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The treatment of organic wastewater remains a serious issue in sustainable development due to the presence of various persistent
and toxic compounds. Currently, the advanced oxidation process, especially the Fenton reaction, is a promising method to
redress this issue. However, this process needs a continuous addition of external H,O,, which is not only costly but also raises
safety hazards during transportation. Therefore, this study aims to investigate the possibility of utilizing electrochemically
generated H,O, to the Fenton system for dye decolorization. In particular, a customized flow cell was built and the commercial
39BB carbon fiber paper was employed as the catalyst for the production of H,O; via the two-electron oxygen reduction
reaction pathway under varied current densities. The concentration of the generated H,O, was then quantified using standard
spectrophotometric analysis, with the sample exhibiting the highest Faradaic efficiency selected and applied to the model
dye systems containing the organic dye (methyl orange and methylene blue) and ferrous ions. The results showed rapid
decolorization for both dyes, underscoring that the proposed route is viable and has the potential to act as an alternative to
conventional dye treatment processes.
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Introduction

Nowadays, the treatment of organic wastewater has been a
critical issue in sustainable development due to the presence
of various persistent and toxic compounds. These substances
are often non-degradable by conventional treatment processes,
posing severe risks to eco-systems and human health!'. In
order to tackle this problem, researchers have been continu-
ously searching for other methods of water treatment. In the
past two decades, the advanced oxidation process (AOP) has
been extensively researched and was considered one of the
most promising ways of decontaminating wastewater. Specif-
ically, AOP involves the in-situ generation of high concentra-
tions of strong oxidizing species, such as hydroxyl radicals
(-OH), that could cause bond cleavage and degrade organic
dyes?3. Currently, there are various types of AOPs that are
being developed, including ozonation technology, photocat-
alytic oxidation, UV/chlorine advanced oxidation, and Fenton
oxidation*3.

Compared to other AOPs, Fenton reactions stand out as a
promising alternative due to its simple reaction requirements.
The reaction can be conducted under room temperature and
pressure without the need of complicated machines or extra
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energy input®!?. Moreover, Fenton reactions are highly sus-
tainable as H>O», one of the key reactants involved in the pro-
cess, can gradually decompose into non-toxic oxygen and wa-
ter overtime. This characteristic minimizes pollution and en-
vironmental impact®. The mechanism of the Fenton reaction
involves the generation of highly reactive -OH radicals from
H,0, and ferrous iron ions (Fe?"). These free radicals possess
a high oxidation potential (E° = 2.80 V vs. normal hydrogen
electrode (NHE)), which can rapidly degrade organic com-
pounds "2, However, the practical application of the Fenton
reaction is severely hindered by the need of continuous addi-
tion of HyO,, which not only makes the whole process ex-
pensive but also raises safety concerns during transportation
and storage'?. Together, these factors make the large-scale
application of the process physically and economically chal-
lenging.

To address this limitation, increasing attention has been
given to Fenton and Fenton-like systems that utilize in-situ
production of H,O, through the activation of O, to minimize
transportation and storage risks as well as reducing opera-
tional costs '314. Based on the electron donation pathway, in-
situ production of HyO; can be broadly divided into electro-
chemical and photochemical routes for O; activation. Among
these methods, the electrochemical route is considered partic-
ularly promising because it enables controllable and sustain-
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able H>O, production under mild conditions 15

In this study, we aim to investigate the possibility of uti-
lizing electrochemically generated H,O; to the Fenton sys-
tem for dye decolorization. It is hypothesized that the H;O,
produced via the two-electron oxygen reduction reaction (2e™
ORR) pathway can be directly employed to a Fenton system,
generating highly reactive free radicals that lead to dye decol-
orization. In order to justify the hypothesis, H,O, was pro-
duced in a customized flow cell using the commercial 39BB
carbon fiber paper as the ORR catalyst. Electrolysis was
conducted at different current densities for 40 minutes, and
the concentration of HyO, was determined using the ferrous
oxidation-xylenol orange (FOX) colorimetric method com-
bined with UV-vis spectrophotometry. The Faradaic efficiency
(FE) and corresponding H,O; concentration was then calcu-
lated according to the given absorbance intensity, with the
sample showcasing the highest FE chosen and employed into
the model dye systems containing organic dyes (methyl or-
ange and methylene blue) and Fe?*. After mixing, significant
decolorization was observed for both dye solutions, highlight-
ing the system’s potential to serve as an alternative for con-
ventional water treatment processes.

