental conditions: [BPA]0 = 5 μM; BPA pH = 7.0;
nge of experimental replicates (n ≥ 2).
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0.005min−1when the BPA concentrationswere 1, 5, and 50 μM, respec-
tively. However, the degradation rates as well as the absolute amounts
of BPA degraded per unit time were significantly larger at higher BPA
concentrations. The larger amount of BPA adsorption from the bulk so-
lution to the electrode surface (2.8, 11.6, and 26.8 μmol/g for the BPA
concentrations of 1, 5, and 50 μM, respectively) might be the main rea-
son. This also resulted in larger currents observed between the two elec-
trodes (Fig. 3A). A kinetic model was then developed to better
understand the reaction kinetics and the effect of BPA concentration
based on the L-H model. By using the L-H model, for example, a study
found that the substrate oxidation mainly happened at the surface of a
catalyst by the attack of surface adsorbed radicals instead of in the
bulk aqueous phase (Xu et al., 2016). In this study, according to the L-
H model, the catalytic oxidation of BPA by the GOP system can be de-
scribed in a few steps, including the rapid adsorption of both BPA and
PMS onto the surface of the electrodes and then the reaction or electron
transfer between the adsorbed species. The extent of BPA adsorption
was quantified and related to the initial degradation rates. With the as-
sumption that the surface reaction is the rate-determining step, the L-H
model can be expressed as:

Step 1 : BPAþ �⇌K1
BPA� Adsorption of BPAð Þ ð1Þ

Step 2 : PMSþ �⇌K2
PMS� Adsorption of PMSð Þ ð2Þ

Step 3 : BPA� þ PMS� →
k3 Product Surface reaction; rate−determining stepð Þ

ð3Þ

where * is the active adsorption site and BPA⁎/PMS⁎ denotes the
adsorbed BPA or PMS on the active adsorption site. K1 and K2 are the ad-
sorption equilibrium constants while k3 is the surface reaction rate con-
stant. As BPA and PMS were physically separated in two cells, the
adsorption of them was noncompetitive. At the beginning of the reac-
tion, the adsorption of products was negligible due to their low concen-
trations. Therefore, the L-H model can be expressed as:

r0 ¼ kr
K1 BPA½ �0

K1 BPA½ �0 þ 1
ð4Þ

where r0 is the initial reaction rate, [BPA]0 is the initial BPA concentra-
tion, and kr is the intrinsic rate constant (kr = k3[PMS ∗][∗]0, BPA, where
[∗]0, BPA is the total adsorption site for BPA), often interpreted as the
pseudo-first-order L-H-type rate coefficient on a monolayer surface
(Xu et al., 2007). The derivation details of this model can be found in
Fig. 3. (A) BPA degradation rate constants and average current at different BPA concentratio
oxidation rate using the L-H model. Other experimental conditions: [PMS]0 = 25 mM; PMS
data range of experimental replicates (n ≥ 2).
our previous study (Jadbabaei et al., 2017). Because the adsorption of
BPA and PMS by the electrodes quickly reached maximum in less than
30 min while the surface reaction took up to 100 min, the surface reac-
tion was believed to be the rate-determining step. Therefore, the r0
should be similar to the BPA degradation ratemonitored in the aqueous
phase. To simplify the calculations, the r0 used formodeling in this study
was the initial aqueous phase BPA depletion rate, i.e., k[BPA]0. With
known values of r0 and [BPA]0 (Table S1), the L-Hmodel showed a good
fit against the experimental data with the fitted kr and K1 values of
0.448 mM/min and 0.025, as shown in Fig. 3B. The kr value suggested
that the system had an intrinsic rate constant of 0.448 mM/min. The
small K1 value indicated that the electrode had a low adsorption capac-
ity for BPA, in agreement with the observed negligible BPA depletion
due to adsorption alone. The good fitting to the L-H model is an indica-
tion that although BPA and PMS were physically separated in two cells,
the oxidation of the adsorbed BPA still followed the same rule as in tra-
ditional heterogeneous catalytic processes.
3.3. Effect of solution pH and IS in the BPA cell

