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This work investigates the electrochemical degradation of paraquat (30 mg L™%) in aqueous medium using
a boron-doped diamond (BDD) anode, with a graphite cathode. The influence of operational variables
including the effect of the anode material, current density, type of supporting electrolyte, and initial pH
was systematically examined. BDD electrodes exhibited the most efficient performance, achieving COD
and TOC removal rates of 99% and 98.6%, respectively, under optimal conditions (15 mA cm™2, pH = 3,
50 mmol per L Na,SO,). Degradation followed pseudo-first-order kinetics (k = 3.14 x 1072 s71). While
faradaic efficiency peaked at 70.14%, energy demand increased to 66 kWh m~> over time. Analysis of
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Accepted 27th May 2025 reaction intermediates revealed the formation of aromatic and carboxylic acid by-products, which were
tracked to elucidate a complete mineralization pathway. These findings demonstrate the potential of
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Introduction

Paraquat (Table 1) is a highly effective, non-selective contact
herbicide widely used for controlling annual and perennial
weeds in crops such as cotton, rice, and soybeans.* Despite its
agronomic advantages, paraquat is considered one of the most
toxic agrochemicals, posing severe threats to human health and
the environment.>* Its persistence in soil and high aqueous
solubility (625 g L™ at 25 °C) increase the risk of contamination
in surface and groundwater sources, often exceeding regulatory
safety thresholds such as the EU limit of 0.1 ug L™" in drinking
water.* Due to its environmental persistence and acute toxicity,
paraquat has been banned or restricted in several countries,
including the European Union, Canada and China.>” However,
it remains in use globally under various formulations.

Once released into aquatic systems, paraquat can disrupt
photosynthesis, reduce dissolved oxygen, and accumulate in
sediments, creating long-term ecological risks.® Its degradation
is particularly challenging due to its quaternary nitrogen
structure and stable aromatic rings.®
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persistent organic contaminants in water systems.

Conventional water treatment methods such as biological
processes, coagulation, filtration, and adsorption have shown
limited success in fully degrading such recalcitrant
compounds.’™* As a result, attention has turned to advanced
oxidation processes, which are capable of mineralizing persis-
tent organic pollutants into harmless end-products. Among
AOPs, electrochemical advanced oxidation processes, and in
particular anodic oxidation, have emerged as highly effective
due to their operational simplicity, environmental compati-
bility, and ability to generate highly reactive hydroxyl radicals
(‘OH) in situ.****

The efficiency of anodic oxidation is strongly influenced by
the nature of the anode material. Boron-doped diamond (BDD)
electrodes have gained prominence for their wide electro-
chemical potential window, high oxygen overpotential, and
exceptional chemical inertness.'® These properties facilitate the
generation of free ‘OH radicals with minimal side reactions,
allowing for non-selective oxidation of a broad range of organic
contaminants, including pharmaceuticals, dyes, and
pesticides.””* In addition, recent advancements in nano-
structured electrode design and electrochemical sensing tech-
nologies have demonstrated the significance of surface
modification in enhancing electrochemical reactivity, particu-
larly in biosensor and lab-on-a-chip systems.>*** Although these
approaches target analytical applications, the underlying prin-
ciples of interface optimization and electrode surface engi-
neering align with the electrochemical concepts employed in
this work.
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Table 1 Chemical structure of paraquat
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Name IUPAC name Chemical formula Structure
+// \ — \+
Paraquat 1,1’-Dimethyl-4,4’-bipyridinium dichloride C1,H14N,Cl, H3C—N _ \ / N—CHjs
ClI~ ClI-

Although several studies have explored paraquat degrada-
tion using various AOPs including photo-Fenton, photo-
catalysis, and electrochemical methods most have focused
primarily on partial decolorization or removal of parent mole-
cules, without fully addressing mineralization efficiency, inter-
mediate evolution, or energy metrics.">* In this regard, the
present study provides a distinctive contribution by integrating
multiple dimensions: (1) a comparative assessment of three
electrode materials (BDD, PbO,, and Pt), (2) detailed identifi-
cation of both aromatic and carboxylic acid intermediates, (3)
monitoring of inorganic nitrogen by-products (NH," and NO; ),
and (4) analysis of faradaic efficiency and specific energy
consumption. This unified approach offers new insights into
the sustainable design of electrochemical systems for the
advanced treatment of persistent herbicides.

In this context, the present study aims to investigate the
electrochemical degradation of paraquat using BDD, PbO,, and
Pt anodes under various operating conditions. The influence of
current density, initial pH, and supporting electrolyte type on
COD and TOC removal is examined. Furthermore, the study
evaluates kinetic behavior, faradaic efficiency, energy
consumption, and the evolution of aromatic and carboxylic
intermediates to propose a detailed degradation mechanism. By
integrating performance, mechanism, and sustainability, this
work contributes to the development of advanced electro-
chemical strategies for the treatment of toxic herbicides in
wastewater.

