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This study evaluates the potential of magnetic biochar derived from rubber seed shells for the Rhodamine B
(RhB) removal using Fenton-like and electro-Fenton (E-Fenton) processes. The magnetic catalyst was
synthesized by pyrolyzing rubber seed shell and incorporating o-FeOOH via precipitation.
Characterization techniques, including XRD, SEM, EDX, and FTIR, confirmed successful integration of iron
into the biochar matrix, enhancing its catalytic efficiency. Under optimized conditions (pH 3, catalyst
dosage of 0.5 g L™%, H,O, concentration of 20 mM, initial RhB concentration of 100 mg L™, current of
150 mA, electrode distance of 2 cm, and contact time of 120 minutes), the ideal magnetic biochar
(RBCF12) exhibited a RhB degradation efficiency of 91.67%. Kinetic studies revealed that the degradation
followed a pseudo-first-order model. The degradation efficiency of RBCF12 remained over 60% after 6
consecutive runs, demonstrating its high stability and reusability for practical wastewater treatment

applications. This research highlights the efficiency of magnetic biochar as a cost-effective, sustainable
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Accepted 31st March 2025 material for advanced oxidation processes. Additionally, by leveraging both Fenton-like and E-Fenton

processes, it offers a robust and eco-friendly solution to address dye contamination in industrial

DOI: 10.1039/d5ra01265a effluents, contributing to the development of more sustainable and efficient wastewater treatment
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Introduction

The textile and garment industry is a cornerstone of Vietnam's
economy, with export turnover reaching $44 billion in 2022,
a 10% increase compared to 2021, making Vietnam one of the
top three global textile exporters with a market share of 4-5%.">
However, approximately 15 to 20% of dye residues are directly
released in the environment during the dyeing process.® As the
European Union enforces new sustainability strategies,
including requirements for recycling, reusability, and extended
product lifespans, the industry faces increasing demands to
adopt greener production methods.** A critical aspect of this
transition is addressing wastewater generated by textile
processes, which contain diverse pollutants, particularly dyes
such as Rhodamine B (RhB).*” RhB is widely used in textile
manufacturing, with a concentration in textile effluents of
about 150-3000 mg L™ .2 It poses significant environmental and
health risks, including water pollution, ecological toxicity, and
carcinogenic effects.>'® As a result, removal of RhB from textile
wastewater is of the utmost importance.
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Current wastewater treatment methods, including biological
degradation, adsorption, and flocculation, are often inadequate
as they transform pollutants to sludge and thus generate
secondary waste. Besides, these techniques might be inefficient,
complex, energy-consuming, difficult to operate, and expensive
to be applied in the practical."*> These limitations require the
development of more innovative and efficient methods for the
treatment of wastewater. Heterogeneous Fenton processes have
recently emerged as one of the most effective methods for dye
degradation, utilizing solid iron-based catalysts and hydrogen
peroxide (H,O,) to generate highly reactive hydroxyl radicals
('OH) (eqn (1)), which break down organic pollutants."***
However, H,0, depletion and slow Fe** regeneration (eqn (2))
significantly limit the continuous "OH generation in this
conventional Fenton process. To solve this problem, the electro-
Fenton (e-Fenton) was developed, which employs the electro-
catalytic oxygen reduction reaction (ORR) to H,0, (eqn (3))
followed by the transformation of the newly generated H,O, to
"OH by Fe*", therefore continuously generating ‘OH.** More
importantly, Fe®" can also be regenerated continuously at the
cathode, thus enabling the continuous generation of "OH (eqn
(4)). As a result, the E-Fenton process not only accelerates the
organic pollutant degradation but also reduces sludge forma-
tion and extends the pH range for effective operation.'®”

Fe’* + H,0, —» Fe** + OH™ + "OH (1)
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Fe’* + H,0, —» Fe** + HO," + H* (2)
Oz + 2H+ +2e — H202 (3)
Fe'" +e” — Fe** (4)

As previously mentioned, the e-Fenton process is signifi-
cantly influenced by the rate of H,0, formation.'®" In this
manner, noble-metal-based catalysts have exhibited
outstanding ORR catalytic activity and high H,0, selectivity, but
their high cost and limited availability have made it difficult to
use them in wastewater treatment.>®** Recently, carbon mate-
rials have attracted a lot of interest in the H,O, producing
process thanks to their high potential for hydrogen evolution,
low catalytic activity in H,O, decomposition, high conductivity
and stability, as well as their abundance, environmental
friendliness, low cost and easy fabrication.”»* Among them,
biochar, which is derived from renewable biomass such as
agricultural residues, serves as an economical and eco-friendly
substrate for Fenton catalysts due to its high porosity and
abundance of surface functional groups.****

