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Abstract: The investigation into the degradation of metronidazole (MNZ), a frequently employed
antibiotic, through the electrochemical activation of peroxymonosulfate (PMS) utilizing either boron-
doped diamond (BDD) or dimensional stable anode (DSA) as the anode, was conducted in a system-
atic manner. The enhancement of MNZ removal was observed with increasing current density, PMS
dosage, and initial pH. Response surface methodology (RSM), based on a Box–Benken design, was
utilized to evaluate the efficiency of MNZ elimination concerning current density (ranging from 11.1
to 33.3 mA/cm2), initial pH (ranging from 3 to 9), PMS dosage (ranging from 1 to 5 mmol·L−1), and
reaction time (ranging from 25 to 45 min). The optimal operational conditions for MNZ removal were
determined as follows: a current density of 13.3 mA/cm2, a pH of 3.7, a PMS dosage of 2.4 mmol·L−1,
and a reaction time of 40 min. Electron paramagnetic resonance (EPR), quenching experiments,
and chemical probe experiments confirmed the involvement of •OH, SO4

•− and 1O2 radicals as
the primary reactive species in MNZ degradation. The presence of HCO3

− and H2PO4
− hindered

MNZ removal, whereas the presence of Cl− accelerated it. The degradation pathways of MNZ
were elucidated by identifying intermediates and assessing their toxicity. Additionally, the removal
efficiencies of other organic pollutants, such as sulfamethoxazole (SMX), carbamazepine (CBZ), and
nitrobenzene (NB), were compared. This study contributes to a comprehensive understanding of
MNZ degradation efficiency, mechanisms, and pathways through electrochemical activation of PMS
employing BDD or DSA anodes, thereby offering valuable insights for the selection of wastewater
treatment systems.

Keywords: electrolysis; electrochemical activation; peroxymonosulfate; metronidazole; water treatment

1. Introduction

Metronidazole (MNZ) serves as a widely employed antibiotic used in the treatment
of anaerobic bacterial infections, bacteroides, and protozoal infections among humans [1].
Despite its medical utility, MNZ has been recurrently detected in various environmen-
tal matrices, including drinking water, groundwater, surface water, soil sediments, and
wastewater [1–3]. Concerns regarding MNZ’s presence in these environments stem from
its potential carcinogenic and mutagenic properties, particularly when administered in
elevated doses [4,5]. Moreover, MNZ poses a significant threat to human health due to its
neural toxic effects [6,7]. Its intricate chemical composition, coupled with characteristics
such as high solubility, microbial toxicity, and challenging biodegradability [8–10], signifies
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the difficult task of removing MNZ from water and wastewater. Traditional water treat-
ment methods struggle to effectively eliminate MNZ [6,11,12], highlighting an urgent need
for the development of robust techniques with high degradation efficiency to completely
eradicate MNZ from contaminated environments.

In the recent decade, advanced oxidation processes (AOPs) have gained significant
attention for their efficacy in eliminating types of organic contaminants. Notably, electro-
chemical advanced oxidation processes (EAOPs) and sulfate-radical-related AOPs (SO4

•−-
AOPs) have emerged as promising methodologies [13–15]. In EAOPs, a wide range of
organic pollutants are eradicated through electron exchange or the generation of oxidizing
radicals, primarily hydroxyl radicals (•OH) [16]. EAOPs present several advantages over
conventional methods: (I) operations can be conducted at ambient temperature and pres-
sure, with electrochemical systems offering automation feasibility and requiring minimal
floor space [17,18]; (II) EAOPs are environmentally friendly, utilizing clean reagents like
electrons, and some processes, such as electro-oxidation, necessitate only electricity without
further treatment for contaminant degradation [18,19]; (III) the versatility of EAOPs enables
their integration with various techniques for organic pollutant removal, thereby facilitating
a broad range of relevant applications [17,20].

Conversely, SO4
•−-AOPs, which generate SO4

•−, represent promising and effective al-
ternatives for target compound treatment [21]. With a robust oxidation potential (2.6 V) and
a longer half-life compared to •OH [22,23], SO4

•− shows considerable potential. Presently,
the predominant method for SO4

•− generation involves the activation of persulfate (perox-
ydisulfate (PDS) and peroxymonosulfate (PMS)) [24]. PS activation can theoretically occur
through electron transfer and energy excitation mechanisms [25], with activation achievable
via diverse means such as heat, UV photolysis, alkaline conditions, transition metals, and
ultrasound [26–35]. Given the simplicity and minimal secondary pollution associated with
EAOPs, electrochemical activation of PS emerges as an ideal alternative due to its clean
reaction products and comparatively lower energy consumption relative to other activation
methods [24]. While both PDS and PMS can be electrochemically activated, PMS exhibits
higher efficiency in degrading organic pollutants, possibly attributable to its asymmetri-
cal peroxide bond with a partial positive charge [24,36]. Consequently, the widespread
exploration of PMS-based SO4

•−-AOPs for contaminated wastewater treatment has been
observed, given PMS’s advantageous attributes such as high aqueous solubility, subsurface
stability, cost-effectiveness, and benign end products [23,37,38]. Additionally, numerous
studies have highlighted the significance of direct electron transfer (DET) reactions in
contaminant degradation [39–41]. Considering the potentially synergistic effects and mech-
anisms of EAOPs, SAOPs systems, and DET processes in organic pollutant degradation,
further attention and comprehensive assessments are warranted.

Various investigations have indicated a range of outcomes regarding the efficacy of di-
mensionally stable anodes (DSA) in degrading contaminants. DSAs are fabricated through
the deposition of a thin layer of metal oxides, typically RuO2- and IrO2-based coatings,
onto a base metal, commonly titanium [42]. However, these metal oxides demonstrate
limited reactivity toward organic oxidation [43–45]. In contrast, boron-doped diamond
(BDD) has emerged as a promising anode material for degrading organic contaminants
in EAOPs. This is attributed to BDD’s high oxygen evolution over-potential, exceptional
electrochemical performance, mechanical durability, and chemical inertness [24,46,47].

The objectives of this study are fourfold:

(i) To examine the influence of operational parameters, specifically current density and
PMS dosage, on the degradation efficiency of EC-PMS-BDD and EC-PMS-DSA sys-
tems (EC is the abbreviation of the electrochemical system).