Results
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I. Electrochemical production of H,0, Il. Fenton-based decolorization of organic dyes
Figure. 1 Schematic diagram of electrochemical HyO, generation
and the subsequent Fenton reaction pathway.

A schematic illustration of the overall experimental work-
flow, including electrochemical HyO, generation and its sub-
sequent application in Fenton-based dye treatment, is pro-
vided in Figure 1. In this study, HyO, was produced via
the two-electron ORR pathway using a custom-built three-
compartment flow cell (Figure 2). Within the structure, a
piece of commercial 39BB carbon fiber paper was used as the
ORR catalyst. To evaluate the short-term operational stabil-
ity of the system, chronopotentiometry tests were conducted
for 40 minutes at four different constant current densities of

100, 150, 200, and 250 mA cm~?2 (Figure 3). The results
demonstrated stable operation throughout the testing period.
The corresponding working potentials were recorded as 1.30,
1.65, 1.90, and 2.35 V versus a saturated calomel electrode
(SCE) at current densities 100, 150, 200, and 250 mA cm™2,
respectively. However, potential fluctuations were observed at
all current densities, which may be attributed to the formation
and transport of gas bubbles within the flow channels of the

reactor '©.

To further quantify H,O, generated via ORR at different
applied current densities, the post-reaction electrolytes were
converted into colorimetric assay solutions and analyzed by
UV-vis absorption spectroscopy. The FE and the correspond-
ing HyO, concentration were calculated based on the mea-
sured absorbance intensities (Figure 4). The FE remained con-
sistently high across the investigated current density range of
100 to 250 mA cm~2, with values generally above 80% (Fig-
ure 4a). A maximum FE of 95% was achieved at 200 mA
cm~2, indicating highly selective H,O, formation via the 2e~
ORR pathway. At higher current densities, a decline in FE was
observed, which can be associated with the increased contri-
bution of the 4~ ORR pathway or the partial decomposition
of the accumulated HyO, 7. Moreover, the H,O, concentra-
tion increased with increasing current density, indicating en-
hanced H,O, generation under higher current inputs (Figure
4b).

To further evaluate the long-term stability of the flow cell, a
stability test was conducted over a period of 5 h (Figure S1).
During the operation, the potential remained relatively stable
between -1.1 V to -1.5 V vs. SCE. Notably, a large fluctuation
was evident between 2.1 h and 3.5 h, which can be attributed to
the dynamic changes within the gas-liquid-solid interface. The
restoration of the potential to approximately -1.4 V after 3.5 h
indicates that the change is reversible and is not caused by se-
vere catalyst degradation. The FE, on the other hand, showed
a gradual, continuous decrease from 95% to 80%. This could
be caused by the accumulation of H,O, overtime, where it
undergoes partial decomposition, which reduces the amount
of HyO; retained in the electrolyte. Nevertheless, the rela-
tively stable potential and a FE maintained above 80% demon-
strated that the system is capable of supporting long-term op-
erations, highlighting its real-world potential for large-scale
applications. Ultimately, dye decolorization experiments were
conducted to evaluate the practical applicability of the electro-
chemically generated H,O» in water treatment. In this experi-
ment, methyl orange and methylene blue with a concentration
of 100 ppm was used as the model dyes to simulate wastew-
ater. The catholyte under a current density of 200 mA cm ™2
was employed as the source of HyO; as it showed the highest
FE, ensuring sufficient H,O; selectivity and production. Af-
ter mixing the catholyte with the dye solution in a 1:1 ratio,
the pH of the solution is approximately 2.8, which fits into the
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Figure. 2 Photographs of (a) the customized flow cell and (b) the experimental setup used for electrochemical production of HyO,.
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Figure. 3 Galvanostatic curves for HyO, production in a flow cell at
current densities of 100, 150, 200, and 250 mA cm 2.

optimal pH for Fenton reactions (pH 2-3) 819 Significant de-
colorization was observed in both dye solutions (Figure 5), at-
tributing to the reactive species generated by H,O, and Fe?*.
These results indicate that electrochemically generated HO,
via the 2e~ ORR can be utilized as a method of color removal
for dye solutions.

