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Abstract: The presence of emerging contaminant para-aminobenzoic acid (PABA) in the aquatic
environment or drinking water has the potential to harm the aquatic ecosystem and human health.
In this work, the removal of aqueous PABA by a compartmental electro-peroxone (E-peroxone)
process was systematically investigated from the kinetic and mechanism viewpoints. The results
suggest that single electrolysis or ozonation was inefficient in PABA elimination, and the combined E-
peroxone yielded synergistic target pollutant degradation. Compared to the conventional E-peroxone
oxidation, the sequential cathodic reactions, followed by anodic oxidations, improved the PABA
removal efficiency from ~63.6% to ~89.5% at a 10-min treatment, and the corresponding pseudo
first-order kinetic reaction rate constant increased from ~1.6 × 10−3 to ~3.6 × 10−3 s−1. Moreover,
the response surface methodology (RSM) analysis indicated that the appropriate increase of inlet
ozone concentration, applied current density, initial solution pH value, and solution temperature
could accelerate the PABA degradation, while the excess of these operational parameters would have
a negative effect on the treatment efficiency. The comparation tests revealed that the coupling of
electrolysis and ozonation could synergistically produce hydroxyl radicals (HO•) and the separation
of cathodic reactions and anodic oxidations further promoted the HO• generation, which was
responsible for the enhancement of PABA elimination in the compartmental E-peroxone process.
These observations imply that the compartmental E-peroxone process has the potential for aqueous
micropollutants elimination, and the reaction conditions that favor the reactive oxygen species
generation are critical for the treatment efficiency.

Keywords: electro-peroxone; para-aminobenzoic acid; response surface methodology; hydroxyl
radicals; elimination

1. Introduction

Ultraviolet (UV) filters are emerging contaminants that have drawn extensive attention,
due to their potential risks to ecosystems and human health [1–3]. Para-aminobenzoic acid
(PABA) is one of the most widely used UV filters. The continuous discharge of PABA into
the aquatic environment via personal care applications has induced particular concerns [4].
Evidence has shown that PABA could increase the photosensitivity [5]. Consequently, the
removal of PABA from water and wastewater is of great importance.

In the past few years, advanced oxidation processes (AOPs) have been investigated to
remove PABA from water [6–9]. AOPs can produce high reactive species to oxidize organic
compounds completely. However, the single process usually has some shortcomings,
such as high cost and inefficient treatment. The combination of several methods may
yield a higher performance than individual processes. Recently, electro-peroxone (E-
peroxone)—the combination of ozonation and electrolysis with a carbon-based cathode—
has been recommended as an excellent water treatment technology with low cost and

Water 2021, 13, 2961. https://doi.org/10.3390/w13212961 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-0273-082X
https://doi.org/10.3390/w13212961
https://doi.org/10.3390/w13212961
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13212961
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13212961?type=check_update&version=3


Water 2021, 13, 2961 2 of 13

mild operating conditions [10]. An important characteristic of E-peroxone is that ozone
and H2O2 can be electro-generated in situ to produce hydroxyl radicals (HO•), thus
the storage of reagents can be avoided [11,12]. Moreover, E-peroxone exhibited a much
better performance than single ozonation or electrolysis, and was shown to be more cost-
effective [13], convenient and safe [14,15]. In the E-peroxone process, contaminants can
be directly transformed by electron transfer on the electrode surface and degraded by the
introduced O3 and intermediated HO• [16]. Thanks to the employment of carbon-based
cathode, the two-electron reduction of oxygen can produce H2O2 in situ to react with O3,
and then significantly enhance O3 decomposition to form HO•. It is possible to improve
the treatment efficiency by cathode modification [17].

Although the E-peroxone process has many advantages, it still contains some defi-
ciencies, such as the low ozone utilization and the lack of a large area cathode. Hitherto,
the reported E-peroxone processes were mainly performed in semi-batch reactors, which
fed O2/O3 mixed gas into an undivided electrochemical reactor [18]. As restricted to the
preparation method, the gas diffusion cathodes (GDCs) used in the E-peroxone process
had a small area. This means that the mass transfer of reactants to the electrodes might
be restricted, and the political application of this technology in water and wastewater
treatment is difficult. Moreover, due to the very short gas–liquid contact time, only a small
part of the introduced ozone could be used [19]. Therefore, developing an efficient reactor
and optimizing technique parameters were recommended to improve the E-peroxone
treatment efficiency [20,21]. However, few systematic studies have investigated the use
of this coupled process for the emerging contaminant PABA elimination, and the effects
of cathodic and anodic reactions’ separation on E-peroxone treatment efficiency is largely
unknown.