(ii) To systematically investigate the sources and generation of reactive oxygen species
(ROS), including •OH, SO4

•−, and 1O2 in these processes, elucidating their respective
oxidation mechanisms.

(iii) To utilize the Box–Behnken Design model to assess the optimal conditions leading to
the highest MNZ removal efficiency.
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(iv) To analyze the structural characteristics of MNZ byproducts generated during the
degradation processes and evaluate the environmental implications concerning other
organic pollutants.

2. Materials and Methods
2.1. Materials

All chemicals utilized in this study are listed in Appendix A.

2.2. Experimental Setup and Procedures

The MNZ degradation experiments were conducted under a constant current provided
by a DC power source (APS3005S-3D, GRATTEN, Shanghai, China). Unless otherwise
specified, a current density of 33.3 mA/cm2 was maintained for the electrolysis activa-
tion process. The reactor employed for the experiments consisted of a 250 mL glass
beaker containing 160 mL of MNZ solution at a concentration of 80 µmol·L−1. Meanwhile,
20 mmol·L−1 of Na2SO4 was incorporated as the supporting electrolyte, while NaOH and
H2SO4 were employed for pH adjustment. A predetermined quantity of PMS (1 mmol·L−1)
was added to the solution, which was continuously stirred at room temperature (around
25 ◦C).

BDD or DSA electrodes, measuring 3 cm × 3 cm × 0.1 cm, were utilized as the anode,
whereas graphite electrodes of the same dimensions served as the cathode, both possessing
effective working areas of 9 cm2. Positioned in parallel, the anode and cathode were
situated at a distance of 2 cm from each other. At specific time intervals (0, 5, 10, 15, 20,
30, and 45 min), 1 mL of the sample was withdrawn from the reactor and transferred to a
sample vial containing 10 µL of 0.1 mmol·L−1 Na2S2O3 solution to quench reactive radicals
within the sample. All experiments were performed in duplicate, and the resultant average
values were computed, accompanied by error bars to denote variability.

2.3. Analytical Methods

A UV-vis spectroscopy (UV-3600, Shimadzu, Kyoto, Japan) was utilized to monitor
the concentration of PMS at a wavelength of 735 nm. Electron paramagnetic resonance
(EPR) spectroscopy (EPR200-Plus, CIQTEK, Hefei, China) operating at continuous wave
X band frequency was used to detect the radicals (•OH, SO4

•−, and 1O2) generated dur-
ing the degradation process. High-performance liquid chromatography (HPLC, Agilent
1260, Agilent, Santa Clara, CA, USA) equipped with an Eclipse XDB C-18 column (5 µm,
250 × 4.6 mm, Agilent) was employed to quantify the concentration of MNZ and other
organic compounds. Comprehensive details regarding the HPLC methods are delineated
in Appendix B and Table 1. The transformation products resulting from MNZ degra-
dation were identified using ultrahigh-performance liquid chromatography–quadrupole
time-of-flight mass spectrometry (UHPLC-QTOF-MS, Agilent 6545, Santa Clara, USA). A
10 µL injection volume and a flow rate of 0.2 mL min−1 were applied. The mobile phase
comprised a mixture of ultrapure water (designated as A) and acetonitrile (B) at a ratio of
25:75.

Table 1. Parameters of HPLC methods for analysis of different compounds.

Compound Wavelength
(nm)

Mobile Phase A Mobile Phase B

Ultrapure
Water

(%)

0.1% (v/v) Acetic
Acid Solution

(%)

Acetonitrile
(%)

Methyl Alcohol
(%)

MNZ 318 80 N.A. 20 N.A.
SMX 265 N.A. 60 40 N.A.
CBZ 284 60 N.A. 40 N.A.
BA 230 50 N.A. 50 N.A.
NB 262 N.A. 50 50 N.A.

p-HBA/p-BQ 246 70 N.A. 30 N.A.
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3. Results
3.1. Removal Efficiency of MNZ in Various Processes

The degradation of MNZ across various processes is depicted in Figure 1. As illus-
trated in Figure 1, the MNZ removal efficiency stood at 2.9% and 5.8% for the adsorption
process employing boron-doped diamond (BDD) and dimensionally stable anode (DSA), re-
spectively. These modest degradation rates suggest a minimal adsorption effect exerted by
both BDD and DSA anodes. Furthermore, MNZ degradation through PMS alone remained
negligible at 4.9%.
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Moreover, the MNZ removal efficiency via electrolysis alone with a BDD anode (92.7%)
surpassed that with a DSA anode (51.7%), underscoring the superior efficacy of BDD anodes
in MNZ removal compared to DSA anodes. The substantial MNZ removal rates observed
in both EC-BDD (92.7%) and EC-DSA (51.7%) systems indicate the involvement of DET
processes (Equation (1)) and electrolysis utilizing BDD or DSA anodes to yield oxygen
(Equation (2)) or •OH (Equation (3)) [39]. Additionally, the electrochemical activation of
PMS to form SO4

•− (Equation (4)) contributed to MNZ degradation [48]. The incorporation
of PMS into the electrolytic reactor augmented MNZ degradation to 99.5% on BDD and
64.3% on DSA anodes, respectively. This enhancement can be attributed to the activa-
tion of PMS via electrolysis on both BDD and DSA anodes, generating •OH and SO4

•−

(Equation (5)) [49]. Furthermore, the observed increase in MNZ removal efficiency may be
attributed to the conversion of a fraction of PMS into a specialized transition state structure
(PMS*, Equation (6)) through anodic discharge. PMS* exhibits the capability to degrade
organic contaminants, functioning as a nonradical oxidation pathway (Equation (7)) [39].
These findings align with the observed decrease in PMS concentration depicted in Figure S1.