Among the abundant agricultural residues in Vietnam,
rubber seed shells offer a renewable and cost-effective biomass
source for the synthesis of biochar and activated carbon. Their
high porosity and surface functional groups make them an ideal
substrate for iron oxide modification, enabling efficient cata-
lytic activity in the Fenton-like and E-Fenton processes. In this
study, rubber seed shells were employed to synthesize biochar
modified with iron oxides. This material was employed as
a heterogeneous catalyst in the Fenton-like and E-Fenton
processes for the degradation of RhB. The study investigates
the effects of different operational parameters, such as pH,
catalyst dosage, and H,0, concentration on the RhB degrada-
tion efficiency. Kinetic and thermodynamic analyses were also
performed to provide insights into the degradation mechanism,
presenting an efficient and sustainable approach for textile
wastewater treatment.

Experimental section
Materials and chemicals

Rubber seed shells were sourced from rubber plantations in
Ben Cat City, Binh Duong Province, Vietham. Rhodamine B
(C,8H3,CIN,03, =95%) was obtained from Amresco, China.
Iron(m) nitrate nonahydrate (Fe(NO;);-9H,0) was provided by
Sigma-Aldrich. Hydrogen peroxide (H,O,, 30%), H,SO, and
NaOH was purchased from Chemsol Chemical Company, Viet-
nam. Deionized water was employed during all of the experi-
mental procedures. All reagents were used as supplied.

Fabrication and characterization of magnetic biochar derived
from rubber seed shells

Rubber seed shells were collected, thoroughly washed, and
dried. The dried shells were then pulverized and subjected to
anaerobic pyrolysis at 500 °C for 2 hours. After cooling to room
temperature, the resulting rubber-seed-shell biochar (RBC) was
sieved through a 0.2 mm mesh. Iron-oxide-loaded biochar
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Table 1 RBCF materials and their corresponding composition

RBCF RBC/Fe(NOs);-9H,0 RBC  Fe(NO,);-9H,0
materials ratio (2 ]
RBC — 5 —
RBCF21 2:1 10 5
RBCF11 1:1 5 5
RBCF12 1:2 5 10

catalyst (RBCF) was prepared via co-precipitation method using
Fe(NO3);-9H,O0 as the iron precursor. Initially, 5 g of RBC was
dispersed in 200 mL of deionized water and the mixture was
stirred vigorously for 30 minutes. Subsequently, 10 g of
Fe(NO;);-9H,0 was added, which was then stirred continuously
for 2 hours. To regulate the pH and avoid the formation of
Fe(OH);, 1.0 M NaOH solution was added dropwise until pH 12.
The mixture was then heated at 60 °C for 12 hours to facilitate
the iron deposition on the biochar. After the reaction, the RBCF
material was thoroughly rinsed three to four times with deion-
ized water until pH 7. Finally, the material was dried at 60 °C for
24 hours. The preparation process and parameters, adapted
from previous studies,”*?* ensured optimal conditions for
preparing the magnetic biochar catalyst with enhanced catalytic
properties. The names of corresponding RBCF materials are
summarized in Table 1.

The structure and morphology of the RBCF catalysts were
examined using Bruker D6 Advance X-ray Diffractometer (XRD)
with Cu Ko irradiation (40 kv, 40 mA) from 10 to 70°, and Hitachi
S-4800 field emission scanning electron microscope (FESEM)
equipped with X-ray energy dispersive spectroscopy (EDS).
Surface properties of the catalysts were investigated using Agilent
Cary 630 Fourier transform infrared spectrometer (FTIR) in the