The aims of this study were: (1) Evaluating the effectiveness of compartmental E-
peroxone treatment in aqueous PABA removal; (2) Investigating and optimizing the effects
of operational parameters (i.e., inlet ozone concentration, applied current density, initial
solution pH, and solution temperature) on treatment efficiency by response surface method-
ology (RSM); (3) Elucidating the possible oxidation mechanisms via oxidants determination
and their generation pathways analysis.

2. Materials and Methods
2.1. Chemicals and Reagents

The cation-exchange membrane (CEM) was purchased from Hangzhou Lvhe Environ-
mental Technology Co., Ltd., Hangzhou, Zhejiang, China. PABA (its characteristics and
structure were listed in Table 1), potassium indigo trisulfonate and p-chlorobenzoic acid
(pCBA) were supplied by Sigma Aldrich, St. Louis, MI, USA. Multi-walled CNTs (30–50
nm of outer diameter, Purity > 98%) were provided by Chengdu Organic Chemistry Co.,
Ltd., Chinese Academy of Sciences, Chengdu, Sichuan, China. All the chemical reagents
were at least of analytical grade without further purification.

Table 1. Characteristics of the PABA.

Common Name Chemical Structure MW
(g/mol)

p-Aminobenzoic acid
(C7H7NO2)
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2.2. Experimental Apparatus and Conditions

Experiments were performed in a separated E-peroxone system that contained a di-
vided electrochemical reactor and a feed tank (Figure 1). In the center of the electrochemical
reactor there was a removable CEM, which divided the reactor into two chambers. Each
chamber had a width of 30 mm, a length of 30 mm, and a height of 30 mm. A 5 cm2
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ferrite modified carbon nanotubes-based GDC and a Pt anode were parallelly fixed in the
cathode chamber and anode chamber, respectively. The GDC was prepared according to
the method described elsewhere [17]. The gap between two electrodes was 15 mm, and the
constant current was provided by a DC power supply (KPS-3030DA, Atten Technology,
Shenzhen, Guangdong, China). Firstly, the raw water (1.0 L) was pumped from the feed
tank to the cathode chamber. After sequential passing through the cathode chamber and
anode chamber, the solution flowed back into the feed tank. The whole reaction system
was kept circulating by a peristaltic pump (YZ1515, Tianjin Xieda Exectron Co., Ltd.,
Tianjin, China). Ozone was produced from pure oxygen by a laboratory ozone generator
(WH-H-Y5, Wohuan Technology Industry Co., Ltd., Nanjing, Jiangsu, China), which could
adjust the produced O3 concentration by changing the power. In the ozone related process,
0.2 L/min ozonized gas was fed into the cathode chamber via a bubble diffuser that was
situated under the cathode, and equal pure oxygen was used in the sole electrolysis system.
For comparison, the CEM was removed from the electrochemical reactor in the termed
conventional E-peroxone tests.
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Figure 1. Schematic of experimental setup. 
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pCBA with HO• and the determined pseudo first-order rate constant of pCBA decay. The 
solution pH value and temperature were measured by a Thermo Orion 868 m. PABA 

Figure 1. Schematic of experimental setup.

In all experiments, 50 mmol/L Na2SO4 was employed as the supporting electrolyte.
Unless otherwise indicated, the tests were performed at ambient temperature (25 ± 2 ◦C).
The initial solution pH was adjusted using concentrated H2SO4 or NaOH, and a water jacket
outside the electrochemical cell was employed for controlling the solution’s temperature.
Samples were harvested from the feed tank at a predetermined time interval, and 2 µL of
0.1 mol/L Na2S2O3 in a 1 mL sample was added to stop the oxidative reactions.

