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ABSTRACT: This study reports the optimization of a continu-
ous-flow electrochemical reactor with concentric cube geometry
designed for the in-situ production of hydrogen peroxide (H2O2).
The system, developed using a Printex L6 carbon-based gas
diffusion electrode (GDE), was optimized and applied for high-
efficiency H2O2 generation and the remediation of atrazine (ATZ)
contaminated water. The initial analysis of different volumetric
flow rates (200, 400, and 800 mL min−1) showed that the rate of
400 mL min−1 offered the best balance between H2O2 production
efficiency, energy consumption (7.57 kWh kg−1), and current
efficiency (78.1%). A central composite rotatable design (CCRD)
was applied for the analysis of the effects of current density,
electrolyte concentration, oxygen flow rate, and pH. The CCRD model exhibited high predictive accuracy (R2 > 0.96), with current
density and pH identified as the most influential factors. With a working volume of 1 L, under optimal conditions (0.075 mol L−1

K2SO4, 20 mA cm−2, 0.05 L min−1 O2, pH 5), 848 mg L−1 of H2O2 were generated in 30 min. Among the oxidative processes tested,
the combined AO/e-H2O2/UVC treatment recorded >90% ATZ removal and >23% mineralization in 30 min, evidencing a strong
synergistic effect attributed to UVC-induced H2O2 photolysis and hydroxyl radical formation. LC-MS/MS analysis confirmed the
formation of 11 oxidative intermediates, where the degradation pathways were found to involve dechlorination, N-dealkylation, and
cleavage of the s-triazine ring. The results of this study highlight the application potential of innovative reactor designs for efficient
H2O2 electrogeneration and sustainable mitigation of persistent organic pollutants.

1. INTRODUCTION
The continuous growth of the global population requires a
proportional increase in the production of food, pharmaceut-
icals, and other essential goods in order to sustain modern life.
As expected, the massive increase in the production of these
goods has inevitably resulted in the generation of increasingly
larger quantities of organic waste. One clear example is
agricultural production, which relies heavily on the intensive
use of pesticides for pests control and the enhancement of
productivity in crop production.1−3 Over the past few decades,
reports in the literature have shown that the advent and
development of agrochemicals of different classes�including
herbicides, insecticides, and fungicides, have resulted in the
progressive intensification of their use in agricultural
production for weeds and pests control and for boosting
efficiency in crop yields.4 Because of their persistent chemical
nature, these agrochemical compounds exhibit a high potential
for environmental transport, leading to the contamination of
diverse water bodies, from surface water to groundwater
systems.5,6

Among these agrochemical compounds, atrazine (ATZ,
C8H14ClN5), which is primarily applied in maize and sugar

cane cultivation, stands out as one of the most widely used
pesticides worldwide.7,8 The major concern regarding the
widespread use of atrazine lies in its recalcitrant character, high
chemical stability, and environmental persistence; these factors
clearly contribute to the frequent detection of the compound
in aquatic systems even after they have been subjected to
conventional treatment processes.8,9 This issue extends beyond
the mere occurrence of ATZ in aquatic environments, as
prolonged exposure to ATZ has been associated with
significant ecotoxicological risks and potential adverse effects
on human health.10

In order to mitigate the negative impacts of these recalcitrant
pollutants on human health and on the ecosystems, the
scientific community has increasingly devoted substantial
efforts to developing technologies that are capable of efficiently
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removing them from wastewater and contaminated water
worldwide. Considering that conventional wastewater treat-
ments have often shown considerable limitations when they are
used in degrading these recalcitrant compounds,11−13

advanced oxidation processes (AOP), and particularly electro-
chemical advanced oxidation processes (EAOP), have emerged
as promising alternatives. EAOP relies on the in situ generation
of highly reactive species, such as hydroxyl radicals (•OH),
which possess strong oxidizing power and remarkable ability to
degrade persistent organic pollutants. These treatment
processes provide a more efficient and sustainable approach
for the treatment of contaminated water and wastewater.14

The use of hydrogen peroxide (H2O2) in water and
wastewater treatment has proven to be a safe and efficient
strategy for degrading recalcitrant compounds. With an
oxidation potential of 1.76 V, H2O2 can be activated to
generate •OH (E = 2.80 V), which reacts nonselectively and is
capable of decomposing persistent contaminants.15 H2O2 can
be produced through various methods, among which the
anthraquinone oxidation process remains the most widely
applied on an industrial scale.16 However, when it comes to
H2O2 production processes, the in-situ electrochemical
generation mechanism has emerged as a highly efficient
alternative process that is not only cost-effective but also
considerably more sustainable, compared to other conven-
tional techniques;17,18 this in-situ electrochemical process
mainly occurs via the two-electron oxygen reduction reaction
(2e− ORR), as described in eq 1.18,19

+ ++O 2H 2e H O2 2 2 (1)

In order to obtain efficient results, the use of highly effective,
selective, and low-cost electrodes in in-situ H2O2 electro-
generation processes is essentially important. Due to their
abundance, favorable electrochemical properties, and high
selectivity toward the two-electron oxygen reduction pathway,
carbon-based materials are among the most promising
candidates when it comes to the choice of materials for
electrode construction;18,20−22 these materials are suitable for
designing gas diffusion electrodes (GDE) whose triple-phase
configuration (gas/solid/liquid) optimizes O2 transport and
helps overcome limitations associated with the low solubility of
oxygen in the liquid phase.23−25

Optimizing these carbon-based materials and construction
of high-performance GDEs are directly linked to the
performance and efficiency of electrochemical reactors; this
is because successful H2O2 generation depends not only on the
electrochemical properties of the electrode but also on its
integration into properly designed reaction systems. The use of
electrochemical reactors in water and wastewater treatment has
become increasingly relevant due to their applicability under
near-real conditions. Such reactors can adopt different
configurations, including monopolar or bipolar setups, and
operate in batch, continuous stirred tank, or continuous-flow
modes.26 Among the aforementioned operating modes,
reactors operated under the continuous-flow mode have been
found to be outstanding in the sense that they allow for easy
integration with treatment plants and other remediation
systems. Despite growing interest among researchers, few
studies have explored the use of flow reactors coupled with
GDEs for the electrogeneration of H2O2, and this points to the
need for conducting more studies targeted at exploring this
type of reactor.