R − ne− → Products (1)

BDD/DSA + H2O → 1/2O2 + 2H+ + 2e− (2)

BDD/DSA + H2O → BDD(•OH)/DSA(•OH) + H− + e− (3)

SO2−
4 → SO•−

4 + e− (4)

HSO−
5 + e− → SO•−

4 + OH− or SO2−
4 + •OH (5)
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BDD/DSA + PMS → BDD(PMS∗)/DSA(PMS∗) (6)

R + BDD(PMS∗)/DSA(PMS∗) → Products (7)

3.2. Optimization of Electrochemical Reaction Parameters
3.2.1. Effect of Current Density

The current density proved to be a pivotal parameter in the electro-oxidation process,
as demonstrated in Figure 2a. Investigation into the effect of applied current revealed
notable trends (Figure 2a). Specifically, when a current density of 44.4 mA/cm2 was applied
for a duration of 30 min, MNZ degradation reached 100%, surpassing the degradation
achieved with 33.3 mA/cm2 (87.6%) on BDD (Figure S2a). Conversely, on DSA, only 55.4%
of MNZ was removed (Figure S2d). These findings indicate a significant dependency of
MNZ removal efficiency on current density.
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Furthermore, the results illustrate that MNZ removal decreased from 78.3% to 72.3% as
current density increased from 5.5 to 11.1 mA/cm2 on the BDD anode, with a concomitant
decline in the rate constant from 0.033 to 0.029 min−1 (Figure 2a). It is due to the occurrence
of undesired oxygen evolution reaction (OER) under low current conditions. When the
current density increases, there are more active species being produced in the system to
diminish the OER effect on the degradation process. Despite efforts to minimize OER using
BDD electrodes, oxygen production still transpires as follows (Equations (8) and (9)) [50].
Moreover, an analysis of MNZ removal processes using a pseudo-first-order kinetics model
(Figure S3a–d) revealed rate constants of 0.133 min−1 and 0.025 min−1 when the current
density was 44.4 mA/cm2 on BDD and DSA anodes, respectively. These results underscore
the pronounced influence of current density on the electro-oxidation process and highlight
the superior performance of BDD anodes compared to DSA counterparts.

•OH → •O + H+ + e− (8)

2•O → O2 (9)

3.2.2. Effect of Initial pH

The removal efficiency of MNZ by EC-PMS-BDD and EC-PMS-DSA systems was
examined across various initial pH values (Figure S2b–e). When the initial pH was set at 6,
the final pH was measured as 3.2 due to the occurrence of oxygen evolution reaction (OER),
which explains the oxygen bubbles observed in the experiment. Notably, MNZ removal
increased from 83.7% to 96.4% as the initial pH rose from 2 to 9 within a 30 min timeframe on
the BDD anode. Conversely, MNZ removal remained stable on the DSA anode, indicating a
gradual generation of singlet oxygen (1O2) through PMS self-decomposition under alkaline
conditions (Equation (10)) [49,51–53]. Notably, 1O2 is postulated to act as a crucial oxidizing
species, bolstering MNZ removal. It is worth mentioning that the reaction of Equation (10)
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may also occur on the BDD anode, and the experimental results are the sum of all reactions
occurring in the individual system.

HSO−
5 + SO2−

5 + OH− → 2SO2−
4 + H2O + 1O (10)

3.2.3. Effect of PMS Dosage

In the electrochemical activation of the PMS process, the concentration of PMS plays a
crucial role in MNZ degradation owing to the generation of •OH and SO4

•−. Consequently,
MNZ removal at various PMS concentrations was investigated. As depicted in Figure S2c,
MNZ degradation exhibited acceleration with increasing PMS concentration. Specifically,
MNZ removal escalated from 86.6% to 99.0% as PMS concentration increased from 1 to
5 mmol·L−1 on the BDD anode within a 30 min duration, accompanied by an elevation in
the rate constant from 0.069 to 0.147 min−1 (Figure 2c). Conversely, in the EC-PMS-DSA
system, although MNZ removal efficiency exhibited a mild increase (57.9% to 63.8%) as
PMS concentration rose from 1 to 5 mmol·L−1 (Figure S2f), which nonetheless facilitated
MNZ degradation. This outcome can be attributed to the heightened production of reactive
species with increasing PMS concentration, thereby fostering MNZ removal. Analogous
conclusions have been drawn in studies concerning the degradation of tetracycline (TC) [54]
and norfloxacin (NOR) [55].

3.3. Optimum Conditions by RSM

The synergistic effects of various operating conditions are often considered paramount
in achieving optimal removal efficiency. Therefore, response surface methodology (RSM)
was employed to identify the optimal operating conditions by exploring the synergistic
effects of four parameters: current density, initial pH, PMS dosage, and reaction time.
Building upon the outcomes of the univariate experiments detailed earlier (Section 3.2), the
range of each parameter is delineated in Table 2.

Table 2. Actual values corresponding to coded levels of RSM.

Coded Levels A:
Current Density (mA/cm2)

B:
Initial pH

C:
PMS Dosage (mmol·L−1)

D:
Reaction Time (min)

−1 (Low) 11.1 3 1 25
0 (Medium) 22.2 6 3 35

1 (High) 33.3 9 5 45

The experimental design, employing a four-factor and three-level response surface
optimization, was conducted using the Box–Behnken Design (BBD) method, comprising
29 experimental runs (Table 3). The results of the analysis of variance are presented in
Table 3. For RSM analysis, we used the software “Design expert” v8.0.5 to optimize multiple
conditions based on their respective influence on the removal efficiency of MNZ. And
Equation (11) was generated automatically by the software based on the conditions in
Table 3. The coefficients indicate the impact of individual parameters on the response;
the positive numbers represent the positive impact while negative numbers represent the
negative impact.

(C0 − C)/C0 = 0.94 + 0.12 × A − 0.020 × B + 0.073 × C + 0.10 × D
+0.0054 × AB − 0.037 × AC − 0.050 × AD + 0.00052 × BC
+0.020 × BD − 0.027 × CD − 0.055 × A2 + 0.00073 × B2

−0.047 × C2 − 0.057 × D2

(11)

where A is the current density, B is the initial pH, C is the PMS dosage, and D is the
reaction time. The equation (Equation (11)) in terms of coded factors can be used to make
predictions about the response for the given levels of each factor. The coded equation is
useful for identifying the relative impact of the factors by comparing the factor coefficients.
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Table 3. The 4-factor Box–Benhnken design of RSM and experimental response.