2.3. Analytical Methods

The gaseous ozone concentration was detected by the iodometric method [22]. The
H2O2 was measured with the titanium salt spectrophotometry method [23]. The generation
of HO•was calculated indirectly by the pCBA method [24]. The steady-state concentrations
of HO• could be calculated from the known rate constant for the reaction of pCBA with
HO• and the determined pseudo first-order rate constant of pCBA decay. The solution pH
value and temperature were measured by a Thermo Orion 868 m. PABA concentration was
determined with high-performance liquid chromatography (HPLC, Waters Alliance e2998,
Milford, MA, USA) performed on a Nov-pack C18 column (4.6 mm × 150 mm, particle size
4 µm) at 30 ◦C. The mobile phase consisted of 40% methanol and 60% water (0.5% acetic
acid, v/v) with a flow rate of 1 mL/min. The injection volume was 10 µL and the detection
wavelength was 282 nm.
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3. Results and Discussion
3.1. Degradation of PABA

The degradation performances of PABA by various processes were shown in Figure 2a.
For the control test without current and ozone application, ~12% PABA removal was
detected, implying that the adsorption effects of electrodes and the reactor were marginal.
Neither single electrolysis nor ozonation could degrade PABA effectively, only ~22.9%
and ~34.7% eliminations were observed at 10-min treatments, respectively. Synergistic
contaminant destruction was obtained in the compartmental E-peroxone system, ~89.5%
PABA was degraded within 10 min. In contrast, when the CEM was removed from
the electrochemical cell, the PABA removal efficiency decreased significantly, ~63.6%
degradation was detected in the conventional E-peroxone process. Moreover, the kinetic
analysis indicates that the PABA degradation reactions in all the above processes followed
the pseudo first-order kinetics (Figure 2b). The calculated rate constants are as follows:
compartmental E-peroxone (~3.6 × 10−3 s−1) > conventional E-peroxone (~1.6 × 10−3 s−1)
> ozonation (~0.8 × 10−3 s−1) > electrolysis (~0.4 × 10−3 s−1). Furthermore, the synergistic
effect was quantitatively analyzed by synergistic index (f) according to Equation (1), and
the calculated f of compartmental E-peroxone system was ~3.

f =
kcompartmental E−peroxone

kozonation + kelectrolysis
(1)
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Figure 2. Comparison of PABA degradation in various oxidation processes: (a) removal ratio and (b) the pseudo 
first-order reaction kinetics (Initial PABA concentration = ~10 mg/L; Gas flow rate = 0.2 L/min; Inlet O3 concentration = 
~20 mg/L; Applied current = 20 mA/cm2; Initial solution pH = 6.9; Temperature = 25 ± 2 °C). 
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Figure 2. Comparison of PABA degradation in various oxidation processes: (a) removal ratio and (b) the pseudo first-order
reaction kinetics (Initial PABA concentration = ~10 mg/L; Gas flow rate = 0.2 L/min; Inlet O3 concentration = ~20 mg/L;
Applied current = 20 mA/cm2; Initial solution pH = 6.9; Temperature = 25 ± 2 ◦C).

In general, because of the restricted mass transfer at electrodes, a long time is needed
for sole electrolysis treatment, and unsatisfied degradation efficiency has been reported for
the electrolysis of many pollutants [25,26]. Ozone is a selective oxidant that can oxidize
ozone-reactive contaminants quickly but is inefficient at the ozonation of ozone-resistant
compounds. PABA has a carboxyl functional group (Table 1), which is difficult oxidized by
ozone [27]. Thus, sole electrolysis or ozonation exhibited a low PABA removal efficiency.
In the E-peroxone system, the reduction of oxygen at cathode could, in-situ, generate H2O2,
and further initiate the peroxone reactions (Equations (2) and (3)) [12]. The produced
HO• is an excellent and unselective oxidant that can degrade most organic compounds
completely. Therefore, tert-butyl alcohol (t-BuOH) was employed as a scavenger to verify
the contribution of HO• in the compartmental E-peroxone process. As shown in Figure 2a,
the presence of t-BuOH profoundly decreased the PABA removal ratio, implying that
PABA degradation mainly followed the HO• oxidation mechanism. The contributions of
various factors on PABA removal in the compartmental E-peroxone process were identified
in Figure 3.