In order to validate the contribution of the Fenton process
and to rule out the contribution of other possible reactions, a
series of control experiments were performed (Figure 6). An
evident color change was observed in the dye solution con-
taining Fe>* alone (Group 1), which is likely caused by the
intrinsic color of the Fe?* rather than dye removal. On the
other hand, dye solutions with H, O, alone (Group 2), the post-

electrolyte with H,O, removed (Group 3), and acidic H,O»
(Group 4) showed no significant color changes, indicating that
merely these factors are insufficient to trigger dye decoloriza-
tion.

As expected, both dye systems containing Fe>* and H,O»
under acidic conditions undergone significant decolorization
due to the Fenton reaction (Group 5). Similar phenomena
were observed under dark conditions (Group 7). This result
rules out the possibility of light irradiation as a cause of color
removal. In addition, a free-radical quenching experiment was
conducted to validate the role of -OH. Tert-butanol was added
as the free-radical scavenger to the acidic dye solution con-
taining Fe?* and H,0, (Group 6). After thorough mixing, a
color change was evident in both dye systems, yet the color
was much darker compared with the Fe>*/H,O, system with-
out the scavenger (Group 5). This suggests that tert-butanol
substantially inhibited dye decolorization, and the remaining
color change is likely caused by the intrinsic color of Fe?"
ions, consistent with the result of Group 1. These results
demonstrate that hydroxyl radicals generated through Fenton
oxidation play a critical role in promoting dye decolorization.

An electron paramagnetic resonance (EPR) spin-trapping
was performed in addition to the control experiments to fur-
ther identify the reactive species involved in the Fenton re-
action (Figure 7). DMPO was used as a spin-trapping agent
to identify the reactive oxygen species generated during the
Fenton reaction. As shown by the diagram, the Fe?t/H,0,
system exhibited a characteristic four-line DMPO-OH signal,
while the signals were substantially suppressed after the ad-
dition of tert-butanol, a well-known scavenger for hydroxyl
radicals. These results provide further evidence that -OH is
the dominant reactive species generated in the Fenton reaction
and is responsible for the dye decolorization.
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Figure. 4 Comparison of (a) FEs and (b) concentrations for H,O, production at different current densities.
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Figure. 5 Visual comparison of dye solutions before and after treat-
ment with Fe2*/H,05 under acidic conditions. The two dyes used
in this demonstration are methyl orange (left) and methylene blue
(right). For each group, the left vial contains the dye solution before
treatment, while the right vial contains the dye solution after treat-
ment with Fe2/H,0,.

Discussion

The results of this study demonstrate that HO, can be effi-
ciently produced through the electrochemical 2e™ ORR in a
flow cell configuration. The developed system exhibited fa-
vorable electrochemical performance, achieving a high H,O,
production rate compared with previously reported electro-
Fenton systems (Table S$1)20-22 These results indicate the ef-
fective 2e” ORR selectivity of the electrode toward H,O, gen-
eration, enabling a continuous and efficient supply of H,O, for

subsequent oxidation processes.

It is worth noting that the favorable 2e™ ORR performance
observed in this study is attributed to the use of commercial
carbon fiber paper (39BB), which provides a well-developed
porous structure and high electrical conductivity favorable for
oxygen reduction and H,O, generation. Since the primary
objective of the study is to demonstrate the viability of em-
ploying in-situ generated H, O, into the Fenton system for dye
decolorization, catalyst synthesis and optimization was not the
main focus of this work. Therefore, a commercial carbon fiber
paper was chosen as the cathode material instead. Further
optimization of the ORR catalyst, including active site engi-
neering and heteroatom incorporation, is one important aspect
where future studies could focus in order to enhance the sys-
tem’s overall productivity and efficiency.