Taking the above observations into account, the present
study aimed to develop and optimize a continuous-flow
electrochemical reactor with a concentric-cube geometry for
the in-situ production of H2O2. The study focused not only on
maximizing the efficiency of electrochemical H2O2 generation
but also on evaluating its application in the remediation of
water contaminated with the herbicide atrazine using carbon-
based Printex L6 gas diffusion electrodes. Critical operating
parameters, including volumetric flow rate, current density,
electrolyte concentration, oxygen flow, and pH, were system-
atically investigated; this allowed for the definition of optimal
conditions for efficient ATZ degradation while ensuring a
balance between the system performance and energy
consumption. At its core, this work brings useful contributions
to the subject matter by exploring and presenting new
strategies for the design of continuous-flow electrochemical
reactors coupled with gas diffusion electrodes; in doing so, the
study seeks to help broaden our knowledge and understanding
of in-situ H2O2 generation processes and their application in
advanced water remediation technologies.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials
The materials used for the fabrication of GDE included amorphous
carbon Printex L6 (Evonik), 60% (w/w) poly(tetrafluoroethylene)
(PTFE) dispersion (Daklon 1, Sealflon), and PX30-PW03 carbon
cloth (ZOLTEK). Potassium sulfate (K2SO4)�acquired from Vetec
(purity of 99%−99.5%), was used as the supporting electrolyte. The
solution pH was adjusted using H2SO4 (from Exodus Cientfica, 95%)
or KOH (from Synth, 85%). Analytical-grade Atrazine standard used
in the experiments was obtained from Sigma−Aldrich. Oxygen gas for
the GDE supply was provided by MESSER Gases for Life. Ultrapure
water with a resistivity of ≥18 MΩ cm, obtained from a Milli-Q
system, was used for the preparation of all solutions.
2.2. Gas Diffusion Electrode (GDE), Concentric Cube
Electrochemical Reactor, and Electrolytic System
The Printex L6 carbon GDE (GDE/PL6C) was fabricated following
the standard procedure developed by our research group (Valim et
al.,27 with some modifications). Briefly, the PL6C catalytic mass was
dispersed in water and subsequently combined with 30% PTFE
solution in a 4:1 ratio. The mixture was mechanically stirred for 45
min, and the semidry catalytic mass was evenly spread over carbon
cloth with an area of 80 cm2. The assembly was then placed in a metal
mold and subjected to a hot sintering process using a heated hydraulic
press (Solab SL-11) at 290 °C, under a pressure of 0.5 tons, for 90
min. The mass of PL6C used to prepare the GDE was employed
without chemical pretreatment and dried at 100 °C for 24 h. Prior to
each experiment, the GDE/PL6C was activated by electrolysis for 15
min at 20 mA cm−2, with an oxygen flow of 0.1 L min−1 in 0.05 mol
L−1 K2SO4 (pH ∼6). After being used, the reactor and electrode were
rinsed with deionized water and dried naturally. Previous studies from
our group have shown that the GDE/PL6C maintains stable
electrochemical performance and high-efficiency H2O2 production
over multiple cycles, with minimal cell potential fluctuations during 81
h of continuous operation,28 confirming its robustness and long-term
reliability for H2O2 generation and contaminant degradation.

The PL6C material has already been characterized in detail in study
conducted by our research group.20 To reinforce reproducibility in
the context of the present work, complementary morphology and
wettability analyses were performed on the GDE/PL6C electrode,
including field-emission scanning electron microscopy (FEG-SEM)
and contact angle measurements. The FEG-SEM images were
obtained using a JEOL JSM-7200F microscope, and the contact
angle measurements were performed with an Ossila goniometer. The
complete set of results is presented in the Supporting Information
(Figure S1). The FEG-SEM micrographs (Figures S1a,c) show a
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homogeneous distribution of the PL6C layer on the carbon fabric,
which acts as a structural support and current collector. The electrode
surface exhibits a continuous and well-adhered coating, integrated
into the fibrous substrate, without evidence of delamination or
formation of compact agglomerates. Higher magnification images
reveal a preserved porous and rough morphology, indicating effective
integration between the catalytic phase and the conductive support.
Contact angle analysis (Figure S1d) showed an average value of 106°,
confirming the predominantly hydrophobic character of the surface.

The continuous-flow electrochemical reactor, designed with an
internal concentric-cube geometry, is shown in Figure 1. The reactor
was constructed by using six acrylic plates with internal dimensions of
45.5 cm2. Three of these plates featured a central hole, two for
hydrodynamic flow recirculation, and one for O2 injection, as
indicated. Concentric on this cube, an internal gas chamber was
installed and used as the cathode; this system consisted of four active
surfaces of the fabricated GDE/PL6C, totaling a geometric area of 96
cm2, with continuous O2 injection. The oxygen used was MESSER
Gases and had a purity level of >99%.

In parallel, between the acrylic cube and the gas chamber, DSA-Cl2
anodes (Ti/RuO2−TiO2), obtained from De Nora do Brazil, with a
geometric area of 163 cm2, were installed. This material was chosen
due to its high electrochemical stability, operational durability, and
catalytic efficiency, characteristics that promote greater system
robustness and technological process predictions.29,30 The working
volume of the reactor was 192 mL. The concentric-cube electro-
chemical reactor was connected to a 1.0 L mixing tank, where the
temperature was maintained at 20 °C by using a thermostatic bath
(NOVA ÉTICA 521/2D). A magnetic stirrer (Fisatom 711),
operating at 500 rpm, was used for mechanical stirring of the system.
The system flow was driven by a hydraulic pump equipped with a flow
meter (MS TECNOPON). Current was applied by using a Minipa
DC power supply (MPS-3005B). For UVC light-assisted experiments,
a 10 W Nuchong UVC lamp was installed between the reactor output
and the mixing tank.

The concentric cube electrochemical reactor was selected to ensure
a uniform current distribution between parallel planar electrodes and
precise control of the interelectrode gap, thereby minimizing ohmic
losses and enhancing energy efficiency. This configuration reduces
edge effects and promotes a more homogeneous electric field,
contributing to improved reproducibility of the electrochemical

performance. Furthermore, the cubic design facilitates modular
assembly and scalability, which are relevant for decentralized
electrochemical treatment applications.
2.3. Determining the Operating Volumetric Flow Rate
A preliminary procedure was executed in order to evaluate the
influence of volumetric flow (Qv) rate on H2O2 generation, with a
view to establishing a fixed rate for subsequent experiments. The tests
were performed at a constant current density of 20 mA cm−2, using an
oxygen flow rate of 0.1 L min−1, and a K2SO4 electrolyte
concentration of 0.05 mol L−1 (natural pH = 6.00). The volumetric
flow rate of the circulating solution was evaluated at the following
varying rates: 200, 400, and 800 mL min−1; this was done in order to
investigate potential hydrodynamic effects, ranging from slower flows,
which favor longer residence time and possible accumulation of H2O2,
to higher flows, which may enhance mass transport and the removal of
species formed at the electrode/solution interface.
2.4. Experimental Design and Statistical Validation
An experimental design was carried out in order to optimize the
operational conditions of the system used for H2O2 electrogeneration;
this allowed controlled variation of the studied parameters rather than
maintaining them at fixed values. After the volumetric flow rate was
selected from the preliminary tests, a central composite rotatable
design (CCRD) was employed using a 24 factorial model with two
coded levels, considering four independent variables: K2SO4
concentration (mol L−1), current density (j, mA cm−2), O2 flow
rate (L min−1), and pH. The CCRD was chosen due to its ability to
explore nonlinear relationships, identify optimal variable levels, and
efficiently model both interaction and quadratic effects, as described
by the mathematical model in eq 2.31

= + + + + + +

+ + + + + +
+ + + +
+ + +

Y b b x b x b x b x b x b x

b x b x b x x b x x b x x b x x

b x x b x x b x x x b x x x

b x x x b x x x b x x x x

0 1 1 11 1
2

2 2 22 2
2

3 3 33 3
2

4 4 44 4
2

12 2 2 13 1 3 14 1 4 23 2 3

24 2 4 34 3 4 123 1 2 3 124 1 2 4

134 1 3 4 234 2 3 4 1234 1 2 3 4

(2)

where Y represents the predicted response, while x1, x2, x3, and x4
correspond to the independent variables. The coefficient b0 represents

Figure 1. Schematic illustration of the experimental setup: (1) concentric-cube electrochemical reactor, (2) UVC light, (3) mixing tank, (4)
thermostatic bath, (5) pump, (6) gas flow meter, (7) oxygen gas cylinder, and (8) current power supply.
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the overall mean; b1, b2, b3, and b4 represent the linear effects; b11, b22,
b33, and b44 represent the quadratic effects; and b12, b13, b14, b23, b24,
and b34 represent the second-order interactions. The terms b123, b124,
b134, b234, and b1234 represent the third- and fourth-order interactions,
which allow a comprehensive analysis of variable combinations.