O2 + 2H+ + 2e− → H2O2 (2)
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2H2O2 + 2O3 → H2O + 3O2 + HO2• + HO• (3)
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3.2. Effects of Operational Parameters
3.2.1. Model Building and Statistical Analyses

Central composite design (CCD), a widely used form of RSM [28,29], was applied to
investigate the effects of the experimental variables and their interactions on the response
functions. The initial solution pH (x1), inlet O3 concentration (x2), cathodic current density
(x3) and reaction temperature (x4) were selected as the independent variables, and the
dependent variable was PABA removal efficiency (y). A 4-factor and 5-level CCD consisting
of 30 experimental runs was performed, and the results were shown in Table 2. A second
order polynomial response equation (Equation (4)) was applied to relate the empirical
relationship between the independent and dependent variables.

y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βi ix2
i +

k−1

∑
i=1

k

∑
j=2

βijxixj + ε(i < j), (4)

where y is the response factor, xi and xj are independent variables, k = 4; β0, βi, βii, βij are
the regression coefficients for intercept, linearity, square, and interaction, respectively; ε
represents the residual term.
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Table 2. Design matrix and the experimental responses.

Exp.
no.

Initial
pH

O3 Dosage
(mg/L)

Current Density
(mA/cm2)

Reaction
Temperature (◦C)

Removal
Efficiency (%)

1 5 25 20 25 74.9
2 9 15 20 25 84.9
3 5 25 40 15 61.2
4 9 25 40 15 69.1
5 7 20 30 20 82.0
6 9 15 20 15 59.1
7 7 20 30 20 81.5
8 7 30 30 20 85.5
9 9 25 20 25 89.1
10 7 20 30 30 93.0
11 5 25 40 25 79.2
12 5 25 20 15 58.1
13 7 20 30 20 81.1
14 5 15 20 25 72.5
15 7 20 30 20 81.6
16 9 15 40 15 65.3
17 7 20 50 20 76.2
18 11 20 30 20 87.8
19 7 20 30 20 81.8
20 9 25 20 15 64.4
21 7 20 30 20 81.7
22 5 15 20 15 44.9
23 7 20 10 20 72.6
24 5 15 40 25 77.3
25 3 20 30 20 58.6
26 7 20 30 10 50.7
27 5 15 40 15 57.1
28 9 25 40 25 94.9
29 9 15 40 25 88.0
30 7 10 30 20 69.9

Based on the experimental data analysis by the Design-Expert software, the following
quadratic polynomial response equation (Equation (5)) was obtained.

y = 81.62 + 6.17 x1 + 3.04 x2 + 2.14 x3 + 11.09 x4 − 0.088 x1 x2 − 0.29 x1 x3 + 1.03 x1 x4 − 0.52 x2 x3 − 0.69 x2 x4
− 0.51 x3 x4 − 2.61 x1

2 − 1.49 x2
2 − 2.31 x3

2 − 2.95 x4
2 (5)

According to Equation (5), the influences of various parameters on PABA degradation
can be calculated, and an increasing order of the four independent variables is cathodic
current density (x3) < inlet O3 concentration (x2) < initial solution pH (x1) < reaction tem-
perature (x4). It is also noted that there were positive or negative interaction effects between
different parameters. Moreover, analysis of variance (ANOVA) checked the applicability
of the model (Table 3). The model F-value was 38.79 and the p value < 0.0001, indicating
that the model was statistically significant. Models with high determination coefficients
(R2) revealed that 97.31% of the variability in the data could be in a good prediction with
Equation (5). The low coefficient of variation (3.96%) ensured the experimental values had
high accuracy and reliability. The normal residuals fall along a straight line (Figure S1),
indicating that a response transformation was not required and there was no apparent
problem with normality.
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Table 3. ANOVA and fit statistic for the quadratic model.

Source Sum of
Squares

Degree of
Freedom

Mean
Square f -Value p-Value

Model 4689.39 14 334.96 38.79 <0.0001
x1 912.67 1 912.67 105.68 <0.0001
x2 222.04 1 222.04 25.71 0.0001
x3 110.08 1 110.08 12.75 0.0028
x4 2952.60 1 2952.60 341.90 <0.0001

x1x2 0.12 1 0.12 0.014 0.9068
x1 x3 1.32 1 1.32 0.15 0.7011
x1 x4 16.81 1 16.81 1.95 0.1833
x2 x3 4.41 1 4.41 0.51 0.4858
x2 x4 7.56 1 7.56 0.88 0.3642
x3 x4 4.20 1 4.20 0.49 0.4961
x1

2 186.91 1 186.91 21.64 0.0003
x2

2 60.52 1 60.52 7.01 0.0183
x3

2 146.41 1 146.41 16.95 0.0009
x4

2 238.36 1 238.36 27.60 <0.0001
Residual 129.54 15 8.64

Lack of fit 129.07 10 12.91 137.80 <0.0001
Pure error 0.47 5 0.094
Corr. total 4818.93 29

