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The development of a bimetallic Fenton-type catalyst with desirable activity and reusability remains a major
challenge for the practical degradation of organic pollutants. Herein, we focused on modifying almond shell
hydrochar with a Fe/Cu bimetal (Fe/Cu-HC) to develop a catalyst capable of activating H,O» for degrading MO.
The bimetallic Fe/Cu-HC catalyst was synthesized through hydrothermal carbonization and pyrolysis and
characterized using SEM, FTIR, BET analysis, and XRD to confirm the presence and uniform dispersion of Cu and
Fe co-doped species on HC. The impact of various factors, such as the solution pH (X;), organic pollutant con-
centration (X3) and catalyst mass (X3), on dye degradation efficiency via heterogeneous Fenton oxidation, was
examined using the BBD model coupled with Surface response methodology (RSM). The Fe/Cu-HC catalyst
showed superior performance in degrading MO dye compared to single-metal catalysts (Cu-HC, Fe-HC), due to
the synergistic interaction between Fe and Cu species. To demonstrate the heterogeneous Fenton catalytic per-
formance of the synthesized FeCu/HC, the results showed that 98.97 % of methyl orange was eliminated under
optimal conditions: 100 mg. 1 of methyl orange, a duration of 1 h, a catalyst mass of 1.65 g. 1", a pH of 6, and a
concentration of 4 mM H30,. In addition, the Fe/Cu-HC catalyst showed excellent stability over multiple cycles,
with minimal metal leaching. These results indicate that Fe/Cu-HC is a promising catalyst for the degradation of
methyl orange and pave the way for the development of other cost-effective and efficient bimetallic catalysts for
environmental remediation.

1. Introduction

Today, water pollution is considered as a big problem, affecting the
lives of individuals and the economic development of countries (Fu
et al., 2021). Among these, wastewater from the textile industry poses a
major challenge for environmental protection because of its complex
composition, strong coloration, extreme toxicity and persistence (Shi
et al., 2018). Methyl orange (MO) is frequently used in the textile,
cosmetics, and paint industries. However, due to its anionic nature and
membership of the azo group (N = N), it is potentially hazardous to the
aquatic environment (Peerakiatkhajohn et al., 2021). Frequently it is
used in the wastewater treatment processes as adsorption, coagulation-
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flocculation and advanced oxidation processes (AOP) (Adachi et al.,
2023); (Adachi, 2023) ; (Khan, 2023) . In contrast to conventional water
treatment methods, AOP process have been identified as a promising
and efficient technology for breaking down harmful contaminants (El
Ouadrhiri, May 2023), AOPs based on OH' radicals are considered as a
reliable approach for the degradation of methyl orange (MO), given
their higher oxidation potential E° = 2.80 V) (Wang et al., 2020).
Accordingly, it is possible to activate hydrogen peroxide H2O3, using
ultrasound (Rahdar et al., 2019), ultraviolet (Santos et al., 2020), heat
treatments (Mirdamadi et al., 2022), and transition metal-based mate-
rials (Lousada et al., 2012). It was found that transition metals, such as
Cu, Fe, and Co exhibited higher efficiency in the activation of hydrogen
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peroxide which makes them a subject of numerous research. In fact, iron
and copper have attracted greater importance for ecological and eco-
nomic reasons (Song et al., 2021); (Ding, 2020) . But in terms of effi-
ciency, single metal oxides exhibited less efficiency compared with
bimetal oxides, in particular iron/copper dioxide. Those later have a
significantly higher activation efficiency (Xie, 2023); (Binh et al., 2020) .
With regard to the standard redox potential comparison between copper
and iron, copper can promote valence cycling and electron exchange,
consequently enhancing the activation capacity of the heterogeneous
Fenton catalyst (Tang and Wang, 2020). Moreover, Zhenlu Li et al.
demonstrated that 99 % of methylene blue (MB) was eliminated by the
catalyst Cu/CuFez04 (Li et al., 2018), which was significantly superior
to that of Cu/ZrO; (92 %) and Fe;O3 (90 %) (Hussain et al., 2022);
(Baldrian, 2006) . These Fenton catalysts were characterized by heavy
metal leaching and they require very acidic pH operating conditions,
resulting in secondary pollution during the water treatment process
(Duan, 2020). To overcome this challenge, other approaches consists on
the to use carbonaceous materials as supports to prevent metal leaching
and neutralize the pH of the solution, such as graphene (Duan et al.,
2016), carbon nanotubes (Li et al., 2020), biochar (Babar, 2022) and
hydrochar (Wang et al., 2020). Compared with carbon-based materials,
hydrochar (HC) possesses rich surface functional groups, a low cost, eco-
friendly, porous, recyclable structure (Genli et al., 2022). As a result,
hydrochar (HC) produced by the hydrothermal carbonization (HTC)
method from various biomass presents a diverse range of catalytic
properties (Roman et al., 2021). A hydrochar modified with transition
metals was used to produce a solid catalyst, aiming to improve their
catalytic efficiency in the heterogeneous Fenton process (Li, 2022).
Huang et al. prepared a solid catalyst CuFe204@BC based on eucalyptus
sawdust and reported a malachite green degradation efficiency of up to
98.9 % (Huang, 2021). To date, the catalytic performance of almond
shell hydrochar modified with Fe/Cu bimetallic oxides has been seldom
reported, and its enhanced efficiency in the presence of HyO5 remains
undetermined (Ledesma et al., 2018). In this study, we produced a
hydrochar (support) derived from almond shells (AS) and co-doped with
iron and copper using the hydrothermal carbonization (HTC) method.
This material was designed to activate hydrogen peroxide (H20) to
degrade various organic pollutants. The main objective of this research
is to determine the efficiency and mechanisms of this catalyst under
optimal conditions, to better understand its potential for environmental
remediation applications. AS has been widely generated throughout the
world. According to data from the International Nut Foundation,
almond shell production for the 2017-2018 season increased to around
1.2 million tons (Queirds, 2019). Almond shells, classified as solid waste
containing some cellulose, lignin, silica and carbohydrates, found in
abundance, with low cost and readily available (Hashemian et al.,
2014). Herein, a bimetallic FeCu co-doped hydrochar from AS (Fe/Cu-
HC) catalyst was synthesized through a wet impregnation process fol-
lowed by pyrolysis. The primary objectives were as follows: i) to prepare
catalysts based on hydrochar doped with iron (Fe-HC), copper (Cu-HC),
and bimetallic co-doped (Fe/Cu-HC) derived from AS. ii) to study the
physical and chemical characterization of the FeCu co-doped bimetallic
catalyst. iii) to test the catalytic performance of Fe/Cu-HC using the
H»0; system. iv) to optimize the heterogeneous Fenton process using the
Box-Behnken design. Our approach, applied in this research, demon-
strates and opens up a new, simple and highly interesting route through
the use of (AS) as a source of hydrochar for the synthesis of efficient
catalysts for wastewater treatment.