range of 650-4000 cm ™",

Degradation of Rhodamine B

The degradation of Rhodamine B (RhB) was studied using either
batch Electro-Fenton or heterogeneous Fenton process to opti-
mize operational parameters for maximum RhB removal effi-
ciency. The experiment was set up as described in our previous
publication, including a 600 mL cylindrical glass reactor equipped
with a TES 6102 DC power supply, a dimensionally stable anode
(DSA) connected to positive terminal, and a titanium cathode
(8 cm x 3 cm) connected to the negative terminal.> The elec-
trodes, spaced 2 cm apart, allowed for adjustable current from 0 to
5 A, were monitored using an ammeter. The catalyst and 100 mL
of 100 mg per L RhB solution were mixed and agitated with
a magnetic stirrer to ensure homogeneity during the reaction.
Both Electro-Fenton and heterogeneous Fenton processes
investigated by systematically varying parameters,
including pH from 2 to 9, catalyst dose from 0.5 to 2.5 g L™,
hydrogen peroxide concentration from 10 to 30 mM, and initial
RhB concentration from 50 to 1000 mg L. For the e-Fenton
process, electrode distance and electric current were addition-
ally varied from 1 to 4 cm and from 50 to 200 mA, respectively.
The reaction mixture shaken at 200 rpm for

were

was
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a predetermined time under specific conditions. Following the
reaction, the mixture was filtered through a 0.45 um micro-
filtration membrane to separate solids from the liquid phase
before analysis.

The RhB concentration in the filtrate was analyzed using
a Hitachi U-2910 UV-Vis Double-Beam Spectrophotometer at
552 nm (maximum absorption wavelength). The final RhB
concentrations were calculated from the standard curve equa-
tion based on the correlation between RhB concentration and
optical absorbance. The RhB removal efficiency (H%) was
calculated by eqn (5). Control experiments were performed
without the catalyst to establish a baseline for comparison. To
evaluate the post-reaction properties of the catalyst, solids
retained on the filter paper were dried at 105 °C for 24 hours
before further analysis. All of the experiments were conducted
three times. After triplicated experiments, the standard devia-
tions were calculated and used for error bars.

0

H% = (1 - %) x 100 (5)

with H% being the RhB removal efficiency (%), C, being the
initial RhB concentration (mg L"), and C, being the RhB
concentration (mg L™1).

Degradation kinetics and mechanism

The degradation rate constant was calculated using the values
obtained by fitting the linear part of the kinetic curve in the first
30 minutes to the pseudo-first-order kinetic model with a high
correlation coefficient (R*), as shown in eqn (6).*

C, = Coe ™ (6)

with C, being the RhB concentration, C, being the initial RhB
concentration, k being the initial degradation rate constant, and
t being the time.

Results and discussion
Characterizations of catalysts

As observed in the FTIR spectra of three iron-oxide-loaded
biochar (Fig. 1a), all of the RBCF samples exhibit the absorp-
tion bands of biochar. Specifically, the absorption bands at
around 3455 cm ™" and 1400 cm ™" can be attributed to the ~OH
stretching vibration and C-O-H deformation vibration,
respectively, which belong to abundant oxygen-containing
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Fig. 1 (a) FT-IR spectra and (b) XRD pattern of RBCF samples before
and after Fenton process.
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functional groups on the biochar surface.** Meanwhile, the
absorption peak at 1560 cm™ " can be accredited to the aromatic
C-C stretching vibration, which was due to the high carbon
content of the biochar.*"** In addition, the appearance of the a-
FeOOH phase was confirmed by the absorption bands from
900 cm ™ to 600 cm ', which was assigned to the Fe-O and Fe-
OH bending vibrations. Particularly, the characteristic bands of
Fe-O-OH bending vibration in a-FeOOH can be observed at
840 cm ™' and 910 cm™ ', whereas Fe-O stretching vibrations of
goethite lattice can be recognized at 674 cm ™' and 431 cm ™ *,3*%*
and the Fe-O stretching vibration of Fe;O, can be found at
585 cm 1.

In the XRD diagrams (Fig. 1b), the (002) plane of amorphous
carbon from biomass-derived biochar can be observed at the
broad peak of 21.56°.3%” Besides, the (110), (130), (111), (140)
and (221) characteristic planes of a-FeOOH can be found at 26
of 34.02, 35.38, 37.46, 54.57, and 63.94°, respectively.?**°

In the SEM image of RBC samples (Fig. 2a), the smooth and
large surface of carbon can be observed.* In the RBCF12
sample, iron particles are found to be densely attached to the
carbon surface (Fig. 2¢),">** confirming the successful prepara-
tion of RBCF materials. After the e-Fenton process (Fig. 2d),
there was a decrease in the density of iron on the RBCF12
surface, as the iron particles participated in the Fenton process
and may be leached from the materials.***

As presented in Table 2, the EDX results verify the presence
of C, O, Na and Fe in the RBCF12 before the e-Fenton process.
Fe was successfully doped onto the RBC material, making up
around 4% of the mass of the RBCF12 material, whereas C and
O were present in the original RBC and Na was from NaOH
present during the preparation process. The iron content
dropped following the e-Fenton process, indicating that Fe**
was leaching from the RBCF12 catalyst.