Experimental section
Electrodes preparation

PbO, was deposited galvanostatically on the pretreated lead
substrate by electrochemical anodization of lead in oxalic acid
solution (100 g L") at 25 °C. This acid solution was electrolyzed
galvanostatically for 30 min at ambient temperature using an
anodic current density of 100 mA cm 2. The cathode was
stainless steel (austenitic type), the two electrodes were
concentric with the lead electrode as axial. This arrangement
gave the formation of a regular and uniform deposit.*

BDD films were provided by CSEM and synthesized on
a conductive p-Si substrate (1 mm, Siltronix) via a hot filament,
chemical vapor deposition technique (HF-CVD). The tempera-
ture of the filament was from 2440 to 2560 °C and that of the
substrate was monitored at 830 °C. The reactive gas used was
1% methane in hydrogen containing 1-3 ppm of trimethyl
boron. The gas mixture was supplied to the reaction chamber at
a flow rate of 5 mL min~" to give a growth rate of 0.24 um h™" for
the diamond layer. This procedure gave a columnar, randomly

© 2025 The Author(s). Published by the Royal Society of Chemistry

textured, polycrystalline diamond film, with a thickness of
about 1 pm and a resistivity of 15 mQ cm (£30%) onto the
conductive p-Si substrate.*

Chemicals and electrolytes

Sodium sulfate (Na,SO,, ACS reagent, =99.0%), Orange G
(99.8%), sodium chloride (NaCl, =99.5%), sodium hydroxide
(NaOH, =98.0%) and methanol (CH;OH, =99.9%) were
supplied by Sigma-Aldrich and were used as received without
purification. Deionized water from a Millipore Milli-Q system
(resistivity >18 MQ cm) was used for the preparation of aqueous
solutions.

Monopyridone, dipyridone, 4-carboxy-1-methylpyridinium,
4-picolinic acid, 4,4’-bipyridyl, oxalic acid, malic acid, succinic
acid, formic acid, citric acid, acrylic acid, glyoxylic acid and
glycolic acid (as standards) were of analytical grade, and they
were purchased from Sigma-Aldrich. These products were used
to identify the by-products of the degradation of paraquat.

Electrolysis of paraquat herbicide solutions

Galvanostatic electrolysis experiments (Fig. 1) were conducted
on paraquat herbicide solutions at a concentration of 30 mg L™
in a single-compartment cylindrical cell, thermostated at 20 °C.

The trials employed boron-doped diamond, platinum, and
lead oxide anodes, each with dimensions of 2.5 cm X 4 cm,
across current densities ranging from 0 to 100 mA cm 2. For
clarity, the effective geometric surface area of each electrode
was 10 cm?, calculated from its dimensions. This value was used
consistently for current density calculations and maintained
throughout all experiments to ensure valid comparisons and
reproducibility. Specifically, the cathode used was a cylindrical
graphite rod with a diameter of 0.8 cm and an immersed length

Fig. 1 The galvanostatic electrochemical setup used for paraquat
degradation.
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of 4.0 cm, yielding a surface area approximately equal to that of
the anode. This configuration ensured uniform current density
across both electrodes during galvanostatic electrolysis. Elec-
trolysis was performed in the presence of various electrolytes,
each at a concentration of 50 mmol L™?, including NaCl, NaNO;
and Na,SO,, with pH values ranging from 3.0 to 11.0. The
cathode used in all experiments was a 10 cm?” graphite bar, with
an interelectrode gap of approximately 2 cm. The current and
potential measurements were carried out using digital
multimeter.

Analytical determinations

Solutions were prepared using distilled water. The temperature
was maintained using a thermostatically controlled water bath.
The current density was obtained using a Bench Power Supply
GPC-3030D potentiostat-galvanostat. Chemical oxygen demand
(COD) data were obtained with a Beckman UV/vis DU 800
spectrophotometer. The total organic carbon content (TOC) was
obtained with a Shimadzu VCSH TOC analyzer. For this,
samples were withdrawn and filtred through millipore syringe
filter of 0.45 pm and aliquots of 50 pL were injected into the
analyzer.

The concentration of paraquat and reaction intermediates
were determined by a Spectra SYSTEM HPLC-Thermo Fisher
Scientific equipped with a diode array detector (DAD) detector.
A ZORBAX Eclipse XDB-C18 reverse phase column (150 mm, 4.6
mm, 5 pm) was used for the quantification of paraquat and
aromatic intermediates. HPLC measurements were conducted
by injecting aliquots of 20 pL into the chromatograph. A mixture
of water and methanol (70 : 30 v/v) was used as mobile phase at
0.8 mL min~" as throughput in isocratic mode. For kinetic
studies, the detection was performed at 230 nm. Quantitative
analysis was conducted using external calibration curves
established for paraquat and each intermediate, based on their
peak areas at this wavelength. Calibration standards were
injected under identical chromatographic conditions to ensure
consistency and accuracy in quantification.

Results
Effect of experimental parameters on paraquat mineralization

Effect of the anode material. To evaluate the influence of
anode material on the electrochemical degradation of paraquat
herbicide, comparative experiments were conducted using
boron-doped diamond, lead dioxide, and platinum electrodes.
The temporal evolution of chemical oxygen demand removal is
depicted in Fig. 2, highlighting distinct performance differ-
ences among the anodes.