Standard Order Run
Order

Current Density
(mA/cm2)

pH
(1)

PMS Dosage
(mmol·L−1)

Reaction Time
(min)

MNZ Removal
Rate (1)

8 1 22.2 6 5 45 1

2 2 33.3 3 3 35 1

27 3 22.2 6 3 35 0.94103

23 4 22.2 3 3 45 1

19 5 11.1 6 5 35 0.86044

26 6 22.2 6 3 35 0.9398

22 7 22.2 9 3 25 0.74029

29 8 22.2 6 3 35 0.9407

15 9 22.2 3 5 35 0.98338

28 10 22.2 6 3 35 0.9426

3 11 11.1 9 3 35 0.76985

14 12 22.2 9 1 35 0.78515

4 13 33.3 9 3 35 0.98794

17 14 11.1 6 1 35 0.6179

11 15 11.1 6 3 45 0.79368

16 16 22.2 9 5 35 0.92868

5 17 22.2 6 1 25 0.6271

20 18 33.3 6 5 35 0.9948

18 19 33.3 6 1 35 0.9013

9 20 11.1 6 3 25 0.54074

25 21 22.2 6 3 35 0.9412

21 22 22.2 3 3 25 0.81912

12 23 33.3 6 3 45 0.99603

24 24 22.2 9 3 45 1

10 25 33.3 6 3 25 0.94412

6 26 22.2 6 5 25 0.805

13 27 22.2 3 1 35 0.84191

1 28 11.1 3 3 35 0.80368

7 29 22.2 6 1 45 0.9258

From the Prob > F values presented in Table 4, also known as the p values, it is
evident that the p value associated with the initial pH (0.0450) meets the criterion of
0.01 < p < 0.05. This suggests that the initial pH significantly influences the parameter
(C0 − C)/C0. Consequently, it was deemed unnecessary to exclude this influential factor
from further analysis. However, it is worth noting that the initial pH was not as statistically
significant as the other three factors (p < 0.01).
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Table 4. ANOVA analysis for MNZ removal efficiency.

Source Sum of Squares df Mean Square F-Value p Value
Prob > F

Model 0.43 14 0.031 32.24 <0.0001 significant

A-current density 0.17 1 0.17 179.54 <0.0001

B-initial pH 4.648 × 10−3 1 4.648 × 10−3 4.84 0.0450

C-initial PMS
concentration 0.064 1 0.064 65.79 <0.0001

D-reaction time 0.13 1 0.13 133.92 <0.0001

AB 1.185 × 10−4 1 1.185 × 10−4 0.12 0.7305

AC 5.553 × 10−3 1 5.553 × 10−3 5.79 0.0305

AD 0.010 1 0.010 10.53 0.0059

BC 1.061 × 10−6 1 1.061 × 10−6 1.106 × 10−3 0.9739

BD 1.554 × 10−3 1 1.554 × 10−3 1.62 0.2240

CD 2.830 × 10−3 1 2.830 × 10−3 2.95 0.1079

A2 0.020 1 0.020 20.79 0.0004

B2 3.487 × 10−6 1 3.487 × 10−6 3.634 × 10−3 0.9528

C2 0.015 1 0.015 15.25 0.0016

D2 0.021 1 0.021 22.30 0.0003

Residual 0.013 14 9.596 × 10−4

Lack of Fit 0.013 10 1.343 × 10−3 1307.41 <0.0001 significant

Pure Error 4.109 × 10−6 4 1.027 × 10−6

Cor Total 0.45 28

Based on the observed p values, the order of significance of the effects of the four
influencing factors can be listed as follows: current density > reaction time > PMS dosage >
initial pH. This ranking highlights the varying degrees of impact exerted by each factor on
MNZ degradation.

The interaction between these factors on MNZ degradation by the BDD anode is de-
picted in Figure 3, providing visual insight into the synergistic effects and their implications
for MNZ removal.

The optimal experimental conditions for the degradation of metronidazole (MNZ) in
simulated wastewater using the EC-PMS-BDD system were predicted by the model. Under
these predicted conditions, with an initial MNZ concentration of 80 µmol·L−1, a current
density of 13.3 mA/cm2, an initial pH of 3.7, and a PMS dosage of 2.4 mmol·L−1, MNZ
removal reached 100% within 40 min. To validate the predictive accuracy of the model,
experimental verification was conducted under the aforementioned conditions, resulting in
an MNZ removal efficiency of 100%. This experimental outcome aligns perfectly with the
predicted value, thereby affirming the accuracy and reliability of the Box–Behnken model
for optimizing MNZ degradation in the EC-PMS-BDD system and predicting experimen-
tal results.
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3.4. Mechanism Study
3.4.1. EPR Test

An electron paramagnetic resonance (EPR) test using DMPO and TEMP as spin-
trapping agents was applied to detect the •OH, SO4

•− and 1O2 generated during the EC
process [56,57]. As illustrated in Figure 4, a characteristic fourfold peak with an intensity
ratio of 1:2:2:1 was observed, indicative of •OH production in both the EC-PMS-BDD
and EC-PMS-DSA processes. However, the signal attributed to DMPO-SO4

•− during the
EC-PMS-DSA process was relatively weak, likely due to the rapid conversion of SO4

•− to
•OH through nucleophilic substitution [58].
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Figure 4. EPR spectrum of (a) DMPO-•OH and DMPO-SO4
•− and (b) TEMP-1O2 obtained from

both the EC-PMS-BDD and EC-PMS-DSA processes. Reaction conditions: [MNZ] = 80 µmol·L−1,
[Na2SO4] = 20 mmol·L−1, pH0 = 6, I = 33.3 mA/cm2, and [PMS] = 1 mmol·L−1.

Additionally, a typical three-line spectrum with equal intensities was obtained, sug-
gesting the formation of 1O2 during the EC process. Moreover, the EC-PMS-BDD system
exhibited a stronger signal of TEMP- 1O2 compared to the EC-PMS-DSA system, indicating
a higher concentration of 1O2 in the EC-PMS-BDD system. This difference in 1O2 concentra-
tion could be considered a contributing factor to the higher degradation efficiency observed
in the EC-PMS-BDD system.