Effect of pH. pH is one of the parameters that strongly
influence the Fenton processes, not only the degradation effi-
ciency but also the degradation rate. As observed in Fig. 3a, after
120 minutes at pH 2, the Fenton-like efficiencies of RBCF21,
RBCF11, and RBCF12 were 64.0, 74.0, and 88.0%, respectively,

Fig.2 SEM images of RBC (a) before and (b) after Fenton process; and
RBCF12 (c) before and (d) after e-Fenton process.
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Table 2 RBCF12 materials and their corresponding composition
during the e-Fenton test

Mass%
Element Before e-Fenton process After e-Fenton process
C 88.52 £ 1.42 89.36 £ 1.15
O 6.12 = 1.00 10.42 £ 1.08
Na 0.15 £ 0.14 ND
Si 0.43 £ 0.23 0.22 £ 0.14
Fe 4.78 £ 2.89 ND
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Fig. 3 The effect of different parameters on the Fenton-like and
electro-Fenton degradation of RhB: (a) pH of 2-9 (Co = 100 mg L%,
dose=05g L%, time = 120 min, H,0, = 20 mM) (b) catalyst dose of
0.25-25g L1 (Co =100 mg L™, pH = 3, time = 120 min, H,0, = 20
mM) (c) H,O, of 10-30 mM (Co =100 mg L™, pH =3, dose =0.5g L%,
time = 120 min) (d) RhB initial concentration Cy of 50-1000 g mL™*
(pH =3,dose =05¢g L%, time = 120 min, H,O, = 20 mM) (e) elec-
trode distance of 1-4 cm (Co =100 mg L™, pH = 3, dose = 05g L%,
H>0O, = 20 mM, electric current = 150 mA, time = 120 min) (f) electric
current of 50-200 mA (Co = 100 mg L™, pH = 3, dose = 0.5 g L%,
H>,O, = 20 mM, electrode distance = 2 cm, time = 120 min).Factors
influencing Fenton-like process for Rhodamine B degradation

which was slightly increased to 93.7% in the electrochemical
Fenton process. At pH 3, these values decreased to 60.7, 66.3,
81.0 and 88.7%, respectively. At higher pH such as 5, 7 or 9, the
RhB degradation efficiency decreased gradually, to approxi-
mately 30-60%. It can be explained that, as pH increases to
above 4, the degradation efficiency decreases owing to the
precipitation of iron hydroxide as well as the reduction of the
oxidation potential of "OH radicals.** Therefore, it is concluded
that the experiment should not be carried out at elevated pH
(>3.0).** Additionally, in this study, although the highest
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Fenton-like and e-Fenton efficiency values of RBCF12 were
achieved at pH 2, it was not significantly better than at pH 3, but
more chemicals were utilized for pH adjustment. For this
reason, pH 3 was selected as the optimized pH condition in the
following experiments, which was similar to other previous
publications.>*3%>

Effect of catalyst dose. As presented in Fig. 3b, increasing the
RBCF catalyst amount from 0.5 to 2.5 ¢ L~ " did not have a clear
effect on the Fenton-like or e-Fenton degradation of RhB.
Specifically, when the catalyst dose increased from 0.5 to 2.0 g
L', the degradation efficiency gradually increased from 65.7,
73.3, 78.0 and 90.3% to 78.7, 80.7, 86.0 and 100.2% for RBCF21,
RBCF11, RBCF12, and e-RBCF12, respectively. However, as the
catalyst amount reached 2.5 g L', the degradation efficiency
decreased slightly, to 78.7, 80.7, 86.0 and 99.7%, respectively. It
can be explained that the increase of iron concentration present
in RBCF catalysts could accelerate the H,0, decomposition and
increase the "OH radical production. Moreover, the RhB
amount that can be adsorbed on the catalyst surface also
increased as the catalyst amount increased. This phenomenon
can be elucidated using the homogeneous Fenton mecha-
nism,***” and will be discussed in detail in the proposed
degradation mechanism section afterwards. When the catalyst
dose increases, the degradation efficiency will increase thanks
to the increase in the "OH radical concentration in the solution
(eqn (7)-(9))-** However, if the catalyst dose is too high, the
degradation efficiency will drop as the excess catalyst will use up
the "OH radical (eqn (10) and (11)).