Table 1 presents the experimental matrix and combinations
proposed by the CCRD. The levels of the independent variables

were coded as +1 (high), −1 (low), 0 (central level), +α, and −α,
based on the limits defined by the CCRD. The K2SO4 concentration
(x1) ranged from 0.025 mol L−1 (−1) to 0.075 mol L−1 (+1), with a
central level of 0.05 mol L−1 (0). These values were chosen
considering the influence of the sulfate ion concentration on solution
conductivity and process efficiency. Lower concentrations may limit
conductivity, while higher concentrations may lead to excessive
electrolyte consumption.32

Current density (x2) was adjusted between 5 mA cm−2 (−1) and
15 mA cm−2 (+1), with a central level of 10 mA cm−2 (0). This range
was defined based on electrochemical conditions that balance H2O2
generation efficiency and system stability, avoiding undesired
byproducts at high currents and waste of energy.33 The applied O2
flow rate (x3) varied between 0.05 L min−1 (−1) and 0.1 L min−1

(+1), with a central level of 0.075 L min−1 (0); this variable ensured
adequate reactant supply to overcome mass transfer limitations,
thereby allowing the applied current to control the H2O2 generation
rate. Simultaneously, the gas stream provides a counter-pressure to
the liquid flow on the opposite side of the GDE, preventing electrode
flooding and preserving stable gas−liquid interface conditions during
operation.34 The pH level (x4) was adjusted between 5 (−1) and 9
(+1), with a central level of 7 (0); this range was chosen considering
the impact of pH on electrode reactivity and H2O2 stability. Lower
pH values favor proton availability, while higher pH values can
accelerate H2O2 decomposition.35 It should be noted that all pH
values reported correspond to the initial pH values of the solutions.
The amount of H2O2 generated after 30 min of electrolysis was used
as the response variable in the CCRD.

The CCRD results were represented as response surfaces using
Protimiza Experimental Design, and the mathematical-statistical
regression model was validated through analysis of variance
(ANOVA). Experiments were conducted in a randomized order to
minimize uncontrolled variability, and six replicates at the central
point allowed for the detection of curvature and the estimation of
pure error. All assays were carried out at 20 °C, and the solution pH
was adjusted using an Ion pHB500 pH meter.
2.5. Degradation of Atrazine
Under the optimized CCRD conditions for H2O2 electrogeneration
(e-H2O2) and the volumetric flow (Qz) rate selected from the
preliminary tests, atrazine (ATZ) degradation assays were performed
in order to evaluate the efficiency of the system in treating synthetic
agro-industrial effluents. ATZ was used at a concentration of 10 mg
L−1. The experiments were performed in galvanostatic mode, and
samples were collected at defined time intervals for subsequent
analyses. In addition to the anodic oxidation process coupled with

H2O2 electrogeneration (AO/e-H2O2), other AOPs were inves-
tigated; these included e-H2O2, AO, AO/e-H2O2/UVC, and UVC.
For processes without in-situ H2O2 generation, N2 was used at the
volumetric flow rate optimized under the CCRD.
2.6. Analytical Procedures
H2O2 was quantified using the ammonium molybdate method,36

determined on a Shimadzu Model V-1900 spectrophotometer. The
current efficiency (CE) of H2O2 electrogeneration was expressed as a
percentage and was determined by eq 3. The calculation of energy
consumption (EC) in H2O2 electrogeneration, expressed in terms of
kWh kg−1 of H2O2 produced, was performed using eq 4.

= · · ·
·

×n F C V
I t

CE (%) 100 (3)

= × · ·
·

I E t
V C

EC
kWh

kg
1000

i
k
jjjjj

y
{
zzzzz (4)

where n is the number of electrons involved in the reaction (2e−), F
the Faraday constant (96 487 C mol−1), C the H2O2 concentration
(mg L−1), V the solution volume (L), I the applied electric current
(A), and t the electrogeneration time (s) or (h).

The ATZ concentration was determined by high-performance
liquid chromatography (HPLC-UVC, Shimadzu Model 20A HPLC).
The analytical column employed was C18 with a particle size of 5 μm
and dimensions of 4.6 mm × 150 mm; the equipment was maintained
at a constant temperature of 30 °C. The mobile phase was composed
of 70% acetonitrile and 30% water, eluted at a volumetric flow rate of
1 mL min−1. The total run time applied was 6 min, and well-defined
peaks were identified at λ = 222 nm in 4.7 min. The injection volume
was 20 μL, and all samples were filtered using Chromafil Xtra PET-
45/25 filters (pore size of 0.45 μm).

The percentage of ATZ degradation (%ATZ) was calculated based
on eq 5, where c0 is the initial concentration and ct is the
concentration at a given time t.

= ×
C C

C
%ATZ 100t0

0 (5)

The energy consumed per volume of treated effluent (EC) was
calculated using eq 6, where Ecell is the average cell potential (V), t the
electrolysis time (h), Vs the volume of the solution (m3), and I the
current (A):

=
E It

V
EC (Wh m )3 cell

s (6)

Mineralization was determined through total organic carbon
(TOC) using a Shimadzu TOC-L Series carbon analyzer. TOC
removal was calculated based on eq 7, where TOC0 is the initial value
and TOCt is the value at time t.

= ×TOC removal (%)
TOC TOC

TOC
1000

0 (7)

The energy consumed per unit mass of TOC removed (ECTOC)
was determined using eq 8, where Ecell is the average cell potential
(V), t the electrolysis time (h), Vs the solution volume (m3), I the
current (A), and Δ(TOC) the reduced TOC content.

=
E It

V
EC (kWh(g TOC) )

(TOC)TOC
1 cell

s (8)

It should be noted that, for UVC-assisted processes, in the
calculation of EC (Whm−3) and ECTOC(kWh(gTOC)−1), the 10 W of
power added to Ecell was taken into account.
2.7. Identification of ATZ Degradation Intermediates
Using LC−MS/MS
The intermediates produced during the oxidative degradation of ATZ
were identified using liquid chromatography coupled to tandem mass
spectrometry (LC−MS/MS). The analyses were carried out using a

Table 1. CCRD Matrix for a 24 Factorial Design, Showing
Coded Input Variables and Their Corresponding Actual
Values for the Analysis of H2O2 Production in a Concentric-
Cube Electrochemical Reactor

Levels

Factor
−α

(−1.68) −1 0 +1
+α

(+1.68)

x1: K2SO4 concentration
in mol L−1

0.008 0.025 0.050 0.075 0.092

x2: Current density in
mA cm−2

6.59 10.00 15.00 20.00 23.41

x3: O2 flow in L min−1 0.033 0.05 0.075 0.100 0.117
x4: pH 3.63 5.00 7.00 9.00 10.36
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Shimadzu LC/MS-8030 triple quadrupole instrument (Japan).
Separation was performed on a Shim-pack ODS II column (100 ×
3.0 mm inner diameter, 2.2 μm particle size), kept at 30 °C. The
mobile phase was composed of water (solvent A) and acetonitrile
(solvent B), both containing 0.1% formic acid. The chromatographic
run was conducted at a flow rate of 0.5 mL min−1 with the following
gradient: 0−5 min, 10%−37% B; 5−8 min, 37%−100% B; 8−10 min,
100%−10% B. Mass spectrometric detection was performed using an
electrospray ionization (ESI) source in positive-ion mode, operating
at 400 °C and at the potential of 4.5 kV. Spectra were acquired in full-
scan mode within the m/z range of 100−500. Nitrogen was applied as
both the nebulizing and drying gas at flow rates of 3 and 15 L min−1,
respectively.