3.4.2. Quenching Experiments

To dig deeper into the involvement of different active radicals, radical scavengers were
used to elucidate the degradation mechanism. Typically, ethanol was utilized to scavenge
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both •OH and SO4
•−, whereas tert-butyl alcohol (TBA) was specifically employed as a

scavenger of •OH [57]. Furthermore, ferrous formamidinate (FFA) serves as an indicator of
1O2 and •OH, with quenching rate constants of 1.2 × 108 M−1S−1 and 1.5 × 1010 M−1S−1,
respectively [59,60]. Additionally, L-histidine functions as a scavenger of 1O2 [61]. Quench-
ing experiments were conducted using ethanol, TBA, FFA, and L-histidine to discern the
dominant reactive oxygen species driving MNZ degradation in both the EC-PMS-BDD and
EC-PMS-DSA processes (Figure S4a,b).

As depicted in Figure 5a, MNZ was completely removed within 45 min without
scavengers during the PMS activation by electricity. However, the removal efficiency of
MNZ decreased with the addition of TBA (500 mmol·L−1), ethanol (500 mmol·L−1), and
FFA (2 mmol·L−1), reaching 80.6%, 82.4%, and 82.3%, respectively. These findings suggest
that while •OH and SO4

•− are involved in the degradation process, they may not be
the predominant reactive oxygen species. Moreover, ethanol (17.6%) exhibited a weaker
inhibitory effect compared to TBA (19.4%), possibly due to TBA’s greater likelihood of
adsorption onto the surface of the BDD anode [54]. Notably, the addition of L-histidine
(20 mmol·L−1) quenched MNZ removal, reducing the removal efficiency to 60.3%, and the
rate constant also decreased from 0.111 to 0.020 min−1 (Figure S4c), indicating that 1O2
may indeed be the dominant reactive radical in the EC-PMS-BDD system.

Energies 2024, 17, x FOR PEER REVIEW 10 of 20 
 

 

Additionally, a typical three-line spectrum with equal intensities was obtained, sug-
gesting the formation of 1O2 during the EC process. Moreover, the EC-PMS-BDD system 
exhibited a stronger signal of TEMP- 1O2 compared to the EC-PMS-DSA system, indicating 
a higher concentration of 1O2 in the EC-PMS-BDD system. This difference in 1O2 concen-
tration could be considered a contributing factor to the higher degradation efficiency ob-
served in the EC-PMS-BDD system. 

3.4.2. Quenching Experiments 
To dig deeper into the involvement of different active radicals, radical scavengers 

were used to elucidate the degradation mechanism. Typically, ethanol was utilized to 
scavenge both •OH and SO4•−, whereas tert-butyl alcohol (TBA) was specifically employed 
as a scavenger of •OH [57]. Furthermore, ferrous formamidinate (FFA) serves as an indi-
cator of 1O2 and •OH, with quenching rate constants of 1.2 × 108 M−1S−1 and 1.5 × 1010 M−1S−1, 
respectively [59,60]. Additionally, L-histidine functions as a scavenger of 1O2 [61]. Quench-
ing experiments were conducted using ethanol, TBA, FFA, and L-histidine to discern the 
dominant reactive oxygen species driving MNZ degradation in both the EC-PMS-BDD 
and EC-PMS-DSA processes (Figure S4a,b). 

As depicted in Figure 5a, MNZ was completely removed within 45 min without scav-
engers during the PMS activation by electricity. However, the removal efficiency of MNZ 
decreased with the addition of TBA (500 mmol·L−1), ethanol (500 mmol·L−1), and FFA (2 
mmol·L−1), reaching 80.6%, 82.4%, and 82.3%, respectively. These findings suggest that 
while •OH and SO4•− are involved in the degradation process, they may not be the pre-
dominant reactive oxygen species. Moreover, ethanol (17.6%) exhibited a weaker inhibi-
tory effect compared to TBA (19.4%), possibly due to TBA’s greater likelihood of adsorp-
tion onto the surface of the BDD anode [54]. Notably, the addition of L-histidine (20 
mmol·L−1) quenched MNZ removal, reducing the removal efficiency to 60.3%, and the rate 
constant also decreased from 0.111 to 0.020 min−1 (Figure S4c), indicating that 1O2 may 
indeed be the dominant reactive radical in the EC-PMS-BDD system. 

 
Figure 5. (a) Comparison of effects on degradation efficiency between EC-PMS-BDD and EC-PMS-
DSA system by the addition of TBA, ethanol, FFA, and L-Histidine; The probe experiments of (b) 
•OH (c) SO4•− and (d) 1O2. Reaction conditions: [MNZ] = 80 µmol·L−1, [Na2SO4] = 20 mmol·L−1, pH0 = 
6, I = 33.3 mA/cm2, and [PMS] = 1 mmol·L−1. 

Figure 5. (a) Comparison of effects on degradation efficiency between EC-PMS-BDD and EC-PMS-
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I = 33.3 mA/cm2, and [PMS] = 1 mmol·L−1.

During the EC-PME-DSA process, the addition of FFA resulted in a decrease in MNZ
removal efficiency from 57.9% to 49.6% (Figure 5a). Considering that FFA is also an indicator
of 1O2, these results underscore the non-negligible contribution of 1O2 to MNZ degradation
alongside electrolysis.

3.4.3. Chemical Probe Experiments

Chemical probe methods were employed to detect the presence of •OH, SO4
•−, and

1O2 in the systems. As illustrated in Figure 5b, evidence of •OH formation was observed
using coumarin as the probe in both systems. The yields of •OH were quantified based on
the concentration of 7-hydroxycoumarin (7-HC), a highly fluorescent compound detectable
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by an HPLC fluorescence detector [62,63]. Thus, it was inferred that the concentration
of •OH equated to the concentration of 7-HC. Within 45 min, the yields of •OH were
0.5 µmol·L−1 in the EC-PMS-BDD process, while they were 0.2 µmol·L−1 in the EC-PMS-
DSA process. This suggests that the electrochemical process with BDD as the anode
exhibited a relatively higher yield of •OH compared to the DSA anode. This disparity
could be attributed to the high electrochemical activity of the BDD anode, enabling the
production of •OH through water dissociation [64].