Fe’* + H,0, — Fe(OOH)** + H' 7)
Fe(OOH)** — Fe** + 'O,H (8)
Fe’* + H,0, —» Fe’* + OH™ + "OH (9)
Fe'* + 'O,H - Fe*" + H' + O, (10)
Fe’* + "OH — Fe** + OH~™ (11)

Effect of H,0, concentration. The ratio between Fe and H,O,
is also an crucial factor that greatly affects electrochemical
Fenton process.** As observed in Fig. 3c, when the H,O,
concentration increased from 10 mM to 30 mM, the RhB
degradation using Fenton-like RBCF21, RBCF11, RBCF12 and e-
Fenton RBCF12 increased from 66.7, 59.7, 68.3 and 75.3% to
65.3, 80.7,93.7 and 99.3%, respectively. Since H,O, is the source
of "OH generation, as the H,0, concentration increases, more
'OH radicals can be generated from the reaction between H,O,
and Fe(u).* However, as H,0, concentration increased from 20
to 30 nM, the degradation efficiency did not change signifi-
cantly, as "OH radicals can react with the excess H,O, generate
the superoxide radical ("O,H) by-product (eqn (12)), which
possesses lower reactivity compared to the "OH radicals owing
to their lower oxidizing capacity. Additionally, the excess H,O,
cannot be degraded to "OH efficiently due to their limited active
sites. As a result, a too high H,0, concentration can negate the
RhB degradation. For this reason, in order to minimize the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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amount of H,0, but maximize the RhB degradation efficiency,
20 mM H,0, was employed for the next experiment.

HzOz + ‘'OH — 'OzH + HzO (12)

Effect of RhB initial concentration. As illustrated in Fig. 3d,
higher RhB initial concentration led to lower degradation effi-
ciency. The RhB degradation efficiency was very high at the RhB
concentration of 50 mg L™, being 75.3, 83.0, 94.3 and 95.3% for
RBCF21, RBCF11, RBCF12 and e-RBCF12, respectively. When
the concentration increased from 50 to 1000 mg L', the
decomposition efficiency decreased sharply, possibly because
increasing RhB can occupy more active sites on the catalyst
surface. Therefore, the initial RhB concentration of 100 mg L™"
was chosen as a suitable concentration for future investigations.

Effect of electrode distance. In the e-Fenton-based processes,
the distance between the electrodes is an important factor as it
affects the energy consumption as well as the potential of the
system.*® As observed in Fig. 3e, when the electrode distance
varied from 1, 2, 3, and 4 cm, the degradation efficiency first
increased from 90% to 99.2%, then decreased slightly from
99.2% to 86.67% and 85.7%, respectively. Generally, reducing
the electrode distance can lead to a greater current flow and
a lower resistance between the electrodes, as well as shorter
passing time of the ions contributing to the e-Fenton process,
thus reducing the decomposition efficiency.”® Furthermore,
Fe** ions that contribute to the process can be regenerated from
Fe** ions due to the effect of electric current on the cathode.
There are two factors affecting this process, including the mass
transfer of Fe*" across the interface between the solution and
the cathode, as well as the electron transfer between Fe*" and
the cathode. The longer the distance between the electrodes, the
harder the Fe®* mass transfer,” thus hindering the catalyst
regeneration and reducing the process efficiency. The electrode
distance of 1 cm was an exception, with a relatively poor
degradation efficiency. This can be explained that very short
distance between the electrodes may promote electrode
passivation reduce the oxidation capacity of the system, which
may consequently hinder the redox process.”® As a result, an
electrode distance of 2 cm is the optimized value to achieve high
decomposition efficiency. It can also help bring down the
operation costs, as increasing the electrode distance signifi-
cantly increases energy consumption.>

Effect of electric current. In the e-Fenton-based processes,
the electric current supplies the necessary energy to facilitate
the formation of H,0, and the subsequent generation of ‘OH
(eqn (1) and (3)).** As observed in Fig. 3f, as the effect of applied
current varied from 50, 100, 150, and 200 mA, the degradation
efficiency increased marginally from 76%, 82%, 90%, and
99.3%, respectively. This can be explained that the increased
current density can enhance charge distribution over the
cathode, resulting in high "OH amount which are very reactive
species in the RhB degradation. Increased electric current can
also lead to better regeneration of Fe®" ions as mentioned
earlier, therefore the degradation efficiency can be further
improved. 200 mA yielded the best degradation efficiency;