After 300 minutes of electrolysis, the BDD electrode achieved
an outstanding COD removal efficiency of 99%, markedly out-
performing PbO, (88.5%) and Pt (79.5%). This superior elec-
trochemical behavior of BDD is attributed to its capability to
generate highly reactive hydroxyl radicals in a physisorbed form
on its surface. This interpretation is supported by the observed
high TOC and COD removal efficiencies, consistent pseudo-
first-order degradation kinetics, and faradaic efficiency
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Fig. 2 Variation of chemical oxygen demand during anodic oxidation
of 250 mL of 30 mg L™* of paraquat in 50 mmol per L Na,SO, at pH =
3.0 (A) BDD, (e) PbO, and (¢) Pt anodes and a graphite cathode
operating at 15 mA cm™2 and at 20 °C.

exceeding 80% under optimal conditions. These findings are in
line with previous reports describing physisorbed ‘OH as the
main oxidative species generated on BDD surfaces.*® Thereby
maximizing their availability for non-selective oxidation reac-
tions. While direct detection of "OH was not performed in this
study, its generation under comparable BDD conditions is well
documented in the literature. The observed rapid mineraliza-
tion, high COD/TOC removal, and faradaic efficiency support
the dominant role of physisorbed ‘OH in the oxidation mech-
anism. In contrast, PbO, electrodes predominantly facilitate
pollutant degradation via chemisorbed hydroxyl radicals, which
inherently limits their oxidative potential.®* The Pt anode
exhibited the lowest performance, due to its strong affinity for
"OH radicals, which leads to surface passivation and reduced
radical availability for organic oxidation. Beyond degradation
efficiency, the structural durability of the anodes was evaluated
through the measurement of average corrosion rate (Cg),
calculated via eqn (1):

CR = Am/ At [1)

where Am is the mass loss (g), 4 is the electrode surface area
(cm?), and ¢ is the operation time (h).?> As summarized in Table
2, the BDD electrode demonstrated exceptional structural
integrity, with negligible corrosion even after prolonged elec-
trolysis. On the other hand, PbO, electrodes exhibited
substantial degradation over time, which may compromise
their long-term applicability.

While the Pt electrode maintained structural stability, its
inferior catalytic activity limits its efficiency in persistent
pollutant mineralization. Although long-term durability tests
(e.g., ICP-OES analysis or weight loss measurement) were not
conducted in this study, no visible degradation or mass loss of
the Pt electrode was observed during the electrolysis experi-
ments. Moreover, the current densities (10-20 mA cm™?) and

Table 2 Average corrosion rate

Electrode Average corrosion rate (g cm~ 2 h)
BDD Negligible (<107%)
PbO, 0.0335

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nearly neutral pH values used in our conditions fall within the
safe operational window reported in the literature for Pt elec-
trodes. These observations support the short-term stability
assumption made in our comparative analysis. Overall, the
findings underscore the dual advantage of BDD electrodes in
terms of both oxidative power and operational stability, making
them highly suitable for advanced oxidation processes targeting
refractory organic contaminants. Conversely, the moderate
performance and durability of PbO, and Pt electrodes suggest
the need for further optimization such as surface modification,
doping strategies, or integration into hybrid electrochemical
systems to enhance their practical applicability.**

Effect of current density. Current density is a fundamental
operational parameter that directly influences both the kinetics
of electrolysis and the economic feasibility of electrochemical
processes. It is defined as the ratio between the applied current
() and the geometric surface area (A) of the working electrode:

j=14 @)

where j is the current density in A em™>.3* Accordingly, this
parameter can be regulated by adjusting either the current or
the electrode's active surface area. In electrochemical advanced
oxidation processes, particularly anodic oxidation using boron-
doped diamond electrodes, current density plays a pivotal role
in controlling the rate of reactive species generation, and thus,
the overall degradation performance.

In BDD mediated anodic oxidation, the mineralization of
organic pollutants such as paraquat is primarily driven by the
electrochemical production of hydroxyl radicals via water
discharge at the anode surface. This key reaction is represented
by the following eqn (3):

BDD + H,O0 — BDD('OH) + H* + ¢~ 3)

The generated "OH radicals are weakly adsorbed on the BDD
surface, which enhances their reactivity and enables non-
selective oxidation of organic compounds. The influence of
current density on the anodic oxidation of paraquat using
a BDD anode is depicted in Fig. 3.

The results demonstrate that increasing the applied current
density significantly improves degradation performance. At 20
mA cm >, nearly complete COD removal was achieved within
300 minutes, clearly outperforming the rates observed at 15 and
10 mA ¢cm ™2 This enhancement is mainly attributed to the
increased generation rate of "OH radicals, which intensifies the
oxidative degradation of the herbicide.