When studying the effect of pH, no significant difference was ob-
served in BPA degradation at pH 5, 7, and 9 (Fig. 4A, p value = 0.75).
This is in agreement with our previous study reporting that the adsorp-
tion was one of the main factors affecting substrate degradation. Since
BPA has a pKa value of 9.9–11.3, most of the BPA species were in the
neutral form in the pH range of 5 to 9 and their adsorption would not
be affected significantly (Huang and Zhang, 2019). Therefore, the BPA
degradation rate remained constant. The pH dependency should
also apply broadly to other organic contaminants in that the pH ef-
fect is strongly dependent on their pKa values, which determines
their adsorption.

Since different water matrices have different salinities, such as sur-
face water, ground water, and hypersaline wastewater (Huang et al.,
2018, 2019), the contaminant removal from those waters may depend
on the IS. In this study, we examined an unbuffered solution and buff-
ered solutions with 0.05, 0.5, or 2 M NaClO4 (total IS ≈ 0, 0.013, 0.063,
0.513, and 2.013M, respectively). As shown in Fig. 4B, the BPA degrada-
tion rate peaked at IS = 0.063 M with a rate constant of 0.014 min−1,
186%, 24%, 18%, and 127% higher than that at IS ≈ 0, 0.013, 0.513, and
2.013 M, respectively. The increase of IS from 0 to 0.063 M would
have led to higher solution conductivity resulting in faster electron
transfer. Besides, the adsorption of BPA also increased with the increase
of IS from 0 to 0.013 M (Fig. 4C, inset), which was beneficial for BPA ox-
idation. However, the further increase of IS from 0.013 to 0.513 M
ns, and (B) kinetic modeling of the effect of initial BPA concentration on the initial BPA
pH = 2.3; BPA pH = 7.0; Catalyst on each electrode = 50 mg. Error bars represent the



Fig. 4.BPAdegradation rate constants and average current at different solution conditions including (A) pHand (B) IS in the BPA cell. (C) Anode potential andBPA adsorption at the catalyst
surface at different IS. Other experimental conditions: [PMS]0 = 25mM; PMS pH=2.3; [BPA]0= 5 μM; BPA pH=7.0; Catalyst on each electrode= 50mg. Error bars represent the data
range of experimental replicates (n ≥ 2).
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suppressed BPA adsorption significantly (Fig. 4C, inset), exhibiting a
“salting-in” effect. This effect happened when the excess cations com-
peted with BPA to occupy the negatively charged catalyst surface
through electrostatic attraction, resulting in less adsorption sites for
BPA (Zhang et al., 2019). As a result, the BPA degradation was signifi-
cantly inhibited. In addition, the anode potential is likely related to the
BPA adsorption amount. As shown in Fig. 4C, the anode potential in-
creased slightly and then decreased with increasing IS, which was in a
similar trend to the change of BPA adsorption. However, it is yet un-
known how the BPA adsorption affected the anode potential, which re-
quires further investigation. The decrease in the anode potential and
increased conductivity at higher IS could lead to an enhanced potential
difference and therefore stronger current between the anode and cath-
ode (Fig. 4B). It was reported that although the Na+ and ClO4

− did not
participate in the electron transfer reaction, they can easily carry more
than 90% of the current in the bulk solution because of their high con-
centrations (Bard et al., 1980).