Moreover, the concentration of •OH in both the EC-PMS-BDD and EC-PMS-DSA
systems surpassed that in the EC-BDD and EC-DSA systems, respectively, indicating that
PMS activation significantly contributed to •OH production in PMS-based processes [46].
Notably, •OH was not detected in the EC-DSA process, potentially due to the minuscule
production of •OH, rendering it insufficient to react with coumarin.

Furthermore, the presence of SO4
•− in the electrochemical systems was determined

using p-hydroxybenzoic acid (p-HBA) as a chemical probe, which reacts with SO4
•− to

produce benzoquinone (BQ), which is a more stable byproduct converted from hydro-
quinone. As illustrated in Figure 5c, within a 45 min reaction time, the concentration of
SO4

•− in the EC-PMS-DSA process (12.4 µmol·L−1) exceeded that in the EC-PMS-BDD
process (0.8 µmol·L−1). This trend was consistent with the observations in the EC-DSA
and EC-BDD systems, suggesting a propensity for greater production or accumulation of
SO4

•− when DSA was utilized as the anode.
Ding et al. [65] proposed that PMS likely binds to the surface of the BDD anode,

followed by its electrochemical activation to generate •OH and SO4
•−. The presence of

sulfate ions as the electrolyte might induce competition for adsorption sites on the BDD
surface between persulfate and sulfate ions, thereby inhibiting the conversion of persulfate
to SO4

•−. This mechanism could explain the lower concentration of SO4
•− observed when

BDD was employed as the anode.
In addition, the yields of SO4

•− in the EC-PMS-DSA (12.4 µmol·L−1) and EC-DSA
(13.7 µmol·L−1) systems within 45 min clearly indicate that the presence of PMS inhibited
the production of SO4

•−. This inhibition could be attributed to the reaction between PMS
and SO4

•− (Equation (12)), resulting in the formation of SO5
•− and consequently leading

to a slight decrease in SO4
•− concentration [46,66].

HSO−
5 + SO•−

4 → SO•−
5 + SO2−

4 + H+ (12)

Figure 5d portrays the formation of DPAO2 in the EC-PMS-DSA and EC-PMS-BDD
systems as observed in the results of chemical probe experiments targeting 1O2. In this
experiment, 9,10-diphenyl anthracene (DPA) served as the 1O2 quencher to detect the
presence of 1O2 [67]. As depicted in Figure 5d, a significantly higher peak intensity was
discerned in the EC-PMS-BDD system, a trend consistent with the findings of the EPR test
(Figure 4b).

These observations suggest that 1O2 is indeed a significant radical, and the disparity in
the quantity of 1O2 between these two systems likely accounts for the divergent degradation
efficiencies of MNZ.

3.5. Effects of Different Water Matrics

Anions (e.g., Cl−, H2PO4
−, HCO3

−, etc.) are commonly present in natural water
matrices and can exert influence on the degradation of various contaminants. Therefore, it
is crucial to investigate the effects of different concentrations of these anions on the removal
of MNZ using the EC-PMS-BDD system.

3.5.1. Effect of Cl− Addition

The effect of Cl− on MNZ degradation was investigated, as shown in Figure 6a. The
removal efficiency increased from 86.6% in the absence of Cl− to 99.1%, 98.7%, and 96.7%
with concentrations of 1, 5, and 10 mmol·L−1, respectively, at 30 min. This enhancement
can be elucidated using two mechanisms.
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Figure 6. Effects of anions: (a) Cl−, (b) HCO3
−, and (c) H2PO4

−. Reaction conditions:
[MNZ] = 80 µmol·L−1, [Na2SO4] = 20 mmol·L−1, initial pH = 6, I = 33.3 mA·cm−2, and
[PMS] = 1 mmol·L−1.

Firstly, Cl− ions could undergo oxidation to produce Cl2, which in turn reacts with
water to generate free chlorine species such as hypochlorous acid (HOCl) and hypochlorite
ions (ClO−), as described by the following reactions (Equations (13) and (14)). These species
are known to accelerate the degradation of MNZ [13,68,69].

2Cl− → Cl2 + 2e− (13)

Cl2 + H2O → HOCl + H+ + Cl− (14)

Secondly, Cl− can also participate in the degradation process by reacting with •OH
and SO4

•− to produce Cl• through the reactions outlined in Equations (15)–(17) [70].
Subsequently, Cl• can further react with Cl− to form chlorine dioxide radical anions
(Cl2•−), as depicted in Equation (18) [71]. It has been demonstrated that both Cl• and Cl2•−

species can enhance the degradation of organic pollutants [49].

Cl− + •OH → ClOH•− (15)

ClOH•− + H+ → Cl• + H2O (16)

Cl− + SO•−
4 → Cl• + SO2−

4 (17)

Cl• + Cl− → Cl•−2 (18)

3.5.2. Effect of HCO3
− Addition

Different concentrations of HCO3
− were introduced to examine their impact on MNZ

removal, as illustrated in Figure 6b. The removal efficiency decreased from 86.6% in the
absence of HCO3

− to 81.0% with a concentration of 10 mmol·L−1 at 30 min, indicating that
the degradation of MNZ was hindered in the presence of HCO3

−. This outcome can be
attributed to the scavenging action of HCO3

− on free radicals, resulting in the production
of less reactive CO3

•−, as depicted in Equations (19) and (20) [49].

HCO−
3 + SO•−

4 → CO•−
3 + SO2−

4 + H+ (19)

HCO−
3 + •OH → CO•−

3 + H2O (20)

Furthermore, the marginal impact of increasing the HCO3
− concentration to 5 or

10 mmol·L−1 on MNZ decomposition could be attributed to the alteration of pH resulting
from the excess HCO3

− This observation aligns with the findings regarding the effect of pH
on MNZ removal. The addition of excess HCO3

− elevated the solution pH, consequently
facilitating the degradation of MNZ.

3.5.3. Effect of H2PO4
− Addition

Figure 6c illustrates the impact of H2PO4
− on the degradation of MNZ. The removal

efficiency of MNZ decreased from 86.6% to 81.3%, 73.2%, and 78.2% as the concentration of
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H2PO4
− increased from 0 to 1, 5, and 10 mmol·L−1, respectively, at 30 min. These findings

suggest that H2PO4
− may not be conducive to the activation of PMS, which is in line with

previous research investigating the use of phosphates to degrade sulfamethoxazole in an
activated peroxymonosulfate system [72]. Moreover, it is likely that the energy barrier for
PMS activation by H2PO4

− is prohibitively high, making it difficult to effectively activate
PMS [72,73].