However, excessive current densities may also promote
undesired side reactions, particularly the oxygen evolution
reaction, which competes with "‘OH generation and reduces the
current efficiency. This can result in a diminished fraction of
charge being effectively utilized for pollutant oxidation and may
negatively impact the overall process selectivity. As shown in
Fig. 3, the percentage of COD removal increases substantially
with current density, confirming that higher current densities
accelerate the degradation process and enable faster pollutant
removal. Nevertheless, such operational advantages must be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Influence of applied current density on the evolution of DCO
during anodic oxidation of 250 mL of 30 mg L™ of paraquat in
50 mmol per L Nay,SO4 at pH = 3.0 and at 20 °C on BDD anode, (¢) 10
mA cm™2, (A) 15 mA cm™2 and (®) 20 mA cm™2. The inset shows the
removal %.

weighed against the associated energy demand. Although
higher current densities achieve rapid degradation, they are
typically linked to increased specific energy consumption,
which can undermine the economic sustainability of the treat-
ment process. From a practical standpoint, 15 mA cm ™ > appears
to represent the optimal operating condition, offering a favor-
able compromise between high degradation efficiency and
moderate energy input. This balance is particularly crucial in
large-scale applications, where energy costs often constitute
a major portion of the total operational expenditure.**

Effect of pH value. The pH of the solution plays a crucial role
in determining the efficiency of electrochemical oxidation
processes by modulating the physicochemical environment at
the electrode-solution interface, as well as the speciation of both
pollutants and reactive species. Fig. 4 illustrates the effect of pH
on COD removal during the anodic oxidation of paraquat. The
data reveal a clear trend in which acidic conditions (pH = 3)
yield the highest degradation efficiency, followed by moderate
removal at neutral (pH = 7), while alkaline conditions (pH = 11)
lead to a marked decline in oxidation performance.

This behaviour can be understood by considering the
generation and stability of hydroxyl radicals, the state of the
herbicide, and surface phenomena on the BDD electrode. In

100
80
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DCO (mg.L?)
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T T >4
180 210 240 270 300

0 30 60 90 120 150

Time (min)

Fig. 4 Variation of chemical oxygen demand during anodic oxidation
of 250 mL of 30 mg L™* of paraquat in 50 mmol per L Na,SO4 on BDD
anode at 15 mA cm™2 and at 20 °C (A) pH =3, (®)pH=7and (¢) pH =
11.
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acidic conditions, although the hydroxide ion (OH™) concen-
tration is low, BDD anodes facilitate the direct anodic oxidation
of water molecules (H,0) and hydronium ions (H;0"), resulting
in the formation of highly reactive physisorbed 'OH radicals.
The high oxygen evolution overpotential characteristic of BDD
electrodes suppresses parasitic side reactions, thereby
enhancing the degradation of organic pollutants under acidic
conditions.*® Additionally, paraquat remains predominantly
uncharged or weakly cationic at pH = 3, which enhances its
interaction with the BDD surface, promoting direct or mediated
electron transfer. These combined effects result in rapid and
efficient mineralization of herbicide.

At neutral pH, the removal efficiency decreases, which may
be attributed to a reduction in both radical generation and
adsorption efficiency. Here, the system experiences a balance
between ‘OH availability and competing processes such as
radical recombination or secondary reactions with intermediate
species. This intermediate behaviour aligns with the findings of
Ambauen et al.,** who noted moderate oxidation rates at neutral
pH when treating similar quaternary ammonium compounds
via BDD anodes. In contrast, the strongly alkaline environment
at pH = 11 significantly impairs COD removal. This can be
attributed to several interrelated factors: first, hydroxide ions
HO™ compete with water molecules at the electrode interface,
suppressing the formation of “OH radicals. Second, the anionic
form of paraquat becomes dominant at high pH, leading to
electrostatic repulsion from the negatively polarized BDD
surface, thereby reducing adsorption and reactivity. Third,
alkaline conditions are known to promote the formation of
polymeric by-products through side reactions, particularly
when intermediate radicals undergo coupling or condensation
pathways, resulting in electrode surface fouling a phenomenon
previously reported by Rabaaoui et al.>® This process is further
exacerbated by the persistence of aromatic intermediates under
alkaline conditions, which are less efficiently oxidized due to
lower "OH availability. These species are more prone to undergo
radical-radical coupling or nucleophilic substitution, gener-
ating oligomeric or polymeric structures that contribute to
electrode surface passivation. Additionally, the predominance
of the oxygen evolution reaction (OER) in high pH media diverts
the applied current away from useful oxidation, further
lowering the faradaic efficiency. Such competition between
target pollutant oxidation and OER has been well documented
in electrochemical systems operating under alkaline environ-
ments* in studies on anodic oxidation of aromatic pollutants.
Furthermore, the prevalence of oxygen evolution reactions in
alkaline media increases the parasitic consumption of elec-
trons, further diminishing the current efficiency. These
combined effects result in a passivated electrode surface,
limited reactive species availability, and overall poor degrada-
tion performance. Taken together, these findings confirm that
acidic conditions are most favorable for electrochemical
oxidation using BDD electrodes, as they promote efficient
radical generation, facilitate pollutant-electrode interactions,
and minimize undesirable side reactions. From an application
standpoint, pH adjustment can therefore serve as a key opera-
tional strategy for optimizing treatment outcomes, particularly
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in systems targeting the mineralization of recalcitrant organic
contaminants such as paraquat.