3.4. Effects of anions and DOC

BPA degradation was also examined in the presence of different
anions (5 mg/L NO3

−, 40 mg/L HCO3
−, 10 mg/L PO4

3−, 40 mg/L SO4
2−, or

10 mg/L Cl−) (Tian et al., 2017) and DOC contents (0, 1, 5, 20, or
100 mg/L, prepared with humic acid) that are usually found in surface
water. The IS changes due to the addition of these species were only be-
tween 8 × 10−5 and 1.3 × 10−3 M and their effect on BPA degradation
was hence negligible. As demonstrated in Fig. 5A, most of the anions
did not show significant impact on BPA degradation at the given con-
centrations (p value of 0.55). This suggests high stability of this treat-
ment system toward different water matrices, which is substantially
Fig. 5.BPA degradation in the presence of different (A) anions and (B) DOC contents. Experimen
each electrode = 50 mg. Error bars represent the data range of experimental replicates (n ≥ 2)
different from traditional PMS-based AOP systems, where most of the
above species were reported to drastically lower the substrate removal
efficiencies (Ghanbari and Moradi, 2017; Hu et al., 2018; Ma et al.,
2018). The inhibition effect of PO4

3− was more noticeable due to its
strong complexation with the Mn in the catalyst (Schenk et al., 2005;
Sharma et al., 2003; Yao and Millero, 1996; Zea et al., 2008), resulting
in the suppressed activity of the catalyst (Zhang et al., 2013). This also
led to the slightly lower current observed between the two electrodes.
Except that, the currents in the presence of all other species were com-
parable. Themajor phosphate species is HPO4

2− at pH 7 due to its second
pKa value of 7.2. The reduction of HPO4

2− to HPO3
2− has a large negative

redox potential of −690 mV (Schink and Friedrich, 2000), suggesting
such a reduction reaction by capturing electrons from BPA is unlikely
to occur. Therefore, the lower current in the presence of phosphate
was primarily due to the lower BPA degradation rate.

DOC demonstrated an inhibitory effect on BPA degradation (Fig. 5B).
This might be due to the attenuated adsorption of BPA at the electrode
surface as a result of the competition of the humic acid for the adsorp-
tion sites (Fig. 5B) (Huang and Zhang, 2019). However, further inhibi-
tion on the BPA degradation was not observed when the DOC content
was higher than 1 mg/L, suggesting that such an inhibitory effect was
not proportional to the DOC level. When the DOC content was low,
the inhibitory effect of DOC might be due to the quenching effect of
the functional groups in the humic acid. However, if the electrode had
limited sites for DOC, increasing the DOC content after all the sites
have been occupied would not pose further inhibition on BPA degrada-
tion. On the other hand, studies have reported that humic acid is redox-
active and can transfer electrons by serving as the electron shuttle
under certain conditions (Aeschbacher et al., 2010; Klüpfel et al.,
2014; Lovley et al., 1996). This process may compensate for the BPA
tal conditions: [PMS]0=25mM; PMSpH=2.3; [BPA]0=5 μM;BPA pH=7.0; Catalyst on
.
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degradation at high DOC contents. This is significantly different from
traditional radical- and nonradical-based systems, where the inhibitory
effect usually becomes more pronounced as the DOC concentration in-
creases (Gu et al., 2011; Ma et al., 2018; Wang et al., 2019). It has also
been revealed that DOC can inhibit substrate oxidation much more sig-
nificantly in radical-based systems than in nonradical ones (Ahn et al.,
2016). The GOP system indeed demonstrated higher stability against
DOC. The currents monitored between the two electrodes were compa-
rable in the presence of 0–20 mg/L of DOC, but notably increased at
100 mg/L of DOC. This may indicate that some humic acid species
were oxidized and contributed to the electron transfer which increased
the current. Our previous study investigating the BPA degradation in
both DI water and surface water also observed comparable PMS con-
sumptions although the degradation rate in surface water was much
lower than that in DIwater (Huang and Zhang, 2019). This was a strong
evidence of the oxidation of natural organic matter in the GOP system,
although the extent of the DOC oxidation was much less than in
radical-based systems.
3.5. Electrode reusability