2. Materials and methods
2.1. Raw materials
The AS were collected from an industrial plant in Fes City in

Morocco. They were rinsed with demineralized water to eliminate sur-
face contamination and pulp residues, then dried at 100 °C for 12 h.
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After drying, the AS were grounded to retain only the shell structure,
which was then ground and sieved to obtain particles smaller than 250
pm, stocked as hydrochar precursors for further experiments. Trihydrate
of copper nitrate (Cu (NOs)s, 3H20, >99 %), ferrous sulfate (FeSOj,
7H,0), hydroxide of sodium (NaOH, 99 %), and the peroxide hydrogen
(H204, 30 % w/w), Hydrogen Chloride (HCl) > 99 %, potassium hy-
droxide (KOH, >99 %), Methyl Orange (purity > 97 %) were provided
by China’s Sinopharm Chemical Reagent Co., Ltd. All the compounds
used in this study were of analytical quality (Adachi et al., 2023).
Distilled water from an ultrapure purification system was used for all
experimental solutions. The molecular composition of the methyl or-
ange dye is also shown in Table 1.

2.2. Synthesis of catalyst

Hydrochar (HC) from Almond shell was prepared, using the HTC
hydrothermal carbonization method (Alcazar-Ruiz et al., 2023). Hy-
drothermal carbonization of AS was realized, using a 100 ml autoclave
lined with polypropylene. Initially, 60 ml of distilled water with 2 g of
AS powder was added to the Teflon autoclave. KOH was then added to
the mixture to function as a catalyst for the hydrothermal process
(Oginni et al., 2019). After careful sealing, the autoclave was placed in
an oven set at 200 °C for two hours (Adachi et al., 2023). Throughout the
hydrothermal carbonization process, the heating rate remained un-
changed at 5 °C/min. Following the autoclave’s natural cooling process,
the solid was extracted using vacuum filtration, repeatedly cleaned with
distilled water, and then left to dry overnight in the oven. The iron and
copper-loaded hydrochar was produced using a wet impregnation pro-
cess. To achieve this, a solution containing 0.1 M FeSO4-7H20 and 0.1 M
Cu (NO3)2-3H50 was prepared by mixing these compounds in 100 ml of
ultrapure water, aiming for a Fe/Cu molar ratio of 1:1, as previously
reported. This mixture was stirred for 12 h to ensure complete dissolu-
tion of the salts, then dried for 6 h at 70 °C. Subsequently, the iron and
copper-doped hydrochars were subjected to pyrolysis in a muffle furnace
at 500 °C for 2 h under a nitrogen atmosphere, followed by multiple
washings with distilled water (Pourali et al., 2022), The resulting
product is denoted as Fe/Cu-HC (Fig. 1). For comparison purposes, non-
doped HC, copper-doped hydrochar (Cu-HC), and iron-doped hydrochar
(Fe-HC) were also prepared using the same procedure as detailed above.