Effect of electrolyte type. The nature of the supporting elec-
trolyte plays a pivotal role in modulating the mechanisms and
efficiency of electrochemical oxidation, primarily through its
influence on the formation and stability of reactive species.
Fig. 5 presents the effect of three different electrolytes sodium
chloride, sodium sulfate, and sodium nitrate on the removal of
chemical oxygen demand during the anodic oxidation of para-
quat using a BDD anode.

The results reveal a marked dependence of degradation
efficiency on the electrolyte type. Among the tested media, NaCl
led to the highest COD removal, followed by Na,SO,, while
NaNO; exhibited the lowest performance. This trend reflects the
distinct oxidative pathways enabled by each anionic species
under electrochemical conditions. In the case of NaCl, the
enhanced efficiency is primarily attributed to the in situ gener-
ation of active chlorine speciessuch as molecular chlorine,
hypochlorous acid, and hypochlorite ions through anodic
oxidation of chloride ions. These species serve as potent
secondary oxidants, extending the oxidative capacity of the
system beyond the immediate vicinity of the electrode. Their
longer lifetimes and greater diffusion range compared to
hydroxyl radicals allow them to oxidize both bulk-phase and
adsorbed contaminants, thus facilitating more complete
mineralization. Similar enhancements in performance due to
indirect chlorine-mediated oxidation have been reported in
studies by Martinez-Huitle and Ferro.*® and more recently by by
Santos et al* particularly in the treatment of quaternary
ammonium herbicides. In contrast, the system employing
Na,SO, relies solely on direct oxidation by electro-generated
'OH radicals, which, although highly reactive and non-
selective, are short-lived and confined to the electrode surface.
This limits their ability to oxidize pollutants in the bulk solu-
tion, reducing overall degradation efficiency. Nonetheless,
sulfate remains a widely accepted electrolyte in EAOPs due to its
stability, environmental compatibility, and lack of harmful by-
product formation, as corroborated by Cai et al* On the
other hand, the significantly lower performance observed with
NaNO; suggests that nitrate ions are electrochemically inert in
generating reactive oxidants under the applied conditions.

100

80

DCO (mg.L?)

0 30 60 90 120 150 180 210 240 270 300
Time (min)

Fig. 5 Variation of chemical oxygen demand during anodic oxidation
of 250 mL of 30 mg L™* of paraquat in pH = 3 on BDD anode at 15 mA
cm 2 and at 20 °C (A) Na,SO,, () NaCl and (#) NaNOs.
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Rather than participating in oxidation, NO;~ species may act as
competitive electron acceptors, thereby reducing the charge
available for hydroxyl radical formation or chlorine evolution.
Furthermore, the absence of reactive nitrogen intermediates
under mild conditions further limits the oxidative potential of
nitrate-containing media. These observations align with find-
ings by Oturan and Aaron,* who noted the limited contribution
of nitrate ions to radical-mediated degradation in low-voltage
electrochemical systems. Collectively, these findings under-
score the critical influence of the electrolyte matrix in shaping
the dominant oxidation pathways and determining the overall
efficiency of pollutant mineralization. Furthermore, since the
supporting electrolytes (NaCl, Na,SO,, and NaNO;) do not
contain any transition metal ions, their influence on the elec-
trochemical oxidation process is purely due to the associated
anions. This eliminates potential catalytic or inhibitory effects
from metal species, ensuring a direct interpretation of anion-
specific oxidation behavior. Chloride-containing electrolytes
enable both direct and indirect oxidation mechanisms, result-
ing in superior degradation rates, while sulfate-based systems
depend exclusively on direct ‘OH attack with moderate efficacy.
In contrast, nitrate-based media offer minimal oxidative
contribution and are thus suboptimal for the anodic treatment
of refractory contaminants such as paraquat.*

Degradation kinetics and mineralization efficiency of
paraquat

The kinetics of paraquat degradation via anodic oxidation using
BDD anode were investigated under controlled experimental
conditions. Fig. 6 displays the temporal evolution of paraquat
concentration, illustrating a two-phase degradation pattern
characterized by a rapid initial decline during the first 60
minutes, followed by a slower degradation rate in the later
stages of electrolysis.

These results indicate an efficient oxidative attack during the
initial phase, likely driven by the high availability of electro-
generated hydroxyl radicals known for their strong oxidizing
power and non-selective reactivity. To quantify the degradation
process, a kinetic analysis was performed using a pseudo-first-

y=0.0314x
R*=0.998

In(Co/C,)

[Paraquat] (mg.L?)