The electrode reusability was examined for a total of 13 times of use.
As illustrated in Fig. 6A, there was in general no significant decrease in
the BPA degradation rate, suggesting high stability of the electrodes.
By comparing the rates of the 1st and 13th uses, there was even a 12%
increase due to the hydration of the electrodes. In addition, the BPA deg-
radation rate continuously increased if both of the electrodes were
reused without drying, while a decrease was observed once both of
the electrodes were dried before use. This might be due to the different
extent of hydration of the electrodes, which affected the interactions of
the electrodes with BPA and PMS. As shown in Fig. 6B, soaking the
anode in the BPA solution and the cathode in the PMS solution led to in-
crease in the electrode potentials. However, the increase in the anode
potential was much faster than that in the cathode, resulting in smaller
potential differences. This might be the main reason that the current
continuously decreased as the reaction continued (Fig. 6B). According
to the Ohm's law R = V/I, the resistance of the system was found to be
relatively stable during the hydration process. Similarly, the decrease
in the current in the reusability test (Fig. 6A) might also be due to the
smaller potential difference between the anode and cathode. In con-
trast, the dehydration during the overnight drying at room temperature
reversed the process and led to lower BPA removal rates and increased
currents. Therefore, in real-world applications, the use of new or regen-
erated electrodes at dehydrated conditions may result in strong
Fig. 6. (A) BPA degradation rate constants and average currents in a total of 13 times of use. (B
soaking of the anode in the BPA cell and the cathode in the PMS cell. Experimental conditio
electrode = 50 mg. Error bars represent the data range of experimental replicates (n ≥ 2).
currents upon the start of the system. Strategies such as presoaking
may significantly improve the water treatment efficiency and reduce
the current to help with the external circuit protection and safer
operation.
3.6. Effect of catalyst coating on the electrode performance

To investigate the effect of the coated catalyst on the electron shut-
tling ability of the electrodes, we studied the BPA removal efficiency
when neither, either, or both graphite sheets were coated with the cat-
alyst. Different from our previous study observing that the graphite
sheets alone did not show noticeable electron shuttling ability (Huang
and Zhang, 2019), we did observe BPA degradation this time using
pure graphite sheets as the electrode. This was likely because of the
much higher PMS concentration employed in this study than that in
the previous one (25 vs 0.5 mM), which led to much stronger interac-
tions between PMS and graphite. Nevertheless, the coated electrodes
still exhibited higher electron shuttling ability. As shown in Fig. 7A,
compared to the bare graphite sheets, the coatings of either and both
electrodes resulted in 30% and 55% faster BPA degradation, respectively.

To make the pure graphite electrode more applicable in the future,
strategies should be taken such as using different shapes of graphite
with higher surface areas such as shapes of fiber, foam, serpentine
mesh, or forest to increase the reactivity (Fu et al., 2012; Logan et al.,
2007; Luo et al., 2014). Furthermore, novel electrode materials in addi-
tion to graphitemay be developed if they are capable of mediating elec-
tron transfer and have low manufacturing and regeneration costs.

To improve the efficiency of graphite itself, instead of using graphite
sheets, we examined graphite in the form of fiber (UT-CF-3K, ACP) as
the anode, as shown in Fig. 7B. The cathode was still the graphite
sheet since the concentration of PMS (25 mM) was considerably higher
than that of BPA (50 μM) such that the electron transfer between BPA
and the anode was likely rate-limiting. As a result, the optimization of
the electron transfer between BPA and the anode should be primarily
considered. As shown in Fig. 7B (inset), after the adsorption had reached
equilibrium at 70 min, the oxidation was initiated by dipping the salt
bridge into the two cells and connecting the two electrodes by a copper
wire. BPA was quickly degraded and completely removed in less than
300 min. The rate constant was calculated to be 0.01 min−1, around
100% higher than that under similar conditions using the graphite
sheet as the anode. Similarly, a previous study reported that the use of
a graphite brush as the anode significantly enhanced the mass transfer
and power production in a microbial fuel cell (Logan et al., 2007). This
illustrates that the use of graphite anodes in different forms can
) The change in electrode potential, potential difference, current and resistance during the
ns: [PMS]0 = 25 mM; PMS pH = 2.3; [BPA]0 = 5 μM; BPA pH = 7.0; Catalyst on each