2.3. Characterizations

Analysis of the structure and crystallinity of the prepared hydrochar
and co-doped catalyst (Fe/Cu-HC) was carried out using an X-ray
diffractometer (X’ Pert Pro) equipped with a detector operating at 40 kV
and 30 mA, using Cu Ka radiation (A = 1.540598 A). Fourier transform
infrared (FT-IR) spectroscopy (Nexus, Thermo Nicolet) was used to
identify chemical bonds on the catalyst surface. Scanning electron mi-
croscopy (SEM) and BET (Brunauer, Emmett and Teller) analysis were
used to examine the shape and microstructure of the Fe/Cu-HC catalyst.
Mapping analysis and X-ray Energy Dispersion Spectroscopy (EDS) were
carried out to confirm the presence of iron and copper in the co-doped
catalyst.

Table 1
Chemical properties of the MO dye (Rehan, 2023).

Characteristic Methyl orange

Chemical formula
Molar weight

C14H14N3NaO3S
327.33 (g.mol %)

CA.S 547-58-0

1.C. number 13,025

Amax 464 nm

Molecular structure 0

1,0
Wavaes.
7 \

NON 0~Na*
/
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Fig. 1. Schematic illustration of the preparation of Fe-HC, Cu-HC and Fe/Cu-HC.

2.4. Catalytic performance

Experimental batch tests were carried out in a 250 ml beaker placed
on a hot plate with magnetic stirring (Stuart-SB 162) at a rotation speed
of 150 rpm, as shown in Fig. 2. Each experiment utilized a working
volume of 100 ml of MO dye solution, prepared by diluting the stock
solution to a specific concentration. The heterogeneous Fenton reaction
for MO degradation was carried out with the reaction temperature, time,
and Hy0, dose adjusted to the optimal values discovered in a pre-
liminary investigation conducted under the specified conditions

Fig. 2. Instrument used in the heterogeneous Fenton process.

(35.5 °C and 1 h, 4 mM, respectively) (Adachi et al., 2023). A sample
containing the pollutants was taken during the one-hour oxidation
process, and it was then isolated using the filtration method. This made
it possible to assess and examine the concentrations of pollutants in the
solution. Organic dye concentration was determined with a UV-visible
spectrophotometer (2005-HJD501) using a wavelength of 464 nm (Tao
et al.,, 2019), as shown in Fig. 1S (Ledesma et al., 2018). Pollutant
degradation efficiency was evaluated using equation (1) (Pourali et al.,
2022); (Naghshbandi and Gholinejad, 2023) .

Co—Ce

0

Decolorization efficiency (%) = DE (%) = ( ) x 100 @
with Cy (mg/1) and C; (mg/1) corresponding to the initial and final

concentrations of organic pollutants respectively.
2.5. Experimental design

The response surface methodology (RSM) is a powerful tool for the
optimization and statistical analysis of experimental data. It is especially
valuable for optimization because it allows for the simultaneous
consideration of multiple parameters (Methods, 2010). When combined
with the Box-Behnken design (BBD), RSM provides comprehensive
conclusions and detailed information with a reduced number of exper-
iments, highlighting the interactive effects of operational parameters on
the response. The Box-Behnken (BBD) design model has been applied to
optimize the pH of the solution, the organic pollutant concentration MO
and the mass of the catalyst (Fe/Cu-HC), and to assess the relationship
between these parameters. The BBD required 15 tests, in which the three
parameters were coded in three levels, varying in the following in-
tervals: pH of the solution (X; = 3 to 6), concentration of the organic
pollutant MO (Xz = 20 to 100 mg. 171), mass of the Fe/Cu-HC catalyst
Xz3=1to2 g.l_l). The model coefficient in quadratic terms was then
calculated using these three variables (Table S1). The MO degrading
efficiency is represented by the anticipated reaction, Y;
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The intercept coefficient is indicated by By, whereas the linear, squared,
and interaction coefficients are represented by p;, Bj;, and Bj; (where i =
1,2,3 and j = 1,2,3), respectively. The random error is denoted by ¢, and
the coded independent variables are X; and Y; (El Ouadrhiri et al., 2021).