© 2025 The Author(s). Published by the Royal Society of Chemistry
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however, upon comparing to that of the electric current of 150
mA, they did not differ significantly (99.3% and 90%, respec-
tively). On the other hand, as the electric current increased,
there may be some side reactions that lead to the unnecessary
production of peroxyl radicals ("O,H) from "OH radicals (eqn
(12) and (13)). In addition, the H,O, reduction on the surface of
the cathode (eqn (14)) as well as the reduction of four electrons
(eqn (15)) may happen, resulted in the deterioration of the
process. Consequently, for high efficiency and low operating
cost, the RhB degradation would be conducted at 150 mA.

‘OH + "O,H — H,O0 + O, (13)
H,0, + 2H* + 2¢~ — H,O (14)
0, + 4H" + 4e~ — 2H,0 (15)

The catalyst reusability was investigated over 6 cycles under
optimal conditions. After each experiment, the catalyst was
filtered and washed several times with distilled water using
a vacuum cleaner. As observed in Fig. 4, the degradation effi-
ciency was 91.67% in the first run, 88.67% in the second run,
and then dropped gradually to 61.67% by the 6th run, with
a loss of about 30% compared to the original degradation effi-
ciency. There are two reasons for this result. First, as RhB is
adsorbed on the catalyst surface, it cannot be completely
washed away with distilled water. Second, the iron content in
the catalyst decreased after each experimental cycle, leading to
reduced degradation capability. These results indicate that the
catalyst has good stability and reusability for the efficient
treatment of RhB and other pollutants.

Fig. 5 presents the amount of sludge generated in the
Fenton-like and e-Fenton processes. Compared to the Fenton-
like process, the iron sludge formation was reduced in electro-
Fenton process. This is because of the continuous Fe*" reduc-
tion to Fe*" on the cathode surface (eqn (4)), which could
prevent the Fe(OH); sludge formation from the dissolved Fe**
ions in the solution.***

100

91.67
T 88.67
81.33
e
801 E 74,33
ks 69.67
d
61.67
S I
60 T
Pl
<9
=
2
2
= 404
=
204
0 T T T T T T
1 2 3 4 5 6
Cycle

Fig. 4 Recyclability of e-RBCF12 catalyst in the electro-Fenton
process for RhB removal efficiency (Co = 100 mg L™, pH = 3, dose =
05 g L™ H,0, = 20 mM, electric current = 150 mA, electrode
distance = 2 cm, time = 120 min).
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Fig.5 Sludge formation in the Fenton and electro-Fenton process for
RhB removal.

In comparison to some iron-doped catalysts reported in
previous studies, the e-Fenton activity of the RBCF12 catalyst
exhibited commendable RhB degradation efficiency (Table 3).
Although its degradation efficiency was slightly lower, RBCF12
remains a competitive option, particularly considering the cost-
effectiveness and the eco-friendliness of using rubber seed
shells as a biochar source. Additionally, the magnetic properties
of the catalyst, attributed to the incorporation of o-FeOOH,
facilitate its easy recovery using an external magnetic field,
minimizing material loss during the recycling process, which is
a huge advantage compared to the traditional recovery process
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such as filtration or centrifugation. This highlights the potential
of RBCF12 for effective RhB degradation, offering a balance
between e-Fenton performance and ecological benefits.

Degradation kinetics

As demonstrated in Table 4, the initial degradation rate
constant of RBCF12 is generally higher than that of RBCF21 and
RBCF11 at similar operating parameters. This observation
indicates that RBCF12 possesses a more rapid and superior
degradation capability compared to the other two catalysts. The
differences in degradation rates among these samples can be
attributed to the amount of iron in their composition, as higher
Fe*" content can ameliorate their catalytic activity and degra-
dation efficiency.

Similarly, the initial degradation rate constant of the electro-
Fenton process is also superior compared to the Fenton-like
process, which signifies that the e-Fenton process is inher-
ently more efficient. The enhanced performance of the e-Fenton
process can be attributed to the continuous in situ generation of
reactive oxygen species, such as hydroxyl radicals, which
significantly accelerate the degradation of pollutants.