The dye decolorization experiment was performed to fur-
ther evaluate the feasibility of using electrochemically gen-
erated H,O, for color removal. The successful decoloriza-
tion of both dye solutions suggests that the system has the
potential to be applied to real-world situations. However, it
is important to recognize that decolorization alone does not
necessarily indicate degradation. The disappearance of color
may also arise from changes in the dye structure or the for-
mation of colorless intermediates. Previous studies have al-
ready shown that the Fe?t/H,0, system can lead to signifi-
cant dye degradation due to the generation of highly reactive
-OH, which can attack the chromophore structures responsi-
ble for dye color!??3. Nevertheless, further characterization,
including total organic carbon (TOC), chemical oxygen de-
mand (COD), and high-performance liquid chromatography
(HPLC) would be needed to confirm whether complete miner-
alization has occurred. Therefore, the results presented by this
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Figure. 6 Control experiments for investigating the contribution of the Fenton reaction and hydroxyl radicals in dye decolorization. For each
condition, the left vial represents the initial dye solution before treatment, while the right vial represents the corresponding post-reaction dye
solution after treatment. The two dyes used are (a) Methyl orange and (b) Methylene blue. Groups 1-7 correspond to the following reaction
conditions: (1) dye + Fe2™ alone, (2) dye + H,O; alone, (3) dye + post-reaction electrolyte after H,O; is removed, (4) dye + H,O, + 0.1 M
H,S0y4, (5) dye + Fe?t + HyO; + 0.1 M HyS0y, (6) dye + Fe?T + HyO, + 0.1 M H,SOy4 + tert-butanol, (7) dye + Fe?>™ + Hy0, + 0.1 M

H;SOy in the dark.

study should be considered as evidence supporting the feasi-
bility of the electro-Fenton path for dye color removal, while
additional studies are needed to fully evaluate the extent of
mineralization.

Meanwhile, several limitations associated with the current
system should also be considered. First, a relatively high Fe?*
concentration was used in this study to achieve rapid Fenton
reactions. However, excessive Fe?t addition may increase the
iron sludge generation and post-treatment requirements 3.

Future studies will focus on optimizing the Fe>* dosage
to balance reaction efficiency and environmental sustainabil-
ity. Second, this study only evaluated the system using two
model dye solutions, which represents a simplified scenario

compared with real wastewater. Actual wastewater typically
contains a complex mixture of contaminants, such as heavy
metals, pharmaceuticals, and other organic pollutants, which
may interfere with the Fenton reaction and influence its overall
performance. Therefore, the results obtained from model dyes
may not fully reflect the behavior of the system under practical
conditions. In addition, the scalability of this electro-Fenton
system requires further investigation. Key factors, including
energy consumption, operational stability, and the ability to
achieve higher H,O, concentrations, remain to be optimized.
Consequently, future studies should focus on testing actual
wastewater matrices, lowering the cell voltage for higher en-
ergy utilization rate, and exploring other alternatives for the
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Figure. 7 EPR spin-trapping spectra of hydroxyl radicals in DMPO
with and without the addition of tert-butanol.

production of highly concentrated HyO,. These efforts would
help further improve the practicality and scalability of this ap-
proach.

So far, the anthraquinone process remains the mainstream
method for producing H>O; due to its mature technology
and large-scale applicability. However, this approach involves
multiple processing steps and the use of organic solvents, re-
sulting in increased costs and potential environmental con-
cerns >4 Electrochemical H,O, generation provides an al-
ternative pathway by enabling on-site and on-demand produc-
tion, reducing the need for centralized manufacturing, trans-
portation, and storage of highly concentrated H,0, 2928 This
feature not only improves the sustainability of H,O, utiliza-
tion but also reduces potential safety risks associated with its
handling and storage. Moreover, as demonstrated in this study,
combining electrochemical H,O; generation with the Fenton
reaction enables effective dye decolorization. Together, these
advantages suggest that electrochemical HO, production to-
gether with Fenton oxidation represents is a promising strat-
egy for developing more sustainable and decentralized water
treatment technologies in the future.

Methods

This study aims to investigate the possibility of integrating
the electrochemically generated H,O, with the Fenton sys-
tem for dye decolorization. Specifically, H,O, was generated
via the 2e~ ORR pathway using a customized flow cell un-

der varied current densities. The concentration of the H>O»
produced after 40 min was quantified using the FOX colori-
metric method?®. Absorbance measurements were obtained
using the UV-vis spectrophotometer, and the resulting FE and
corresponding H,O, concentration were then calculated ac-
cording to the maximum absorbance intensity. Subsequently,
dye decolorization experiments were conducted using methyl
orange and methylene as the two model dyes. The sample with
the highest FE was added to the solution and any color change
was observed. Finally, a series of control experiments and an
EPR spinning-trapping were performed to confirm the contri-
bution of the Fenton reaction and the role of hydroxyl radicals
during decolorization.