3. RESULTS AND DISCUSSION

3.1. Preliminary Assessment: Determining the Operating
Volumetric Flow

As mentioned previously, different recirculation volumetric
flow rates in the H2O2 electrogeneration (200, 400, and 800
mL min−1) were analyzed in order to establish a fixed optimal
rate for the subsequent optimization steps. In this analysis, the
current density was set at 20 mA cm−2, the oxygen flow was set
at 0.1 L min−1, the K2SO4 concentration was set at 0.05 mol
L−1, and the electrolyte was set at its natural pH (6.00). Figure
2 shows the H2O2 generation kinetics over 30 min of
electrolysis, the equivalent energy consumption, and the
energy efficiency of the respective volumetric flow rates. The
kinetic profiles (Figure 2a) indicate similar behavior for flow
rates of 200, 400, and 800 mL min−1, with slight differences in
the final accumulated H2O2 concentrations, which were 500,
475, and 453 mg L−1, respectively. Although the flow rate
quadrupled between the extreme conditions, the variation in

the H2O2 concentration was less than 10%, evidencing that the
process is not very sensitive to changes in the hydrodynamic
range investigated in this study. These minor variations
observed in the final H2O2 concentrations can also be
attributed to increased contact between the circulating solution
and the anode surface, where partial oxidation or decom-
position of H2O2 may occur. Under high recirculation
conditions, this effect becomes more pronounced due to the
higher frequency of solution passage through the anode
compartment, which explains the slight decrease in accumu-
lation observed, despite adequate mass transfer.

The enlarged detailed illustration in Figure 2b points to the
similarity between the curves; it essentially shows that the main
difference lies in the time of the onset of H2O2 accumulation.
The enlargement of the scale in Figure 2b points to the
similarity between the curves; it shows that the onset of H2O2
generation and/or accumulation occurs only after approx-
imately 5 min of electrolysis. This initial delay may be
associated with the stabilization stage of the hydrodynamic
regime in a closed recirculation system. Furthermore, it is
possible that in the first few minutes, some of the H2O2
produced is rapidly consumed by parallel reactions (such as
catalytic decomposition on the electrode surface), which delays
its detection in solution.37

Although the magnitude of the variation is modest, a
tendency toward greater H2O2 generation or accumulation is
observed at lower flow rates. This behavior can be associated
with the residence time (τ), which was approximately 0.96,
0.48, and 0.24 min for flow rates of 200, 400, and 800 mL
min−1, respectively. At lower flow rates, prolonged contact
between the solution and electrode increases the probability of
O2 reduction, favoring the formation of H2O2.38 On the other

Figure 2. (a and b) Kinetic profiles of in-situ H2O2 generation recorded over 30 min of electrolysis in a concentric-cube electrochemical reactor for
the flow rates of 200, 400, and 800 mL min−1; (c) energy consumption and equivalent energy efficiency. Conditions applied: current density (j) =
20 mA cm−2, O2 = 0.1 L min−1, K2SO4 = 0.025 mol L−1, pH 6.00, and temperature (T) = 20 °C.
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hand, under high recirculation conditions, the reduced
residence time can limit effective charge transfer at the
electrode/solution interface,38 in addition to intensifying O2
carryover and dispersion, which contribute to the slight
decrease in H2O2 accumulation. This effect is typical of
closed-loop systems in which the flow rate simultaneously
regulates reactor homogenization, dissolved oxygen supply,
and the solution−catalyst contact rate.

The data on energy consumption in Figure 2c corroborate
this analysis. Specifically, energy consumption increased
slightly with the flow rate, from 7.26 kWh kg−1 at 200 mL
min−1 to 7.70 kWh kg−1 at 800 mL min−1, while current
efficiency showed an inverse trend, decreasing from 82.1% to
74.5%. This suggests that, at higher flow rates, some of the
applied electrical energy is not effectively converted to H2O2,
possibly due to the shorter solution residence time in the
reactor and the intensification of side reactions or H2O2
decomposition in the medium.

Thus, although the 200 mL min−1 flow rate condition
exhibited a slight advantage in terms of the final H2O2
concentration and current efficiency, the flow rate of 400 mL
min−1 represents the best operating compromise/balance. The
400 mL min−1 flow rate condition combines a final H2O2
concentration close to the maximum obtained, intermediate
energy consumption (7.57 kWh kg−1), and satisfactory current
efficiency (78.1%), in addition to favoring a stable and
reproducible hydrodynamic regime for subsequent tests.
Furthermore, considering that the reactor will be used for

ATZ degradation, moderate recirculation can ensure adequate
renewal of the solution over the electrode, ensuring a
continuous supply and a better distribution of H2O2 in the
reaction volume.

The results showed that, within the evaluated hydrodynamic
range, the variation in H2O2 production remains modest,
indicating that the system operates under conditions where
mass transfer is not the dominant limiting factor. This balance
suggests that the reactor design ensures efficient gas−liquid−
electrode interaction across a broad range of flow conditions,
providing operational robustness and low sensitivity of H2O2
generation to hydrodynamic fluctuations.
3.2. Applying CCRD for the Optimization of H2O2
Electrogeneration in a Concentric-Cube Electrochemical
Reactor

A thorough analysis of the in-situ generation of H2O2 under
different operating conditions is essentially important, because
it helps one to understand the factors that influence the system
efficiency and to optimize the parameters of the process.
Considering the operating system volumetric flow rate of 400
mL min−1, as previously discussed, the CCRD, under the
outlined conditions, for the supporting electrolyte concen-
tration, current density, O2 flow, and pH, was performed in 30
experiments using different combinations, as shown in eq 9.

= + +r k cpnumber of experiments (2 2 )k
(9)

Table 2. CCRD Matrix for Factorial 24 with Coded Input Variables and Real Values for the Analysis of H2O2 Production in 30
min of Electrolysis in the Concentric-Cube Electrochemical Reactor

Experiment number x1 [K2SO4] (mol L−1) x2 j (mA cm−2) x3 O2 (L min−1) x4 pH [H2O2] mg L−1 Experimental

1 (−1) 0.025 (−1) 10 (−1) 0.050 (−1) 5.00 310.4
2 (+1) 0.075 (−1) 10 (−1) 0.050 (−1) 5.00 318.5
3 (−1) 0.025 (+1) 20 (−1) 0.050 (−1) 5.00 667.3
4 (+1) 0.075 (+1) 20 (−1) 0.050 (−1) 5.00 848.8
5 (−1) 0.025 (−1) 10 (+1) 0.100 (−1) 5.00 252.2
6 (+1) 0.075 (−1) 10 (+1) 0.100 (−1) 5.00 306.8
7 (−1) 0.025 (+1) 20 (+1) 0.100 (−1) 5.00 680.4
8 (+1) 0.075 (+1) 20 (+1) 0,100 (−1) 5.00 730.0
9 (−1) 0.025 (−1) 10 (−1) 0.050 (+1) 9.00 269.2

10 (+1) 0.075 (−1) 10 (−1) 0.050 (+1) 9.00 177.7
11 (−1) 0.025 (+1) 20 (−1) 0.050 (+1) 9.00 606.5
12 (+1) 0.075 (+1) 20 (−1) 0.050 (+1) 9.00 413.5
13 (−1) 0.025 (−1) 10 (+1) 0.100 (+1) 9.00 336.3
14 (+1) 0.075 (−1) 10 (+1) 0.100 (+1) 9.00 332.3
15 (−1) 0.025 (+1) 20 (+1) 0.100 (+1) 9.00 772.1
16 (+1) 0.075 (+1) 20 (+1) 0.100 (+1) 9.00 744.8
17 (−1.68) 0.008 (0) 15 (0) 0.075 (0) 7.00 448.7
18 (+1.68) 0.092 (0) 15 (0) 0.075 (0) 7.00 498.7
19 (0) 0.050 (−1.68) 6.59 (0) 0.075 (0) 7.00 142.3
20 (0) 0.050 (+1.68) 23.41 (0) 0.075 (0) 7.00 882.6
21 (0) 0.050 (0) 15 (−1.68) 0.033 (0) 7.00 505.9
22 (0) 0.050 (0) 15 (+1.68) 0.117 (0) 7.00 501.4
23 (0) 0.050 (0) 15 (0) 0.075 (−1.68) 3.63 533.9
24 (0) 0.050 (0) 15 (0) 0.075 (+1.68) 10.36 486.8
25 (0) 0.050 (0) 15 (0) 0.075 (0) 7.00 490.0
26 (0) 0.050 (0) 15 (0) 0.075 (0) 7.00 505.2
27 (0) 0.050 (0) 15 (0) 0.075 (0) 7.00 479.3
28 (0) 0.050 (0) 15 (0) 0.075 (0) 7.00 480.8
29 (0) 0.050 (0) 15 (0) 0.075 (0) 7.00 481.3
30 (0) 0.050 (0) 15 (0) 0.075 (0) 7.00 447.1
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where r is the number of genuine replicates (1), k is the
number of independent variables (4), and cp is the number of
replicates at the central point (6).