Moreover, the initial degradation rate increases with the
increase of H,0, concentration and the decrease of RhB
concentration. Higher concentrations of hydrogen peroxide
lead to a greater availability of reactive species, thus enhancing
the degradation rate. Conversely, lower pollutant concentra-
tions reduce the competition for reactive sites and allow for
more efficient degradation kinetics.

Table 3 Comparison of RhB degradation by Fenton-like and electro-Fenton using different iron-doped biochar catalysts

Catalyst e-Fenton parameters

Degradation efficiency Ref.

Fe powder

750 mL of 10 mg per L RhB, pH 3,

98% 60

electrode distance 4 cm, applied
voltage 8 V, and contact time 180

minutes
Fe-SBA-15

750 mL of 10 mg per L RhB, pH 2,

97.7% 61

0.015 g L™ catalyst, electrode
distance 3 cm, applied voltage 8 V,
and contact time 180 minutes

Stainless steel (ORR cathode)

5 mg per L RhB, pH 2, 0.5 mM Fe**

97.4% 62

catalyst, —5 mA HER current,

—400 mV ORR potential, and

contact time 120 minutes
FeCl; (Bubble column reactor)

50 mg per L RhB, pH 3, 0.005 g L "

98% 63

catalyst, electrode distance 1.75 cm,
applied voltage 3.5 V, and contact

time 8 h
MnFe,0,-GO

1000 mL of 10 ppm RhB solution,

97.51% 64

pH 3, 0.02 g L™ catalyst, electrode
distance 1 cm, applied voltage 3 V,

and contact time 60 minutes
500 mL of 100 mg per L RhB
solution, pH 3, 20 mM H,0,,

RBCF12

91.67% This research

0.5 g L™ " catalyst, electrode distance
2 cm, electric current 150 mA, and

contact time 120 minutes
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Table 4 Degradation efficiency (at 120 minutes) and Initial degradation rate constant (at 30 minutes) of RhB degradation by Fenton-like and

electro-Fenton using RBCF catalysts

Initial degradation rate

[RhB] [H,0,] Degradation efficiency Initial degradation rate constant Degradation efficiency ~ constant (mg L™"s™")
Sample (mgL™') (mM) (%) (Fenton-like) (mg L™' s7") x 107° (Fenton-like) (%) (electro-Fenton) (electro-Fenton)
RBCF21 50 20 74.7 19.8 n/a n/a
100 10 65.7 18.4
100 15 66.7 15.3
100 20 68.0 17.5
100 25 67.0 10.7
100 30 65.0 13.8
150 20 58.3 7.7
200 20 52.0 10.1
250 20 44.7 9.9
500 20 27.3 3.2
1000 20 21.3 2.5
RBCF11 50 20 83.0 47.4 n/a n/a
100 10 60.0 13.3
100 15 65.0 16.6
100 20 73.7 21.4
100 25 75.3 29.9
100 30 80.7 28.1
150 20 62.3 6.3
200 20 56.3 11.7
250 20 51.0 10.8
500 20 31.7 4.3
1000 20 26.0 3.6
RBCF12 50 20 94.3 33.7 95.3 67.8
100 10 67.7 13.8 75.3 22.3
100 15 80.0 24.1 81.0 24.5
100 20 85.7 28.3 90.3 38.1
100 25 85.0 35.7 96.3 45.1
100 30 93.0 48.4 99.3 36.5
150 20 71.7 20.4 77.33 13.0
200 20 61.3 19.4 63.0 9.8
250 20 57.3 15.6 57.0 8.8
500 20 32.7 11.2 40.3 7.3
1000 20 25.3 10.3 34.7 7.2

Proposed degradation mechanism

The heterogeneous e-Fenton process is a sophisticated oxida-
tion technique that employs solid catalysts to enhance pollutant
removal through the fixation of metal ions. This process can be
divided into two primary methods: the homogeneous electro-
Fenton process, which relies on dissolved metal ions, and the
heterogeneous electro-Fenton process, which depends on
reactions occurring at the surface of the catalyst.”®* In the
homogeneous electro-Fenton process, optimal performance is
observed at pH values of approximately 3, where the dissolved
metal ions are essential for the generation of the reactive radi-
cals. On the other hand, the heterogeneous electro-Fenton
process operates efficiently across a wide pH range, as the
generation of radicals takes place directly on the surface of the
catalyst.