3.6. Analysis of MNZ Byproducts
3.6.1. Proposed Pathway of MNZ Degradation

To investigate deeper into the potential degradation pathways of MNZ within the
EC-PMS-BDD system, a multifaceted approach was undertaken. UPLC-MS spectra of
the intermediate products were generated based on the findings of UHPLC-QTOF-MS
analysis. Furthermore, the highest occupied molecular orbital (HOMO) was utilized to
depict electron density transitions within MNZ molecules (Figures S5–S8). Additionally,
the Fukui index was employed to elucidate active sites on the molecules (Figure S5).

As depicted in Figure 7, three plausible removal pathways of MNZ were identified
as follows: (I) The oxidation of the N-ethanol group into carboxyl led to the formation
of P1, identified as (2-methyl-5-nitroimidazol-1-yl) acetic acid. Subsequently, the loss of
the N-acetic acid group from P1 resulted in the generation of P2, identified as 2-methyl-5-
nitro-1H-imidazole [74]. This observation aligns with the proposition that the high electron
density located at the nitrogen atom of P1 renders it susceptible to attack by reactive radicals,
as indicated by the HOMO of P1 (Figure S6). Additionally, P3 was obtained through the
loss of the nitro group, followed by the opening of the imidazole moiety to yield P4. (II)
Reactive radicals can attack MNZ to reduce the nitro group, resulting in the formation of
P5 and P6. P7 is subsequently generated from P6 through an imidazole ring opening [75].
As depicted by the HOMO of P6 in Figure S7, the C-C double bond outside the imidazole
ring is attacked due to its high electron density, resulting in the conversion of P6 into chain
organic compounds. These intermediates have also been identified in previous studies [75].
(III) MNZ undergoes denitration and oxidation, leading to the formation of P8 via hydroxyl
radical attack.
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3.6.2. Toxicity Evaluation

To assess the environmental implications of MNZ and its removal byproducts, various
toxicity endpoints including acute toxicity, bioaccumulation factor, developmental toxicity,
and mutagenicity were evaluated using the Toxicity Estimation Software Tool (T.E.S.T)
v17.0.2.0 with quantitative structure–activity relationship (QSAR) models and hierarchical
clustering forecasting methods.

As depicted in Figure 8a, the LD50 values of P2, P3, P4, and P7 were determined to be
661.21 mg/kg, 681.63 mg/kg, 787.56 mg/kg, and 62.42 mg/kg, respectively. These values
classify these byproducts as “toxic” since they are less than 1000 mg/kg.
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Figure 8. (a) Acute toxicity, (b) bioaccumulation factor, (c) developmental toxicity, and (d) mutagenic-
ity of MNZ and byproducts in EC-PMS-BDD system. These values were calculated using the Toxicity
Estimation Software Tool (T.E.S.T.) using a quantitative structure–activity relationship prediction
(QSAR) model.

Figure 8b illustrates that all the byproducts exhibited lower bioaccumulation fac-
tors compared to MNZ, suggesting a decrease in the bioaccumulation potential of the
contaminant during degradation.

Regarding developmental toxicity, as shown in Figure 8c, MNZ is classified as a
“developmental non-toxicant” with a developmental toxicity value of 0.03. However, most
of the intermediates displayed an increasing trend in developmental toxicity, except for
P1, which showed a value of −0.01. Notably, the predictive results for P5, P6, and P7 with
higher developmental toxicity values exceeding 0.6 indicate that these intermediates are
considered “developmental toxicants.”

Furthermore, Figure 8d indicates that the mutagenicity value of MNZ was 1.01, which
was higher than all the byproducts, suggesting a tendency for the mutagenicity of the
pollutant to decline during the degradation process.

3.7. Removal Efficiency of Other Persistent Organic Pollutants

In order to demonstrate the superiority and universal applicability of the current water
treatment approach, we also conducted degradation experiments against SMX, CBZ, and
NB in addition to MNZ. This was to explore the applicability of the current method for
the degradation of organic pollutants with either electron-donating groups or electron-
withdrawing groups. As depicted in Figure 9, the organic pollutants SMX, CBZ, and NB
were subjected to individual removal by the EC-PMS-BDD system, each starting with
an initial concentration of 80 µmol·L−1. The reaction rates of these target pollutants are
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presented in Figure S9. Despite exhibiting similar reaction trends under the same system,
the final degradation efficiencies varied. Specifically, the removal efficiency of CBZ reached
84.2% after 45 min, whereas that of SMX and NB was slightly lower at 69.1% and 71.4%,
respectively. Although not as pronounced as the 99.5% removal achieved for MNZ, these
results collectively demonstrate the effectiveness of the EC-PMS-BDD process in degrading
various persistent organic pollutants.
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Figure 9. Removal of MNZ, SMX, CBZ, and NB by EC-PMS-BDD process. Reaction conditions:
[Organic pollutants] = 80 µmol·L−1, [Na2SO4] = 20 mmol·L−1, pH0 = 6, [PMS] = 1 mmol·L−1, and
I = 33.3 mA/cm2.

In the EC-PMS-BDD system, the electric energy per order (EE/O) serves as an effec-
tive parameter for estimating energy consumption. The calculation formula for EE/O is
as follows:

EE
O

=
Pt × 1000

V × 60 × lg
(

C0
Ct

) (21)

where P is the total current power (kW), t is the reaction time (min), V is the volume of the
reaction system (L), C0 is the initial concentration of MNZ, and Ct is the concentration of
MNZ at t min. Equation (21) can be further deduced as follows:

EE
O

=
Pt × 1000

V × 60 × lg
(

C0
Ct

) =
1000 × Pt

60 × 0.4343 × Vkt
=

38.38P
VKobs

(22)

where kobs is the first-order apparent rate constant (min−1).
The EE/O of SMX, CBZ, NB, and MNZ are shown in Table 5.

Table 5. Electric energy per order (EE/O) of SMX, CBZ, NB, and MNZ.