Table 2 presents the resulting CCRD matrix for analyzing
H2O2 production over 30 min of electrolysis in the proposed
concentric-cube electrochemical reactor. It is worth noting that
the amount of H2O2 produced in the cp experiments
(experiments 25−30) ranged from 447.1 mg L−1 to 505.2
mg L−1. These results indicate variability in H2O2 production
even under the same experimental conditions, which may be
associated with small operational fluctuations such as variations
in oxygen distribution. However, given the rotational complex-
ity of the CCRD, this 58.1 mg L−1 fluctuation can be
considered insignificant, considering the magnitude of the
CCRD. Furthermore, the low data dispersion across the 5 cP
replicates reinforces the reliability of the results, demonstrating
that the system presents good reproducibility within the
expected range for this type of experimental design.

The relative fluctuations observed in H2O2 production at the
central point further indicate that localized hydrodynamic
effects within the cubic reactor geometry have a minimal
impact on the overall performance. While corner regions may
theoretically experience slightly reduced convective flow,
potentially leading to thicker diffusion layers and minor mass
transport limitations, the upward recirculation flow, combined
with the strategic placement of the inlet at the bottom and the
outlet at the top, ensures continuous electrolyte renewal and
effective mixing throughout the reactor.

A further point worth considering is that, in experiment
number 20, H2O2 production and/or accumulation reached
the maximum amount in the design, equivalent to 882.6 mg
L−1. As highlighted, this concentration was reached when the
system was operating under the following conditions: K2SO4 =
0.05 mol L−1, j = 23.41 mA cm−2, O2 = 0.05 L min−1, and pH
7.00. It can be observed that the applied current density was at
its maximum value at the axial point (+α), while the other
variables were within the ±1 limit. This behavior indicates that,
although the current density exerted a decisive role in
maximizing H2O2 production when adjusted in the axial
range, possibly due to the increased electron transfer rate for
the oxygen reduction reaction on the electrode surface,
maintaining the other variables at moderate levels may have
helped prevent the occurrence of adverse effects. This effect
was also observed in experiment 4, which yielded the second-
highest H2O2 production rate. In this case, all the variables
evaluated were within the limit of ±1 (K2SO4 = 0.075 mol L−1,
j = 20 mA cm−2, O2 = 0.05 L min−1 and pH 5.00); in essence,
this shows that the complexity of CCRD goes far beyond linear
interactions, and process optimization should not only
consider the individual maximum values of the variables but
also their interactions and quadratic effects.

These adverse effects of interactions between variables can
be analyzed using the mathematical regression model
generated by the CCRD presented in eq 10.

[ ] = + +

+ + +

+ +

+ +
+

x x x

x x x x

x

x x x x x x x x x x
x x

H O 480.62 3.25 4.16 193.37

5.53 22.24 3.32 23.18

4.99

14.97 19.842.72 10.49 38.12
55.88

2 2 1 1
2

2

2
2

3 3
2

4

4
2

2 3 1 2 1 3 1 4 2 4

3 4

(10)

This model describes the H2O2 concentration response as a
function of the linear, quadratic, and interaction effects of
variables x1, x2, x3, and x4. The constant term 480.62 represents
the mean value of the H2O2 concentration when all variables
are at the cp of the CCRD (Table 2, experiments 25−30),
while analysis of the coefficients associated with the variables
reveals the relative importance of each factor.

The results showed that the x2 variable (current density)
stands out as one of the most influential parameters, with a
high linear coefficient of 193.37, which points to its strong
positive effect on H2O2 concentration. The quadratic
coefficient of x2, equivalent to 5.53, also positive, indicates a
parabolic effect and tends to increase as the current density
increases, reinforcing the intensity of this positive effect. On
the other hand, the x4 variable (pH) has a considerable
negative effect in the linear term (−23.18), indicating that
increases in pH tend to reduce the H2O2 concentration.
Furthermore, the quadratic coefficient of x4 is positive,
suggesting that, at high levels, pH actually has a less-
pronounced effect on the H2O2 concentration. Regarding the
x1 variable (K2SO4 concentration), a moderately positive linear
coefficient of 3.25 shows a milder positive impact on H2O2
concentration, which essentially indicates a slight increase in
the response as K2SO4 concentration increases; however, the
negative quadratic coefficient of this variable suggests that, at
high K2SO4 concentration levels, when analyzed in isolation,
the H2O2 concentration may begin to decrease. This nonlinear
behavior suggests that x1 has an ideal point beyond which its
initial positive effect begins to diminish. A careful analysis of
the effects of interactions showed that the interactions between
x1x2 and x2x3 presented positive coefficients of 2.72 and 14.97,
respectively. These positive interactions indicate a moderate
increase in H2O2 concentration when the K2SO4 concen-
tration, current density, and O2 flow interact at their high
levels. On the other hand, the interaction between x2x4, with a
negative coefficient of −19.84, demonstrates that the
combined increase in current density and pH can reduce the
concentration of H2O2 generated.

A comprehensive analysis of the results obtained using the
mathematical-statistical regression model reinforces that the
complexity of the CCRD extends far beyond simply evaluating
the main effects of the independent variables. It is observed
that, in certain cases, the isolated or even quadratic effects of
the variables exhibit antagonistic behaviors in relation to the
H2O2 generation response, especially when compared to the
effects of interactions between variables. In this context,
response surface methodology (RSM) analysis becomes
essential for a more-accurate interpretation of the results;
this is because it allows for the identification of synergies and
antagonisms between the experimental factors. This approach
is crucial for determining the optimal operating conditions that
maximize the efficiency of the reactor, in terms of H2O2
electrogeneration.
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Figure 3. Response surface plots of the interactions established in the CCRD between (a) K2SO4 concentration vs current density, (b) K2SO4
concentration vs O2 flow, (c) K2SO4 concentration vs pH, (d) current density vs O2 flow (e) current density vs pH, and (f) O2 flow vs pH as a
function of H2O2 electrogeneration in 30 min of electrolysis in the concentric-cube electrochemical reactor.
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3.3. RSM Analysis of the Interactions between the Input
Variables

Figure 3 shows the RSM analysis conducted for CCRD in this
work. It should be noted that, in these representations, the red
region represents the critical region where H2O2 production
reaches its maximum, while the green area represents the
regions where H2O2 production becomes limited or inefficient.
Figure 3a shows the interaction between the K2SO4
concentration and current density. It can be observed that,
across the entire concentration range evaluated, an increase in
K2SO4 concentration did not result in significant variations in
H2O2 production. On the other hand, an increase in current
density had a clear positive effect, with values above the central
point (j ≥ 15 mA cm−2) exhibiting more significant effects.
This behavior indicates that, in this interaction, although
electrolyte concentration is important to ensure minimum
conductivity of the medium, its variation within the tested
limits does not significantly influence the efficiency of the
process. In contrast, current density can act directly on the
electrochemical reaction rate, increasing the flow of electrons
available for the reduction of oxygen and, consequently,
favoring the generation of H2O2.38,39

Interestingly, Figure 3b shows that the increase in K2SO4
concentration was highly significant when analyzed in
interaction with the O2 flow in GDE/PL6C. In this
relationship, H2O2 production is maximized with the increase
in both variables, and the effect of K2SO4 concentration is
consistent throughout the studied range. In turn, O2 flow
values below the limit coded as −1 (O2 < 0.05 L min−1) do not
favor H2O2 formation. H2O2 production reaches its maximum
level when both K2SO4 concentration and O2 flow are at levels
above the point coded as +1 (K2SO4 ≥ 0.075 mol L−1 and O2
≥ 0.1 L min−1). This behavior can be attributed to the fact that
an increase in the concentration of the supporting electrolyte
can contribute to reducing the ohmic resistance of the solution,
promoting greater charge transfer efficiency and, consequently,
favoring the electrochemical reactions of interest.40 When
associated with increased O2 flow, this effect is enhanced, since
the greater availability of molecular oxygen at the interface of
the GDE/PL6C porous electrode ensures a higher reduction
rate via two-electron transfer, the main pathway responsible for
H2O2 generation.41 Thus, this synergy between increased
conductivity and greater availability of the gaseous reagent
contributes significantly to the intensification of the reaction
process.