Fig. 7. (A) BPA degradation rate constants and average current change when neither, either, or both electrodes were coated with the catalyst, and (B) BPA adsorption and degradation
kinetics using the graphite fiber anode. Experimental conditions: [PMS]0 = 25 mM; PMS pH = 2.3; BPA pH = 7.0; [BPA]0 = 5 μM for (A) and 50 μM for (B). Error bars represent the
data range of experimental replicates (n ≥ 2).
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facilitate the reaction. Themajor advantages of using uncoated graphite
as the electrode are that the electrode can be more easily prepared and
bemore easily and efficiently regenerated by approaches such as wash-
ing with organic solvents and baking under high temperatures without
the concern of damaging the electrodes.

3.7. BPA degradation in a CSTR-GOP system

To simulate the applications in wastewater treatment, a CSTR was
coupled with the GOP system as shown in Fig. 1. A total of 1 L water
was pumped into the 50 mL reactor at a flow rate of 3.4 mL/min. The re-
actor was prefilled with 50mL of BPA solution (part of the 1 L) before the
reaction started. As shown in Fig. 8, the BPA concentration in the effluent
rapidly decreased in the first 40 min and maintained at the steady state
until the end of the test. Once the influent was cut off, the BPA concentra-
tion in the reactor quickly decreased. The PMS concentration was also
measured during the process; due to its high concentration compared
to BPA, its decrease was negligible. This also confirmed that PMSwas sta-
ble in the cell in the presence of the electrode and any unwanted decom-
positionwas negligible, suggesting that the PMS cell can act as an oxidant
reservoir and be operated on a continuous basis.
Fig. 8. The decrease in the BPA and PMS concentrations during the operation of a CSTR-
GOP system. Experimental conditions: [PMS]0 = 25 mM; PMS pH = 2.3; [BPA]0 =
5 μM; BPA pH = 7.0; Three anodes and one cathode; Catalyst on each electrode =
50 mg; Total volume = 1 L; Flow rate = 3.4 mL/min.
3.8. Reaction mechanisms of the GOP system

The reaction in the PMS cell can be expressed as Eq. (5), where one
PMS accepts two electrons from BPA to achieve PMS reduction and BPA
oxidation. This is different from the commonly recognized one-electron
PMS reduction to generate ROS, as shown in Eq. (6) (Yun et al., 2018).
These two processesmay occur simultaneously in some systems involv-
ing proper catalysts (Duan et al., 2018; Tang et al., 2018). In the GOP
system, however, direct electron transfer should be the only process
contributing to BPA degradation (Huang and Zhang, 2019).

HSO5
− þ 2e− þ Hþ→SO4

2− þ H2O ð5Þ

HSO5
− þ e−→SO4˙− þ OH− ð6Þ

In addition to PMS, other oxidants such as PDS and H2O2 could be
used to accept electrons from contaminants. These oxidants could po-
tentially replace PMS in GOP systems if they enable electron transfer
as the major oxidation pathway, although future studies are needed to
examine the detailed mechanisms.

Although some anions such as sulfate can be oxidized to produce
radicals in some of the EAOPs especially when using anodes coated
with diamond or PbO2 (Sires et al., 2014), as shown in Eq. (7), this
would not happen in GOP systems because these anions cannot partic-
ipate in direct electron transfer reactions.

SO4
2−→SO4˙− þ e− ð7Þ

The redox couple SO4•−/SO4
2− has a high reduction potential of

2.5–3.1 VNHE, much higher than that of HSO5
−/HSO4

− at 1.4 VNHE

(Wacławek et al., 2017). Therefore, SO4
2− is not likely to be oxidized

by direct electron transfer. Our previous study on the batch system for
BPA oxidation examined a series of approaches such as quenching
methods, electron spin resonance analysis, and comparisonwith bench-
mark systems to identify the potential ROSs (Huang and Zhang, 2019).
These system always contained at least 1 mM of SO4

2− because Oxone
(the triple salt 2KHSO5·KHSO4·K2SO4) was used as the source of PMS.
It would have been much easier for SO4

2− to be oxidized in those batch
reactors; however, no radicals were observed. In the GOP system, such
reduction reaction would be even less likely. Similarly, other anion spe-
cies such as phosphate and carbonatewill not participate in the electron
transfer reaction either.