Pollutant Current
Intensity (A)

Voltage
(V)

Volume
(L)

Kobs
(min−1)

EE/O
(kWh m3)

SMX 0.3 11.6 0.16 0.026 32.3
CBZ 0.3 11.8 0.16 0.041 20.6
NB 0.3 11.5 0.16 0.027 30.5

MNZ 0.3 11.7 0.16 0.111 7.6
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4. Discussion

This study systematically investigated the synergistic effects of peroxymonosulfate
(PMS) and electrochemical oxidation systems utilizing BDD or DSA electrodes, revealing
an accelerated removal efficiency of MNZ. The efficiency of MNZ removal was observed to
increase with an increase in the PMS dosage ranging from 1 mmol·L−1 and current density
ranging from 33.3 A/cm2 while remaining stable within a specific pH range of around 6.
And utilizing the Box–Behnken Design model, the conditions leading to the highest MNZ
removal efficiency were obtained and discussed. Quenching experiments and chemical
probe analyses confirmed the significant contribution of •OH, SO4

•−, and 1O2, as well as
the electrolysis mechanism, to the degradation of MNZ. Furthermore, it was determined
that the presence of HCO3

− and H2PO4
− inhibited MNZ removal, except for Cl−. The

intermediates determination and T.E.S.T analysis provided meaningful support in the
identification of byproducts to reveal diverse degradation pathways of MNZ in the EC-PMS-
BDD system, specifically examining the environmental implications of the degradation
process. Overall, this work demonstrated that the EC-PMS-BDD system exhibited superior
potential, compared to the EC-PMS-DSA system, in the electrochemical activation of
PMS for contaminant degradation, which, hence, furnishes a conceptual framework and
guidance for devising strategies aimed at the treatment of medical wastewater.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en17071750/s1, Figure S1. The concentration of PMS in EC-PMS-
BDD and EC-PMS-DSA system. Reaction conditions: [MNZ] = 80 µmol·L−1, [Na2SO4] = 20 mmol·L−1,
pH0 = 6, I = 33.3 mA/cm2. Figure S2. Effect of (a) current density, (b) initial pH, (c) PMS dosage
on MNZ removal in EC-PMS-BDD system; effect of (d) current density, (e) initial pH, (f) PMS
dosage on MNZ removal in EC-PMS-DSA system. Reaction conditions: [MNZ] = 80 µmol·L−1,
[Na2SO4] = 20 mmol·L−1, pH0 = 6, [PMS] = 1 mmol·L−1, I = 33.3 mA/cm2. Figure S3. The pseudo-
first-order kinetics model on MNZ degradation of (a) current density, (b) initial pH, (c) PMS
dosage in EC-PMS-BDD process; the pseudo-first-order kinetics model on MNZ degradation of
(d) current density, (e) initial pH, (f) PMS dosage in EC-PMS-DSA process. Reaction conditions:
[MNZ] = 80 µmol·L−1, [Na2SO4] = 20 mmol·L−1, pH0 = 6, [PMS] = 1 mmol·L−1, I = 33.3 mA/cm2.
Figure S4. Effects of TBA, Ethanol, FFA and L-Histidine on MNZ removal efficiency in (a) EC-PMS-
BDD process and (b) EC-PMS-DSA process; (c) Pseudo-first-order kinetic constant under different
scavengers in EC-PMS-BDD and EC-PMS-DSA process. Figure S5. (a) Identification of MNZ (m/z
+172) and its fragment ions, and (b) the Fukui index of MNZ. Figure S6. (a) Identification of fragment
ions 186 ([M+H]+), 128 ([M+H]+), 141 ([M+H]+), 118 ([M+H]+); (b) the degradation routes in pathway
I. Figure S7. (a) Identification of fragment ions 143 ([M+H]+), 125 ([M+H]+), 73 ([M+H]+); (b) the
degradation routes in pathway II. Figure S8. (a) Identification of fragment ions 114 ([M+H]+); (b) the
degradation routes in pathway III. Figure S9. Pseudo-first-order kinetic constant of SMX, CBZ, NB
and MNZ degradation in EC-PMS-BDD process. Figure S10. Schematic diagram of electrochemical
oxidation system. Table S1. Parameters of HPLC methods for analysis of different compounds. Table
S2. Actual values corresponding to coded levels of RSM. Table S3. 4-factor Box-Benhnken design of
RSM and experimental response. Table S4. ANOVA analysis for MNZ removal efficiency.
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Appendix A

The target contaminant metronidazole (MNZ), and other organic pollutants, i.e., carba-
mazepine (CBZ, ≥98%), sulfamethoxazole (SMX, ≥98%), and nitrobenzene (NB, 99%) were
purchased from Adamas-beta®, Hangzhou, China. Peroxymonosulfate (PMS, KHSO5·
0.5KHSO4·0.5K2SO4), sodium chloride (NaCl, ≥99.0%), sodium dihydrogen phosphate
(Na2HPO4, ≥99.0%), sodium bicarbonate (NaHCO3, ≥99.0%), sodium sulfate (Na2SO4,
≥99.0%), hydrochloric acid (HCl), 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO), 2,2,6,6-
tetramethyl-4-piperidinyloxyl (TEMP), scavengers tertbutyl alcohol (TBA, ≥99.5%), fur-
furyl alcohol (FFA, ≥98%), and L-Histidine were also obtained from Adamas-beta® of
China. Sodium hydroxide (NaOH), sulfuric acid (H2SO4), and ethanol were obtained
from the Chengdu Kelong chemical reagent factory (Chengdu, China). 2,2-azino-bis(3-
ethylbenzonthiazoline)-6-sulfonic acid diammonium (ABTS, 99%) was purchased from
Sigma-Aldrich, Shanghai, China. All the reagents were of analytical grade and used without
further purification. All solutions were prepared using ultrapure water.

Appendix B

Metronidazole (MNZ), sulfamethoxazole (SMX), carbamazepine (CBZ), nitrobenzene
(NB), benzoic acid (BA), p-hydroxybenzoic acid (p-HBA), and p-benzoquinone (p-BQ) were
measured using high-performance liquid chromatography (HPLC, 1260 Infinity, Agilent,
Santa Clara, USA) equipped with the ultraviolet detector and the fluorescence detector.
Other parameters are listed in Table S1.
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