K2SO4 concentration and pH showed a significant
interaction effect on H2O2 production, as illustrated in Figure
3c. The response surface indicates that both variables influence
the system synergistically, although excessive levels of both
factors result in decreased H2O2 generation. At low supporting
electrolyte concentrations (K2SO4 < −1, coded values), H2O2
production was enhanced under alkaline conditions (pH ≥1,
corresponding to pH ≥ 9.0). In contrast, when the K2SO4
concentration exceeded the central level (≥0.05 mol L−1),
more-acidic conditions significantly favored H2O2 generation.
The highest response region was observed between coded pH
values from 0 to −α and K2SO4 concentrations from 0 to +α.
This behavior can be explained by the combined influence of
the ionic conductivity, reaction kinetics, and oxidant stability.
Increasing K2SO4 concentration enhances solution conductiv-
ity, facilitating charge transport and reducing ohmic losses
within the electrochemical reactor. Under moderately acidic
conditions, improved ionic mobility together with favorable

proton availability promote the two-electron oxygen reduction
reaction (ORR) pathway at the GDE surface, enhancing H2O2
electrogeneration. Additionally, acidic media increase H2O2
stability by suppressing its catalyzed decomposition, thereby
contributing to higher accumulation in solution.42

Figure 3d shows the relationship between the current
density and the O2 flow. In this interaction, the combination of
a high current density and a high O2 flow favors H2O2
generation. It can be observed that, throughout the entire
extension range, an increase in current density resulted in an
increase in H2O2 production, while the influence of O2 flow is
only significant at values above cp (O2 > 0.075 L min−1). It is
likely that when the current density is high, the demand for
oxygen at the electrode−solution interface increases as more
electrons are being transferred and oxygen is needed to
consume them. Under conditions of high O2 flow, this demand
is adequately met, enabling the reduction reaction to proceed
more efficiently and with greater selectivity toward H2O2
production.38,43 The positive influence exerted by an increase
in the current density on H2O2 production is also observed in
the interactions involving this variable and pH (Figure 3e). In
this RSM, pH exerts a significant influence on H2O2
production only at coded values below −1 and in interactions
involving high current density values, especially above the
midpoint values. These results suggest that a high current
density tends to be more effective in an acidic environment as
it moderates side reactions that could compete with H2O2
formation. On the other hand, at very alkaline pH levels, H2O2
decomposition occurs faster, reducing the efficiency of H2O2
electrogeneration. This occurs because, in an alkaline environ-
ment, hydrogen peroxide is less stable and more prone to
reaction, which compromises the process efficiency.35

Finally, Figure 3f shows the RSM of the interaction between
the O2 flow and pH. The dynamics between these variables
demonstrate a nonlinear behavior, in which H2O2 production
is favored both under conditions of high O2 flux combined
with alkaline pH and under conditions of low O2 flow
associated with acidic pH. An increase in H2O2 generation is
observed when both variables are either at high levels (O2 ≥
0.1 L min−1 and pH ≥9) or at low levels (O2 ≤ 0.05 L min−1

and pH ≤5). This complex behavior may be related to
different dominant mechanisms under different operating
conditions. In alkaline media, an increase in O2 flow can
enhance gas diffusion to the electrode interface, which
maximizes the ORR rate via the two-electron pathway. In
acidic media, even under lower O2 flow conditions, the greater
availability of protons (H+) can favor the selectivity of ORR for
the formation of H2O2 and increase the efficiency of the
process, especially in GDE/PL6C.

Thus, the presence of different operational domains
highlights the complexity and versatility of the system
evaluated by using CCRD; this allows its optimization
according to the specific conditions of the desired application.
From this perspective, when one considers the best balance
between H2O2 generation efficiency and nonextreme operating
parameters, the condition of experiment number 4 (0.075 mol
L−1 of K2SO4, current density of 20 mA cm−2, O2 flow of 0.05
L min−1, and pH 5) stands out as one of the most promising,
recording an output of 848.8 mg L−1 H2O2 (see Table 2). This
configuration represents a technical, economic balance point
that ensures high electrochemical performance without
requiring intense operational conditions; this essentially
makes experiment number 4 conditions highly viable for
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conducting further ATZ degradation experiments in the GDE/
PL6C-based concentric cube reactor.
3.4. Validating the Mathematical Statistical Regression
Model in the Electrogeneration of H2O2 in the Concentric
Cube Electrochemical Reactor
The response surface model described in eq 10 was validated
using an analysis of variance (ANOVA) and Fisher’s
distribution (F-test). Table 3 presents the main statistical

indicators relevant for this validation analysis. The significance
of the model was assessed by comparing the observed and
predicted values using the ratio of the mean square of the
regression to the residual. In this sense, considering the degrees
of freedom at a 90% confidence level, it is observed that the
calculated value of FRegression/residual, equivalent to 29.8, was
higher than the tabulated F (1.985).

The model’s goodness-of-fit was analyzed by comparing the
mean square of the lack of fit with the pure error. In this
analysis, the calculated value obtained was 9.5, which was
above the theoretical tabulated value (3.29). This outcome
suggests that, although the pure error is lower compared to the
regression, the lack of fit is not negligible and exerts an
influence on the model that was not considered in the design
employed. Despite this observation, the ANOVA demonstrates
that the regression model is statistically significant and
adequately represents the experimental results with a p-value
<0.001, considering that a model is deemed significant if at
least one of its terms presents a significant correlation with the
responses.44 Furthermore, the mathematical model exhibits
statistical predictability, with the FRegression/residual ratio >5;45,46

this essentially shows that the model is able to explain
approximately 96.53% of the total variance of the data, which
reinforces its suitability for use in the optimization of H2O2
production in the concentric-cube electrochemical reactor, as it
ensures a good correlation between the experimental values
and the predicted values. The R2 value suggests that the
equation terms (linear, quadratic, and interaction) were
appropriately selected to represent the studied phenomenon,
and the model is highly effective in capturing the patterns of
the observed data, with only 3.47% of the variation attributed
to unmodeled factors, experimental uncertainties, or random
disturbances.47

Data analysis and representation were also verified using a
Pareto chart and by fitting the predicted and experimental
values. In the Pareto chart (Figure 4a), the most significant
variables and interactions for the model are those that exceed
the critical tcalc value of ∼2, which is represented by the red
vertical line at the 10% significance level. The results are clearly
in agreement with the behavior observed in the mathematical

model; that is, among the variables studied, x2 (current
density) exhibits the strongest effect, and only x1 (K2SO4
concentration) has no significant isolated effect. Figure 4b
shows a good correlation between the predicted and
experimental values, with points close to the diagonal line of
identity; this implies that the model has enough predictive
ability for the H2O2 generation response in the concentric-cube
electrochemical reactor.
3.5. Degradation and Mineralization of Atrazine under
Optimized Conditions in a Concentric-Cube
Electrochemical Reactor
Given the efficiency of the optimized condition obtained in the
CCRD for the generation of H2O2 in the concentric-cube
electrochemical reactor (x1 − K2SO4 = 0.075 mol L−1, x2 − j =
20 mA cm−2, x3 − O2 flow of 0.05 L min−1, and x4 − pH =
5.0), a thorough study was conducted targeted at the
degradation of water contaminated with ATZ (C0 = 10 mg
L−1) using different AOPs. The combined processes of anodic
oxidation with electrogenerated hydrogen peroxide (AO/e-
H2O2), AO/e-H2O2/UVC and AO/UVC, and the isolated AO
and UVC processes were evaluated in order to elucidate the
individual and synergistic contribution of each oxidative
pathway in the degradation and mineralization of the aquatic