R2 = 0.9731 R2
Adj = 0.9480 R2

pre = 0.8456 C.V.% = 3.96

3.2.2. Response Surface and Counter Plots

Based on the RSM analysis, the three-dimensional response surface (Figure 4) and
contour plots (Figure S2) were obtained to visually display the overall interactions. Briefly,
an appropriate increase of all the investigated parameters could accelerate the PABA
degradation, but the extreme high values of these variables exhibited inhibitory effects.
Theoretically, the increase of these four parameters has both positive and negative effects on
the E-peroxone treatment efficiency. When the inlet gaseous ozone concentration increased,
the gas–liquid mass transfer of ozone would be enhanced [30], which was beneficial to
ozonation and peroxone oxidation. However, due to the short contacting time and the
limited ozone solubility in water, the utilization of ozone was restricted, and exorbitant
gaseous ozone concentration did not further facilitate contaminant degradation. In addition,
the possibility of HO• consumption by ozone (Equation (6)) should also be noticed; it would
lower the oxidation capacity in the system [24]. The positive effects of high current density
includes enhanced anodic oxidations and cathodic reductions, but the excess H2O2 could
also consume the HO• and reduce the treatment efficiency [18]. Although the increase of
the solution temperature would reduce the solubility of ozone and oxygen, the reaction
activation energies could also be reduced to stimulate the PABA degradation. Compared
with acidic environment, an alkaline environment is more favorable for ozonation and
peroxone to produce reactive radicals [31]. Nevertheless, the low proton concentration
would affect the H2O2 accumulation rate (Equation (2)).

O3 + HO• → O2 + HO2• (6)

HO2
− + HO• → HO2• + OH− (7)
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Since the mechanisms of PABA degradation affected by different parameters were
correlated, there were interaction effects between various variables. For instance, the
negative influence of high current density was more obvious when the solution had a
high initial pH. The increase of solution pH could promote ozone react with OH− to
produce HO2

−, which would then react with ozone to generate HO•. Similarly, with the
increase of applied current density, the enhanced cathodic O2 reduction would stimulate
the H2O2 formation, and the peroxone reactions would be accelerated. However, the
excess production of H2O2/HO2

− would cause the consumption of HO• in the E-peroxone
process (Equation (7)), and the PABA elimination rate would be decreased. Likewise, the
positive effect of the high solution temperature was more remarkable when the applied
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current density was less than 35 mA/cm2. As mentioned above, the increase of solution
temperature could activate ozone and H2O2 molecules, improving the related reaction
rates. With the initial pH of ~7 and inlet ozone concentration of ~20 mg/L, more than 90%
PABA removal was obtained in the region between 26–30 ◦C solution temperature and
27–40 mA/cm2 applied current density. However, the high temperature would also reduce
the solubility of O3/O2. When there was insufficient aqueous ozone to initiate the peroxone
reactions, the excess H2O2 would act as an HO• scavenger to reduce the oxidation ability
of the E-peroxone system.

3.2.3. Optimization of Compartmental E-Peroxone Process

The response optimizer was employed to optimize the reaction conditions. The
independent variables were selected to be “in the range”, and the PABA elimination
efficiency was defined as “maximize”. The calculated optimum values of the operational
parameters were initial solution pH 10.1, inlet gaseous O3 concentration 22.5 mg/L, applied
cathodic current density 30.9 mA/cm2, and solution temperature 30 ◦C. The predicted
PABA degradation efficiency under the optimum conditions was 98.9%. Moreover, a test
of PABA elimination at these conditions was performed, and approximate 97.2% removal
was detected, confirming that the proposed models were well-reproducible in the design
range as expected.

It should be noted that the optimization of the real water/wastewater treatment
process is more complicated than that of laboratory simulation. Real water and wastewater
usually contain a variety of organic and inorganic compounds, which can participate in the
redox reactions and affect the target pollutants transformation. For example, the presence
of effluent organic matter could significantly influence the traditional peroxone oxidation
of micropollutants in wastewater [32]. In addition, besides the treatment efficiency, the cost
of the process is also important. For practical applications, the optimization of technical
parameters needs to be further investigated.