Due to the selectivity of the GOP system, electron-rich com-
pounds are expected to be more reactive. This has been a common
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phenomenon for non-radical and direct electron transfer-based oxi-
dation systems. Such selectivity can avoid competitive reactions
with coexisting species such as natural organic matter in complex
water matrices, which can otherwise significantly inhibit the degra-
dation of target pollutants (Hu et al., 2017). Because of this property,
the oxidation of BPA should start with losing electrons from the
electron-rich moieties such as the hydroxyl and methyl groups
resulting in the cleavage of the C\\O and C\\C bonds (Han et al.,
2015; Li et al., 2008). BPA oxidation pathways and intermediates have
been extensively reported in different electron transfer systems such as
BPA oxidation by manganese oxides, ferrate, and persulfates (Han
et al., 2015; Huang and Zhang, 2019; Li et al., 2008; Lin et al., 2009).
Our recent study observed nine intermediates in the Fe0.15Mn0.85O2/
PMS/BPA system, such as 4-isopropenylphenol, p-isopropyl phenol, 2-
phenyl isopropanol, and maleic acid (Huang and Zhang, 2019), some of
which have also been found in other studies (Han et al., 2015; Lin
et al., 2009). Although the toxicity may exhibit a hysteresis effect com-
pared to the removal of BPA, it generally decreases quickly with the de-
crease of the BPA concentration (Han et al., 2015).

4. Conclusions

This study accomplished a systematic investigation of the impact fac-
tors on the oxidation of organic contaminants in a newly developed GOP
system that does not require any chemical addition or catalyst dispersion
into the targetwater. Different frommost other studies on the use of PMS
for water treatment, the GOP system does not rely on the generation of
ROSs. Instead, the direct electron transfer between the two half cells is re-
sponsible for the contaminant degradation and PMS decomposition. Al-
though the PMS concentration of 25 mM used in this system is much
higher than those in traditional PMS-based batch AOPs (generally below
5 mM), those batch systems require the blending of PMS into the target
water where a high PMS concentration can result in a significant waste
of PMS and potential secondary contamination due to the PMS residual
and produced SO4

2−. However, this would not be a problem for GOP sys-
tems as PMS is stored in a separate container. No PMSwaste or secondary
contamination is expected. Compared to other electrochemical processes
such as EAPor EAOPs, GOPalso does not require an external power supply
and no electrical energy consumption is needed.

Generally, higher PMS and BPA concentrations resulted in faster BPA
degradation while the pH effect was highly dependent on the pKa
values because the charged states of PMS and BPA determined their in-
teractions with the electrode surfaces. The kinetic modeling employing
the L-H model at different BPA concentrations suggested that although
BPA and PMS were physically separated in two cells, the oxidation of
the adsorbed BPA and reduction of the adsorbed PMS still followed a
mechanism similar to that of traditional heterogeneous catalytic
processes. The IS of the target water demonstrated a dual effect on the
substrate degradation by enhancing the solution conductivity and
inhibiting the substrate and electrode interactions. In addition, the
GOP system showed high electrode stability and resistance toward a va-
riety of anions and DOC in the target water. The bare graphite electrode
without catalyst coating was also observed to shuttle electrons effi-
ciently and its direct employment (especially in special shapes) can be
considered for future applications. For a continuous water treatment
system utilizing CSTR-GOP, the contaminant degradation was stable
and its scaling up was promising for treating larger amounts of water
with high contaminant removal efficiencies.
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