Table 3. Analysis of Variance (ANOVA) of the Experimental
Results for H2O2 Electrogeneration in 30 min of Electrolysis
Conducted Using a Concentric-Cube Electrochemical
Reactor.(Conditions: T = 20 °C; Qv = 400 mL min−1)

Variation
source

Sum of
squares

Degrees of
freedom

Mean
square Fcalc p-valuea

Regression 1009735.2 14 72123.9 29.8 0.00000
Residuals 36254.9 15 2417.0
Lack of fit 34436.6 10 3443.7 9.5 0.01143
Pure error 1818.3 5 363.7
Total 1045990.1 29

ap-value regression <0.000001.

Figure 4. (a) Pareto chart and (b) predicted vs observed H2O2
electrogeneration values in the concentric-cube electrochemical
reactor (conditions: T = 20 °C, Qv = 400 mL min−1, and time (t)
= 30 min).
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matrix. It should be noted that, in processes without H2O2
generation, N2 was used under the optimized flow of O2 to
ensure comparable experimental conditions.

Although sulfate ions are commonly classified as inert in
H2O2 electrogeneration, under the experimental conditions
employed in this study, peroxomonosulfate (SO5

2−) can form
during electrolysis at low K2SO4 concentrations (eq 11). This
species can subsequently react with H2O2 (eq 12), reducing its
effective concentration in the system.20,28,48 Therefore, while
H2O2 is the primary oxidizing agent responsible for atrazine
degradation, it is important to acknowledge that sulfate-derived
species may also contribute to the overall oxidative process,
potentially influencing the reaction kinetics and oxidant
availability.

+ + ++ eH O SO 2H SO 22 4
2

5
2

(11)

+ +H O SO 2O H SO2 2 5
2

2 2 4 (12)

Figure 5a shows the degradation efficiencies obtained in each
AOP. After 30 min of electrolysis, anodic oxidation alone
exhibited the worst performance, recording roughly 5% ATZ
degradation. The combined AO/UVC and AO/e-H2O2/UVC
processes exhibited significantly superior performance, with
ATZ removal rates of 82.9% and 92.3%, respectively. The
isolated application of UVC also promoted efficient ATZ

degradation, approximately 77.0%. On the other hand, the
AO/e-H2O2 alone recorded only 24.0% ATZ degradation,
demonstrating that the presence of only electrogenerated
H2O2 was not sufficient to promote effective ATZ oxidation;
this behavior can be attributed to the low activation efficiency
of H2O2 in the absence of UVC radiation, since, without
photolysis, the species remains mostly stable and acts more as a
selective oxidant than as an efficient source of •OH.49,50

Furthermore, the slow kinetics of the direct reaction between
H2O2 and atrazine and the possibility of competitive
recombination of the peroxide may contribute to the low
observed efficiency. In contrast, in photoassisted oxidation
systems, UVC irradiation can promote the decomposition of
H2O2 into highly reactive •OH species (E° = 2.80 V vs
SHE),28 as represented in eq 13,49,50 which justifies the marked
improvement in degradation observed under the combined
oxidation processes.

•H O 2HO
hv

2 2
UVC

(13)

Figure 5b shows the ATZ degradation profiles (C/C0)
recorded based on the application of the different AOPs
investigated over time. This temporal analysis shows that the
AO/e-H2O2/UVC process has a significant efficiency advant-
age over the other processes, especially in the first 10 min of

Figure 5. (a) Percentage of ATZ degradation (C0 = 10 mg L−1), (b) profiles of the different AOPs investigated (C/C0), (c) apparent pseudo-first
order kinetic constants (mg L−1 min−1) and (d) mineralization rates for the different AOPs applied for AZT degradation in the concentric-cube
electrochemical reactor. (Conditions: T = 20 °C, Qv = 400 mL min−1, t = 30 min, K2SO4 = 0.075 mol L−1, j = 20 mA cm−2, and O2 flow = 0.05 L
min−1, and pH 5.0.)
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electrolysis, when more than 90.0% of ATZ is degraded. In
contrast, the AO/UVC and UVC-only processes exhibited
more moderate degradation profiles, although superior to
those of AO/e-H2O2 without irradiation, which confirms the
importance of photochemical activation in intensifying the
oxidation process. The poor performance recorded by AO-
only, with almost no degradation over time, shows that the
exclusive contribution of anodically generated oxidizing species
is not sufficient for the rapid degradation of ATZ in solution.
This degradation kinetics of atrazine still indicates that mass-
transport limitations related to corners have a negligible effect
on contaminant removal. The recirculation flow, along with the
positioning of the reactor inlet and outlet, promotes uniform
convective transport and continuous electrolyte renewal on the
electrode surfaces, ensuring effective mixing throughout the
reactor. These results reinforce that the reactor geometry does
not significantly compromise the overall degradation perform-
ance.

Figure 5c shows the apparent pseudo-first-order kinetic
constants (mg L−1 min−1) for ATZ degradation in each AOP
in the first 10 min. It can be observed that the AO/e-H2O2/
UVC process exhibited the highest kinetic constant (0.2051
min−1), confirming its high efficiency in AZT degradation. The
UVC-only and AO/UVC processes recorded intermediate k
values, 0.0604 min−1 and 0.0547 min−1, respectively. Despite
the fact that the degradation results recorded for the UVC-only
and AO/UVC processes were quite close, as shown in Figure
5a, the result obtained from the combined process (AO/e-
H2O2/UVC) was 1 order of magnitude higher than that of the
UVC-only; in essence, this points to the advantage of using the
combined approach to improve the degradation rate. In
contrast, the AO/e-H2O2 and AO-only processes recorded
very low k values, 0.0073 min−1 and 0.0026 min−1, respectively,
which is clearly consistent with the limited behavior observed
for these processes in the temporal profiles in Figure 5b. These
results highlight the influential role played by the photo-
chemical activation of H2O2 in the kinetic intensification of the
process, making AO/e-H2O2/UVC the most promising
technique for the rapid degradation of ATZ.

Figure 5d shows the relative efficiency of the different
treatment processes in terms of mineralization expressed by

the comparative TOC index. Assessing mineralization is
essentially crucial because it allows one to verify not only the
partial degradation of the target molecule but also its
conversion into less harmful inorganic species.51 The
combined AO/e-H2O2 process and the sole UVC process
exhibited modest mineralization percentages, corresponding to
8.5% and 7.8%, respectively, while the sole AO process did not
even promote any partial mineralization. In contrast, the AO/
e-H2O2/UVC process recorded the highest mineralization
percentage, 23.8%, clearly standing out from the other
processes. The AO/UVC process recorded the second highest
rate, slightly above 14%. These results demonstrate that the
synergy between the combined processes assisted by UVC
radiation is efficient not only for the degradation of atrazine
but also for its mineralization; this shows that the use of
combined treatment processes, such as AO/e-H2O2/UVC, in
the presence of UVC represents the most promising strategy
for accelerating the breakdown of the AZT molecule and
overcoming the limitations inherent to each of the isolated
treatment techniques.
3.6. Comparative Analysis of the Efficiency of the
Degradation Process under Optimized Conditions in
UVC-Assisted Processes