3.3. Possible Oxidation Mechanism

Figure 5 describes the HO• production in various processes. The degradation trends
of pCBA are similar to those of PABA; the fastest reaction rate was detected in the
compartmental E-peroxone process. As a famous HO• probe compound, pCBA has a
high reactivity with HO• (kOH,pCBA = 5 × 109 M−1 s−1) and its ozonation rate is very
low (kOH,O3 < 1 M−1 s−1) [24,32]. Therefore, the steady-state concentrations of HO•
could be estimated from the slopes of curves in Figure 5, and their values were as fol-
lows: electrolysis (~3.0 × 10−14 mol/L) < ozonation (~3.9 × 10−14 mol/L) < E-peroxone
(~4.2 × 10−13 mol/L) < compartmental E-peroxone (~6.4 × 10−13 mol/L).

Water 2021, 13, 2961 9 of 13 
 

 

H2O2 molecules, improving the related reaction rates. With the initial pH of ~7 and inlet 
ozone concentration of ~20 mg/L, more than 90% PABA removal was obtained in the region 
between 26–30 °C solution temperature and 27–40 mA/cm2 applied current density. Howev-
er, the high temperature would also reduce the solubility of O3/O2. When there was insuffi-
cient aqueous ozone to initiate the peroxone reactions, the excess H2O2 would act as an HO• 
scavenger to reduce the oxidation ability of the E-peroxone system. 

3.2.3. Optimization of Compartmental E-Peroxone Process 
The response optimizer was employed to optimize the reaction conditions. The in-

dependent variables were selected to be “in the range”, and the PABA elimination effi-
ciency was defined as “maximize”. The calculated optimum values of the operational 
parameters were initial solution pH 10.1, inlet gaseous O3 concentration 22.5 mg/L, ap-
plied cathodic current density 30.9 mA/cm2, and solution temperature 30 °C. The pre-
dicted PABA degradation efficiency under the optimum conditions was 98.9%. Moreo-
ver, a test of PABA elimination at these conditions was performed, and approximate 
97.2% removal was detected, confirming that the proposed models were 
well-reproducible in the design range as expected. 

It should be noted that the optimization of the real water/wastewater treatment 
process is more complicated than that of laboratory simulation. Real water and 
wastewater usually contain a variety of organic and inorganic compounds, which can 
participate in the redox reactions and affect the target pollutants transformation. For 
example, the presence of effluent organic matter could significantly influence the tradi-
tional peroxone oxidation of micropollutants in wastewater [32]. In addition, besides the 
treatment efficiency, the cost of the process is also important. For practical applications, 
the optimization of technical parameters needs to be further investigated. 

3.3. Possible Oxidation Mechanism 
Figure 5 describes the HO• production in various processes. The degradation trends 

of pCBA are similar to those of PABA; the fastest reaction rate was detected in the com-
partmental E-peroxone process. As a famous HO• probe compound, pCBA has a high 
reactivity with HO• (kOH,pCBA = 5 × 109 M−1 s−1) and its ozonation rate is very low (kOH,O3 < 1 
M−1 s−1) [24,32]. Therefore, the steady-state concentrations of HO• could be estimated 
from the slopes of curves in Figure 5, and their values were as follows: electrolysis (~3.0 × 
10−14 mol/L) < ozonation (~3.9 × 10−14 mol/L) < E-peroxone (~4.2 × 10−13 mol/L) < compart-
mental E-peroxone (~6.4 × 10−13 mol/L). 

0 2 4 6 8 10

0.0

−2.0

−1.6

−1.2

−0.8

Time (min)

ln
 ([
pC

BA
]/[
pC

BA
] 0)

control
electrolysis
ozonation
E-peroxone
compartmental E-peroxone

−0.4

 
Figure 5. Time-dependent decay of pCBA in various treatment processes. (Gas flow rate = 0.2 
L/min; Inlet O3 concentration = ~20 mg/L; Applied current = 20 mA/cm2; Temperature = 25 ± 2 °C). 

Figure 5. Time-dependent decay of pCBA in various treatment processes. (Gas flow rate = 0.2 L/min;
Inlet O3 concentration = ~20 mg/L; Applied current = 20 mA/cm2; Temperature = 25 ± 2 ◦C).