Time (min)

30 60 90 120 150 180 210 240 270 30

Time (min)

Fig. 6 Variation of the concentration of paraquat during anodic
oxidation of 250 mL in 50 mmol per L Na,SO, in pH = 3 on BDD anode
at 15 mA cm~2 and at 20 °C. The inset panel shows the kinetic analysis
assuming a pseudo-first-order reaction.
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order model, as presented in the inset of Fig. 6 and described
by the following eqn (4):

In(Co/C) =k x t (4)

where C, and C, represent the paraquat concentration at time ¢
and the initial concentration, respectively, and k is the rate
constant of the reaction.”” The high linearity of the plot
confirms that the degradation process adheres closely to
pseudo-first-order kinetics, yielding a rate constant of k = 1.53
x 107> s~ . This result aligns with prior reports on BDD-based
oxidation systems, such as those by Dhawle et al,” and
confirms that the degradation rate is primarily governed by
paraquat concentration, assuming constant and sufficient
generation of ‘OH throughout the reaction period.

While the degradation of the parent compound is rapid, the
mineralization efficiency, as measured by total organic carbon
removal, follows a significantly slower trajectory, as shown in
Fig. 6. This divergence indicates the formation of persistent
intermediate organic species, including carboxylic acids,
quinones, and partially oxidized aromatic fragments. These
intermediates are known to be more resistant to direct ‘OH
attack and require extended electrolysis times for full conver-
sion into CO, and H,O. The progressive decrease in TOC,
coupled with the detection of inorganic nitrogen species,
supports the conclusion that most organic matter is ultimately
converted into CO, and H,O. Although water is not measured
directly, its formation is intrinsic to the mineralization pathway
and consistent with prior studies on electrochemical oxidation
using BDD.

The relationship between faradaic efficiency (FE) and energy
consumption (EC) is depicted in Fig. 7.

Initially, the FE is relatively high, indicating that much of the
applied charge is effectively utilized for pollutant oxidation.
However, as electrolysis proceeds, FE decreases progressively
due to the increasing dominance of parasitic reactions
primarily the oxygen evolution reaction which consume
a significant portion of the applied current without contributing
to organic degradation. This shift results in a concurrent rise in
energy consumption, as a greater energy input is required to
sustain the same level of oxidation.

—e—FE(%)
—4—CEC (kWh-m™)

Faradaic Efficiency (%)

30 6 XA 120 150 18C 210 24C 270 30(

Time (min)

Fig. 7 Variation of faradaic efficiency (A) and energy consumption
() during anodic oxidation of 250 mL in 50 mmol per L Na,SO4 in pH
= 3 on BDD anode at 15 mA cm™2 and at 20 °C.
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Fig. 8 TOC removal with time during anodic oxidation of 250 mL of
30 mg L™t of paraquat in 50 mmol per L Na,SO,4 in pH = 3 on BDD
anode at 15 mA cm™2 and at 20 °C. The inset shows the degradation %.

This trade-off between efficiency and energy demand
becomes particularly evident when compared with the slower
TOC removal curve in Fig. 8.

The requirement for prolonged electrolysis to achieve
complete mineralization exacerbates energy costs, which is
a common challenge in advanced oxidation processes. Similar
patterns have been reported in the degradation of pesticides
and pharmaceuticals, as noted by Garcia-Segura et al.,*> who
stressed the need for optimized operational windows to avoid
excessive energy expenditure in low-efficiency phases.

To further quantify these observations, Table 3 summarizes
key performance indicators across different electrolysis dura-
tions. After 220 minutes of treatment, a faradaic efficiency of
70.14% was recorded, corroborating the gradual decline
observed in Fig. 7. Simultaneously, energy consumption rose to
66 kWh m ™, reflecting the energetic burden associated with
extended oxidation. Despite the high spontaneity of the process,
as indicated by the negative Gibbs free energy change (A,G =
—366.25 k] mol "), the declining charge utilization efficiency
over time highlights a fundamental limitation in prolonged
electrolysis.

These findings underscore the need to establish an optimal
electrolysis duration that balances three essential parameters:
degradation efficiency, mineralization depth, and energy
sustainability. In practical applications, exceeding this optimal
duration may yield marginal gains in TOC removal while
significantly increasing operational costs and electrode wear.

Thus, a comprehensive assessment of reaction kinetics,
intermediate evolution, and energy parameters is crucial for the
rational development of electrochemical treatment systems
targeting persistent contaminants like paraquat.*
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Identification and evolution of intermediates

The identification and monitoring of intermediate reaction
during electrochemical oxidation are of paramount importance
for both environmental safety and mechanistic understanding.
Certain degradation by-products, though transient, may exhibit
comparable or even higher toxicity than the parent compound.
Therefore, tracking their formation and fate not only ensures
that complete mineralization is achieved but also provides
critical insights into the oxidative pathway, allowing for process
optimization and mitigation of residual risk.