Electrochemical Production of H,O»

The electrochemical production of H,O, was conducted in a
custom-built flow cell reactor comprising a gas chamber, a
cathodic GDE (39BB carbon paper), a catholyte chamber, a
cation exchange membrane (Nafion 117), an anolyte chamber,
and an IrO,-loaded Ti plate anode. Both the catholyte and
anolyte chambers were supplied with 0.1 M H,SO4 and 0.1 M
K>SOy, circulated at a flow rate of 20 mL min~! using peri-
staltic pumps. Meanwhile, O, was continuously delivered to
the gas chamber at the rate of 40 sccm using a digital mass
flow controller. All potentials were referenced to SCE and
corrected for 90% of the ohmic drop. Chronopotentiometric
electrolysis was conducted under galvanostatic conditions at
constant currents ranging from 100 to 250 mA cm~2 for 2400
s. For each current density, the measurements were repeated
for 3 times, and its corresponding standard deviation and 95%
confidence interval were calculated.

Determination of H,O, Concentration

The H,O, concentration was determined using spectropho-
tometric analysis.  Specifically, a ferrous ion oxidation
xylenol orange (FOX) solution was prepared by dissolving
Fe(NHy)2(SO4)2 - 6H,0 (19.61 mg), D-sorbitol (3.644 mg),
and xylenol orange (XO) (14.33 mg) in deionized water (200
mL) added with ethanol (2 mL) and H,SO4 (98%, 272 uL).
D-sorbitol was intentionally included in the FOX reagent as
it enhances the sensitivity of the assay by increasing the ap-
parent molar absorptivity of the Fe>*-xylenol orange complex
formed during H,O5 quantification3°.

For spectrophotometric analysis, 50 uL of the electrolyte
was mixed with 10 mL of the freshly prepared xylenol
orange/Fe?* colorimetric solution. After standing for 15 min,
the absorbance at 550 nm was measured using a UV-vis spec-
trophotometer according to the calibration curve using a series
of standard H,O, solution. Its FE was calculated as follows:
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where n (= 2) is the number of electron transfer to form one
molecule of H,O», ¢ is the molar concentration of H,O, in the
electrolyte, V., is the volume of the catholyte, F (= 96485 C
mol 1) is the Faraday constant, and Q,, is the total charge
passed.

Dye decolorization experiments

Methylene blue and methyl orange were chosen as representa-
tive organic dyes for the decolorization experiments in a Fen-
ton system. In the experiment, a stock solution containing the
dye (100 ppm) and 6 mM FeSO4 was prepared, and its pH
value was adjusted to 3.0 using diluted H,SO4. Subsequently,
2 mL of the post-reaction electrolyte solution was added to 2
mL of the above-mentioned dye solution. After mixing, the
theoretical Fe>* concentration was halved to 3 mM due to the
dilution effect.

7 control experiments were conducted to verify the contri-
bution of the Fenton system. The reaction conditions are listed
as follows: (1) dye + 200 uL Fe** alone, (2) dye + 200 uL
H,0O, alone, (3) dye + 200 uL post-reaction electrolyte after
H,0, is removed, (4) dye + 200 uL. HyO, + 0.1 M H,SOq4,
(5) dye + 200 pL Fe>* + 200 uL H,0, + 0.1 M H,S0y4, (6)
dye + 200 uL Fe?* + 200 pL H,O, + 0.1 M H,SO4 + 200 uL
tert-butanol, (7) dye + 200 pL Fe?* + 200 uL H,O, + 0.1 M
H5;SOy4 in the dark.

EPR analysis was conducted using DMPO as spin-trapping
agents. Typically, 45 pL of a freshly prepared solution con-
taining 6 mM Fe2* and 65 mM of H,O, was transferred into
a 100 pL capillary tube and immediately mixed with 5 uL. of
1.0 M DMPO (for -OH detection). The tube was then placed
in the EPR resonant cavity for signal acquisition. Afterwards,
45 pL of solution containing 6 mM Fe?t, 65.4 mM of H,O,,
and 10 mM tert-butanol (-OH scavenger) was transferred into
a 100 pL capillary tube and mixed with 5 pL of 1.0 M DMPO.
The tube was again placed in the EPR resonant cavity for sig-
nal acquisition. All EPR spectra were recorded on a Bruker
E500-10/12 EPR spectrometer.
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