Water 2021, 13, 2961 10 of 13

The most important difference between E-peroxone with and without CEM is the
separation of cathodic and anodic reactions. The above observations suggest that this
separation could promote the HO• generation. In general, in the E-peroxone system,
HO• can be produced via chain reactions of peroxone and cathodic ozone reduction
(Equations (8) and (9)) [11,16]. As shown in Figure 6, with the presence of CEM in the
electrochemical reactor, the cathodic reactions could cause the solution pH increase in
the cathode chamber. When 1 L reaction solution was circulated between the cathode
chamber and the feed tank (the solution in the anode chamber was circulated separately
by another peristaltic pump), the solution pH increased from 6.9 to 10.7 within 2 min,
and pH 11.2 was detected at 10-min treatment. In contrast, in the undivided E-peroxone
process, the solution pH decreased to 6.1 after 10 min. As reported previously, the high
production of H2O2 could be produced at lower pH values (e.g., pH < 3) or higher pH
values (e.g., pH > 7) [33]. Under alkaline conditions, the reduction of oxygen would be
Equation (10) [33]; the produced HO2

− could act as an initiator for the chain reactions of
HO•. To verify the enhanced H2O2 production, its formation in the two circulating systems
was measured (Figure 7). The H2O2 yield in the cathode chamber was higher than that in
the E-peroxone system without CEM, confirming that the independent cathodic reaction is
beneficial to the accumulation of H2O2.

O3 + e− → O3
−• at cathode (8)

O3
−• + H2O→ HO• + O2 + OH− (9)

O2 + 2H+ + 2e− → HO2
− + OH− (10)

H2O2 → HO2• + H+ + e− (11)

HO2• → O2 + H+ + e− (12)
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Besides providing favorable reaction conditions for the generation of H2O2 and HO•
in the cathode chamber, the compartmental E-peroxone could also reduce the H2O2 de-
composition at the anode. In fact, CEM had a selective permeability that could prevent
the anions’ transfer to the anode. Thus, HO2

−/OH− could react fully with ozone in
the cathode chamber in the compartmental E-peroxone process. In contrast, the electro-
generated H2O2 would be consumed at the anode in the E-peroxone system without CEM
(Equations (11) and (12)) [33]. Figure S3 shows that changing the reaction sequence of
compartmental E-peroxone (i.e., the solution flowed through the anode chamber first and
then flowed into the cathode chamber) reduced the HO• production amount and PABA
degradation, but still yields higher efficiency than undivided conventional E-peroxone
(Figure 2). Hence, the reduction of anodic side reactions is another possible reason for the
high performance of the compartmental E-peroxone process.

4. Conclusions

In summary, a novel compartmental E-peroxone process was demonstrated for its
efficiency in aqueous emerging contaminant PABA elimination. While sole electrolysis
or ozonation could not degrade the target pollutant effectively, the combined E-peroxone
oxidation yields synergistic PABA removal, and the separation of cathodic and anodic reac-
tions further improved the treatment efficiency. HO• was the dominant oxidant for PABA
degradation and the reaction conditions that favor the HO• generation could promote the
contaminant destruction rate. Based on the RSM analysis, the influences of operational
parameters were optimized. To restate, the treatment efficiency was not only affected by
each operating parameter, but also the interaction between different parameters should
be noted. The alkaline environment in the cathode chamber, the reduction of anodic side
reactions, and the enhancement of the reactant mass transfer during solution circulating
were beneficial to the formation of HO• via the peroxone reactions, thereby improving the
degradation rate of PABA in the compartmental E-peroxone process. Considering the high
efficiency and practicality of this process, it has the potential for emerging contaminants’
removal from water and wastewater.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13212961/s1, Figure S1 Residuals vs. Predicted plot for PABA removal efficiency at 10
min, Figure S2 Two-dimensional contour plots of the PABA degradation efficiency of compartmental
E-peroxone in terms of two independent variables: (a) inlet gaseous ozone concentration and
initial solution pH, (b) solution temperature and initial solution pH, (c) current density and inlet
gaseous ozone concentration, (d) solution temperature and inlet gaseous ozone concentration, (e)
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current density and initial solution pH, (f) solution temperature and current density, Figure S3
PABA and pCBA degradation in the compartmental E-peroxone process with anodic reactions
followed by cathodic reactions: (a) removal ratio and (b) the pseudo first-order reaction kinetics
(Gas flow rate = 0.2 L/min; Inlet O3 concentration = ~20 mg/L; Applied current = 20 mA/cm2;
Temperature = 25 ± 2 ◦C).
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