In the case of paraquat degradation via anodic oxidation on
a BDD anode, several aromatic intermediates were identified,
primarily resulting from the electrophilic attack of hydroxyl
radicals on the pyridine rings of the herbicide. As detailed in
Table 4, key intermediates such as monopyridone, dipyridone,
4-carboxy-1-methylpyridinium, 4-picolinic acid, and 4,4’-bipyr-
idyl were detected and confirmed through mass spectrometric
analysis based on characteristic m/z values. These species
represent successive oxidation states of the original molecule,
and their detection aligns with degradation pathways reported
in similar studies,” validating the proposed sequence of
transformation. The integration of HPLC and mass spectrom-
etry analysis allowed us to identify key aromatic and carboxylic
intermediates formed throughout the degradation process.
These analytical insights were instrumental in elucidating the
stepwise degradation mechanism of paraquat on BDD anodes,
confirming ring-opening, hydroxylation, and final mineraliza-
tion pathways. The corresponding chromatogram and mass
spectrum (Fig. 9) are included in the manuscript to support this
mechanistic interpretation.

As shown in Fig. 10, the concentrations of these intermedi-
ates peaked between 30 and 60 minutes of electrolysis, marking
a dynamic phase of molecular fragmentation and trans-
formation. Their subsequent decline indicates further oxidative
breakdown into low-molecular-weight species and eventual
mineralization. By 150 minutes, most intermediates had
substantially diminished, suggesting near-complete conversion
of aromatic structures into final products such as CO, and H,O.

This transition illustrates a typical two-phase mineralization
pattern, beginning with oxidative cleavage of the parent mole-
cule and followed by the gradual breakdown of intermediate
species into simpler forms.

In the next oxidation phase, several carboxylic acids
including oxalic, formic, acetic, succinic, citric, and acrylic
acids were identified and monitored, as illustrated in Fig. 11.

These compounds are well-known intermediates in the
degradation of nitrogen-containing heterocycles. Notably,

Table 3 Electrochemical performance indicators during anodic oxidation of paraquat

Time (minutes) TOC (mg L) FE (%) EEC (kWh m?) CEC (kwh m?) AG (k] mol™ ") TE (%)
130 6.55 67.00 3.14 39.00 —366.25 91.56
220 2.70 70.14 2.86 66.00

300 0.40 74.00 2.83 93.00
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Table 4 Mass spectrometric identification for paraquat and its intermediates
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Compound Molecular formula Mass spectrometry (1/z)
Paraquat CioH N2 93 [M/2]"
Monopyridone(r) C1,H 1oN,O 199

Dipyridone(wv) C1,HoN,0, 214
4-Carboxy-1-methylpyridinium(vi) C;H;NO, 138

4-Picolinic acid(v) C¢H5NO, 124

4,4'-Bipyridyl C1oHgN, 157

Paracuat = 2353 RT: 2.05-21 NL: 1.39E9  TIC MS

':V‘v | L IL L;lx dmlw\wl‘-q-«’%\‘h-)v‘.tm,

T R T
3 4 5 6 T B 9 W oM o2 W oK B

YT T
% 7 ® 0w 2
Tore fmin)

Paraguat = 2352 AV:INL:299E7 T :40.0) ¢ El Full ms 150.00-650.001

—

s 38

6 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Fig.9 HPLC and MS analyses confirming the identification of paraquat
and key degradation intermediates.

formic and acetic acids exhibited transient accumulation,
reaching peak concentrations between 60 and 120 minutes
before undergoing complete degradation, consistent with prior
findings by Rabaaoui et al.*®* who described similar profiles in
the oxidative treatment of pesticides and pharmaceuticals.
Oxalic acid, on the other hand, showed greater persistence,
accumulating until around 60 minutes and declining slowly
thereafter, indicating its relative resistance to ‘OH-mediated
mineralization. This observation highlights the importance of
sustaining adequate oxidant levels during the final stages of
electrolysis to guarantee the full degradation of persistent
intermediates.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Time evolution of paraquat and its aromatic degradation
intermediates detected during anodic oxidation of 250 mL in 50 mmol
per L Na,SO4 in pH = 3 on BDD anode at 15 mA cm~? and at 20 °C.

Further confirmation of complete mineralization is provided
by the analysis of inorganic ions released during the oxidation
of paraquat, presented in Fig. 12. The gradual accumulation of
ammonium and nitrate over 300 minutes reflects the progres-
sive cleavage of organic nitrogen and Sulphur moieties. Notably,
ammonium concentrations reached 12.3 mg L', significantly
higher than those of nitrate (5.4 mg L"), indicating that
reduction pathways favoring ammonium formation predomi-
nate under the applied electrochemical conditions.

The combination of aromatic breakdown products, carbox-
ylic acid intermediates, and inorganic ions collectively delin-
eates the full mineralization pathway of paraquat under BDD-
driven anodic oxidation. The system demonstrates strong
oxidative performance across all stages from molecular frag-
mentation to final mineralization confirming its suitability for
the treatment of persistent and toxic organic pollutants in
aqueous environments.>

Reaction sequence for paraquat degradation

The anodic oxidation of paraquat using a BDD anode proceeds
via a well-defined and multi-stage degradation pathway,
predominantly driven by the action of electro-generated
hydroxyl radicals. The proposed mechanism, illustrated in

RSC Adv, 2025, 15, 19146-19157 | 19153
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Fig. 11 Time-course of the concentration of relevant carboxylic acids
detected during anodic oxidation of 250 mL in 50 mmol per L Na,SO4
in pH = 3 on BDD anode at 15 mA cm™2 and at 20 °C.
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Fig. 12 Accumulation of nitrate (A) and ammonium (e) ions detected

during anodic oxidation of 250 mL in 50 mmol per L Na,SO4in pH =3
on BDD anode at 15 mA cm™2 and at 20 °C.