When it comes to analyzing the efficiency of combined UVC-
assisted treatment processes, it is essential to evaluate not only
the efficiency in terms of degradation and mineralization but
also the associated energy parameters. The energy efficiency of
the AOPs investigated in this study was assessed based on
energy consumption per treated volume (EC), and energy
consumption normalized by the mass of TOC removed. This
analysis is crucial because it provides one with a thorough
understanding regarding the practical feasibility of the
processes, since their full-scale application depends directly
on the relationship between removal efficiency and energy
costs.29

As shown in Figure 6a, the AO/e-H2O2/UVC process
recorded a specific energy consumption of 8.02 kWh m−3,
slightly lower than that observed for AO/UVC, which was 9.08
kWh m−3. However, when normalized by the TOC removed
(Figure 6b), a significant advantage is observed for the AO/e-
H2O2/UVC process, which consumed only 3.63 kWh of

Figure 6. (a) Energy consumption per treated volume and (b) energy consumption normalized by the TOC mass removed and mineralization
current efficiency obtained for the AO/e-H2O2/UVC and AO/UVC treatment processes applied for AZT degradation in the concentric-cube
electrochemical reactor. (Conditions: T = 20 °C, Qv = 400 mL min−1, t = 30 min, K2SO4 = 0.075 mol L−1, j = 20 mA cm−2, O2 flow = 0.05 L min−1

and pH = 5.0.)
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gTOC
−1 in contrast to the 23.04 kWh of gTOC

−1 consumed
under the AO/UVC process. This advantage is attributed to
the continuous electrogeneration of H2O2 in the AO/e-H2O2/
UVC process, which ensures its greater availability for the
formation of photoactivated •OH and promotes more efficient
mineralization. The balance between degradation efficiency,
mineralization, and energy costs shows that the AO/e-H2O2/
UVC process represents the most advantageous alternative to
traditional treatment processes and has been proven to be the
most promising route for AZT degradation.
3.7. LC−MS/MS Analysis of the Pathways Involving the
Oxidation of ATZ and Its Intermediates
The pathways involving the degradation of AZT and its
intermediates in the AO/e-H2O2/UVC process were eluci-
dated through the application of electrospray mass spectrom-
etry (ESI/MS) analyses. The spectra of the initial aliquot, prior
to the AO/e-H2O2/UVC treatment, confirmed the presence of
ATZ, with a protonated ion peak [M + H]+ at m/z 216.10.
Based on the proposed structures of the 11 resulting products
(Table 4), the possible pathway for AZT degradation was

inferred, which primarily involved the reaction channels
illustrated in Figure 7. The degradation routes observed in

this study are consistent with those reported for other ATZ
degradation processes which are based on oxidative
systems.52−57 The Supporting Information contains the LC−
MS/MS chromatograms of the identified fragments of AZT
intermediates (Figures S2−S13).

One pathway of AZT degradation involved the substitution
of the chlorine atom by a hydroxyl group (dechlorination) on
the s-triazine ring, which gave rise to hydroxyatrazine (ATZ 1,
m/z 198.14).53−55 A further attack on hydroxyatrazine by
hydroxyl radicals led to the formation of oxidized or
hydroxylated intermediates. The attack of the radicals was
initially targeted at the ethanamine side chain, which resulted
in the formation of ATZ 2 (m/z 212.11).52,57 A subsequent
oxidation of the ATZ 2 side chains promoted the conversion of
the methyl group (−CH3) into an aldehyde (−CHO),
followed by further oxidation to a carboxylic acid
(−COOH), which generated the carboxylated derivative
ATZ 3 (m/z 284.03).53 Oxidative carboxylation associated
with s-triazine ring cleavage gave rise to derivative ATZ 4 (m/z
271.09). Similarly, carboxylation of the hydroxyatrazine side
chains coupled with ring opening led to the formation of ATZ
5 (m/z = 279.09), which was further hydroxylated in the
ethanamine group to produce ATZ 6 (m/z = 311.08).

Sequential oxidation of atrazine was also observed
independently of dechlorination, which yielded carbonyl
product ATZ 7 (m/z 304.01). With deeper oxidation, the s-
triazine ring underwent successive hydroxylation, substitution,
and hydrolysis reactions, generating highly oxygenated
derivatives including ATZ 10 (m/z 352.12) and ATZ 11
(m/z 383.08).56 Another pathway for the degradation of AZT
and its intermediates involved N-dealkylation (desethylation).
Radicals attacked the alkyl chains attached to nitrogen, and this
led to the formation of desethylatrazine (ATZ 8, m/z 188.07)
and its hydroxylated derivative ATZ 9 (m/z 252.05).52,53,55

4. CONCLUSIONS
The results obtained from this work demonstrated that the
continuous-flow electrochemical reactor, developed using a
concentric-cube geometry, is an efficient and sustainable
system for the in-situ generation of H2O2 and advanced

Table 4. Identification of ATZ Degradation Intermediates
by LC−MS/MS Analysis, Including Their Proposed
Structures and Corresponding m/z Values

Product RT (min) Molecular Ion (m/z) Molecular formula

ATZ 1 3.01 198.14 C8H15N5O
ATZ 2 2.36 212.11 C8H13N5O2

ATZ 3 7.30 284.03 C8H5N5O7

ATZ 4 7.22 271.09 C6H14N4O8

ATZ 5 7.01 279.09 C8H14N4O7

ATZ 6 0.97 311.08 C8H14N4O9

ATZ 7 6.76 304.01 C8H6ClN5O6

ATZ 8 4.80 188.07 C6H10ClN5

ATZ 9 5.41 252.05 C6H10ClN5O4

ATZ 10 11.02 352.12 C8H22ClN5O8

ATZ 11 8.90 383.08 C8H19ClN4O11

Figure 7. Proposed pathways for ATZ degradation under the AO/e-H2O2/UVC treatment process showing the main intermediates identified via
LC−MS/MS analysis.
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water treatment applications. The CCRD optimization analysis
(The CCRD optimization (x1 - K2SO4 = 0.075 mol L−1, x2 − j
= 20 mA cm−2, x3 − O2 flow of 0.05 L min−1, and x4 − pH =
5.0) revealed that current density and pH are the most critical
parameters for maximizing current efficiency and minimizing
energy consumption. Under these conditions, the production/
accumulation of H2O2 was the second highest during the
delineation, reaching 848.8 mg L−1 of H2O2.

The mathematical model developed through CCRD
successfully explained more than 96% of the experimental
variability, while ANOVA results confirmed that the model was
statistically significant and predictive (p < 0.05). Under the
optimized conditions, the reactor produced high H2O2
concentrations with excellent stability and good energy
efficiency. When applied toward ATZ degradation, the
combined AO/e-H2O2/UVC process exhibited strong syner-
gistic effects, recording over 90.0% AZT degradation and
partial mineralization in 30 min of electrolysis. LC−MS/MS
analysis identified 11 oxidative intermediates and helped
elucidate the pathways involving AZT degradation, confirming
the effective transformation of ATZ through dechlorination,
hydroxylation, and cleavage of the s-triazine ring.

Importantly, the geometric characteristics of the reactor
were found to be critical for its performance. Key factors
include the spatial arrangement of the electrodes to maximize
reactive surface area, the distance between the anode and
cathode to optimize mass transport and minimize ohmic losses,
and the configuration of the gas and liquid compartments to
ensure efficient oxygen diffusion and uniform electrolyte
distribution. Careful design of these parameters is essential
to achieve high H2O2 electrogeneration efficiency and effective
contaminant degradation, providing valuable guidance for the
scaleup and implementation of similar electrochemical treat-
ment systems.

Overall, the study highlights the technological potential of
this innovative reactor configuration to promote efficient H2O2
electrogeneration and the remediation of persistent contami-
nants, reinforcing its relevance and suitability for application in
sustainable electrochemical water treatment systems.
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