The leaching of iron from the catalysts is a critical aspect of
these processes. In the case of goethite, the radical process
begins with the formation of a precursor surface complex that
incorporates hydrogen peroxide (eqn (16)), followed by
a reversible electron transfer reaction that results in the

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

creation of excited state ligands (eqn (17)). The generation of the
hydroperoxyl radicals and ferrous ions in this excited state
deactivate it and make it unstable (eqn (18)). Subsequent reac-
tions involve either hydrogen peroxide or oxygen interacting
with the ferrous ions produced earlier (eqn (19) and (20)).
However, the reaction between surface ferrous ions and oxygen
is generally slow and can often be disregarded. The decompo-
sition of hydroperoxyl radicals to yield oxygen radicals is a key
step in the process (eqn (21)). Additionally, interactions
between hydroperoxyl and hydroxyl radicals with surface
ferrous and ferric ions (eqn (22) and (23)), as well as hydrogen
peroxide, further contribute to the overall reaction dynamics
(eqn (24) and (25)). Ultimately, these radical species can
terminate their interactions (eqn (26) and (27)), leading to the
completion of the reaction cycle. The heterogeneous e-Fenton
process is particularly effective under acidic conditions, espe-
cially in the context of the first pollutant removal method, as
shown in Fig. 6. This understanding of the mechanisms at play
in the heterogeneous e-Fenton process highlights its potential
for efficient pollutant degradation in various environmental
applications.
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Fig. 6 RhB degradation mechanism of catalyst in electro Fenton process.

=Fe™-OH + H,0, < (H,0,)s (16)

(H,0,)s = =Fe'0,’H + H,O (17)

=Fe""0,’H < =Fe"' + HOy (18)

=Fe" + H,0, » =Fe'"-0OH + HO + H,0 (19)

=Fe" + 0, —» =Fe'"-0OH + HO, (20)

HO," <+ H' + 0, (21)

=Fe'""-OH + HO,' /0, — =Fe" + H,O/OH™ + 0, (22)

HO + =Fe" — =Fe'"-OH (23)

HO + =Fe"" - =Fe"-OH + H,0 + HO,' (24)
(H,0,)s + HO,'/O,'~ — =Fe'—OH + HO + O,

+ H,O/OH™~ (25)

HO," + HOy' — (H20y)s + O, (26)

HO + HO,/0,"~ — H,0 + O, (27)

Although RBCF12 exhibited good e-Fenton activity, there are
still some drawbacks for this process to be applied in practical
applications. The Fenton-like process faces challenges such as
the requirement for acidic conditions (pH ~ 3), the scalability of
catalyst preparation process, including the carbonization of the
biomass or biowaste materials together with the incorporation

N334 | RSC Adv, 2025, 15, 1327-11336

of a-FeOOH, recovery ability and stability of the catalyst, and the
complexity of industrial wastewater that may interfere with the
e-Fenton process. Future researches will investigate the ability
of biochar as a support material and pH stabilizer, or the ability
of biochar porous structure in the e-Fenton process coupled
with the adsorption process for complicated wastewater system.
Different types of biochar will be explored for more sustainable
and cost-effective precursors, and long-term stability of the
catalysts will be examined to enhance real-world applicability of
this process.

Conclusion

In this research, RBCF materials were successfully fabricated
from biochar made of rubber seed shell and Fe(NOj3);-9H,O0.
The introduction of iron into the RBC materials was verified by
XRD, FTIR, SEM, and EDX with good consistency. RBCF12 with
4.78% Fe exhibited high electrochemical Fenton degradation
activity, with the maximum removal percentage of approxi-
mately 91.67% at the optimized parameters (500 mL solution of
100 mg per L RhB, pH 3, 20 mM H,0,, catalyst dose of 0.5 g L7,
electrode distance of 2 cm, electric current of 150 mA, and
contact time of 120 minutes). The kinetic studies revealed that
the RhB degradation process follows a pseudo-first-order model
with the high correlation coefficient under different experi-
mental conditions. Results indicated that the initial degrada-
tion rate increased as H,O, concentration increased and RhB
concentration decreased. Additionally, the RBCF12 catalyst can
be utilized for 6 cycles with negligible loss of catalytic activity,
suggesting the potential of iron-doped biochar as the catalyst in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the electrochemical Fenton degradation of RhB and other
pollutants in wastewater. Future researches will focus on
enhancing different aspects of this e-Fenton catalytic system,
making it more plausible for real-world application.
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