Fig. 13 and 14, reveals a systematic breakdown of the parent
compound into aromatic intermediates, followed by carboxylic
acid derivatives, and ultimately mineralization into inorganic
end-products. The degradation initiates with the oxidative
cleavage of the quaternary nitrogen linkage and electron-rich
aromatic rings of the paraquat molecule (1,1'-dimethyl-4,4'-
bipyridinium), leading to the formation of key intermediates
such as monoquat, 4,4-bipyridyl, monopyridone, and dipyr-
idone. These species arise via hydroxylation and N-demethyla-
tion reactions, which are facilitated by the high oxidative
potential of ‘OH radicals on the BDD surface.

This pathway is consistent with prior mechanistic studies by
Rabaaoui et al,”® who documented similar intermediates
during the electrochemical oxidation of nitrogenous herbicides.
A critical turning point in the oxidative pathway involves ring-
opening reactions of the substituted pyridine units, which
initiate the fragmentation of the aromatic core. The formation
of compounds such as 4-carboxy-1-methylpyridinium, 4-pico-
linic acid, and 4-carboxy-1-methylpyridine confirms the
progressive oxidation of the heterocyclic moiety. These inter-
mediates represent a transition from aromatic stability to open-
chain reactivity, setting the stage for deeper oxidative attack.
Subsequent oxidation steps produce low-molecular-weight
carboxylic acids, including oxalic, formic, acetic, succinic,

19154 | RSC Adv, 2025, 15, 19146-19157
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Fig. 14 Proposed reaction pathway for the mineralization of paraquat
in aqueous acid medium by hydroxyl radicals generated in anodic
oxidation process (Part Il).

citric, and acrylic acids, as represented in Fig. 11. These acids
accumulate transiently before degrading further into carbon
dioxide and water.

Particularly, oxalic acid demonstrates greater persistence,
likely due to its stable structure and resistance to attack by free
‘OH radicals. Concurrently, nitrogen atoms released from the
heterocyclic rings are gradually transformed into NH," and
NO; ™ ions, as shown in Fig. 12. The dominance of ammonium
formation suggests a preferential reduction pathway under the
applied conditions, which aligns with reports by Saad et al.,*
highlighting that electrochemical conditions often favor NH,"
over complete nitrogen oxidation in BDD-based systems. The
final stage of the degradation sequence involves the complete

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxidation of all intermediate organic species into inorganic end-
products: CO,, H,0 and NH,". This full mineralization confirms
the non-selective and deep oxidative capacity of the BDD anode,
which can efficiently convert even the most persistent aromatic
intermediates into harmless forms. The pathway thus reflects
the hallmark features of advanced electrochemical oxidation:
rapid initial attack, formation and degradation of stable inter-
mediates, and eventual detoxification and mineralization. This
mechanistic elucidation not only provides a molecular-level
understanding of paraquat degradation but also reinforces
the potential of BDD-based electrochemical advanced oxidation
processes as a powerful and environmentally sustainable tech-
nology for the treatment of recalcitrant organic pollutants in
industrial effluents. Such insights are essential for optimizing
treatment conditions, minimizing by-product accumulation,
and ensuring regulatory compliance in wastewater reuse or
discharge scenarios.”

Conclusion

This study demonstrated the high effectiveness of boron-doped
diamond electrodes in the anodic oxidation of paraquat,
achieving COD and TOC removal rates of 99% and 98.6%,
respectively, after 300 minutes. Kinetic modelling confirmed
a pseudo-first-order degradation profile with a rate constant of
1.53 x 10> s ', reflecting rapid and efficient oxidative
transformation.

Mechanistic analysis revealed a sequential degradation
pathway involving aromatic cleavage, formation of carboxylic
acids, and final mineralization into CO,, H,0, and NH,', sup-
ported by spectrometric identification of intermediates. Despite
the system's high initial faradaic Efficiency (70.14%), energy
consumption increased to 66 kWh m > during extended elec-
trolysis, emphasizing the importance of optimizing treatment
duration for sustainability.

Overall, the findings confirm that BDD-based electro-
chemical oxidation is a robust and environmentally sound
approach for treating persistent organic pollutants like para-
quat. The integration of high degradation efficiency, deep
mineralization, and clear mechanistic insight supports its
application in advanced wastewater treatment and offers a solid
foundation for further development in real-world scenarios.
Moreover, the optimized operational parameters reported
herein may serve as a practical baseline for future scaling
efforts, enabling potential application of this process at larger
treatment volumes or higher pollutant concentrations beyond
the laboratory scale.
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