3. Results and discussion
3.1. FTIR analysis

FTIR spectrum of HC and co-doped hydrochar with iron and copper
(Fe/Cu-HC) are shown in Fig. 3. Due to impurities present in the almond
shell-derived biomass, the observed modifications in the absorption
bands at 480 cm ™! and 548 cm ™! are more marked. These changes were
associated with stretch vibrations of the Cu—O bond (Zhao et al., 2020),
the valence bond vibrations of the Fe-O (Adachi et al., 2023); (Gholi-
nejad et al., 2024) . On the Fe/Cu-HC, the C-OH (2922 cm ™! and 2853
c¢m 1) and aromatic C-H group (812 cm™ 1) were displaced, whereas the
C-O functional groups showed a modest rise (Wang et al., 2024). This
was attributed to the successful introduction of Fe** and Cu?*, indi-
cating catalytic reforming and an increase in oxygenated groups during
the pyrolysis process (Wan, 2019). The vibration of O-H stretching in
alcohols, phenols, and carboxylic acids are responsible for peaks near
the absorption band at 3428 cm™!, whereas C = O groups are respon-
sible for those at 1616 cm ™.

3.2. SEM analysis

The co-doping of iron and copper atoms on the hydrochar was
confirmed by scanning electron microscopy (SEM) images. As shown in
Fig. 4, the surface pores (Fig. 4a) and internal pores (Fig. 4b) of the
hydrochar were loaded with iron and copper particles, displaying
distinct exposure on the crystalline plane. The Energy-dispersive X-ray
spectroscopy (EDS) mappings of the Fe/Cu-HC (Fig. 4c) also reveal and
verify the existence of these elements within the catalyst (Gholinejad
et al., 1298). EDS analysis of virgin hydrochar and co-doped hydrochar
(Fe/Cu-HC) was employed to study the overall chemical composition of
the prepared solid catalyst (Fig. 5, Table 2). The results of the analysis
show that virgin hydrochar contains negligible amounts of 0.00 %
copper (Cu) and 0.01 % iron (Fe) respectively. After pyrolysis, the
atomic fractions of the two metals increase by 6.04 % for copper and
8.56 % for iron in the co-doped catalyst, with an atomic ratio of Cu/Fe

— HC
—— FeCu-HC
S
@
(&}
c
S
€
(72}
C
©
'_
‘Fe-O
Cu-O

T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Fig. 3. FTIR spectra of virgin hydrochar, Iron-Copper Co-doped hydrochar (Fe/
Cu-HC).
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almost equal to 1:1, indicating that co-doping of the two metals has been
successfully achieved.

3.3. DRX analysis

To identify the main structural differences between hydrochar (HC)
and Fe/Cu-HC co-doped catalyst, XRD analysis was carried out (Fig. 6).
The results of hydrochar analysis show peaks around 26 = 15°, 22° and
36°, which have been attributed to cellulose (Raheem et al., 2021). The
peaks observed around 36° and 45° indicate a deviation from amor-
phous carbon. This suggests that the raw biomass has been carbonized in
the form of carbon (Zhang et al., 2022). In fact, the peaks associated with
cellulose remained at the same positions, but became sharper and
developed a more defined shape at higher HTC severity, indicating
transformation into disordered carbon (Azzaz et al., 2022). The crys-
tallinity of HC has been improved, probably due to the removal of
components such as hemicellulose and lignin from the raw almond shell
(Xie et al., 2014).The analysis of the Fe/Cu-HC catalyst shows, in
addition to the amorphous carbonaceous plane observed at around 20
equal to 23°, the presence of characteristic peaks of crystalline planes
(111) (220) (311) (444) (511) of FeyO3, observed respectively at
values of 20 at 18.5°, 29.5°, 35.61°, 47.34°, and 79°. These observations
suggest the formation of Fe;O3 during the pyrolysis process. Further-
more, we observe peaks corresponding to copper doping in the Fe/Cu-
HC catalyst, with values of 20 = 26.50°, 66.28°, 41.07°, and 50.45°
corresponding to lattice planes (004) (311) (131), and (06 2) of copper
oxides (CuO). As expected, the characteristic Fe;O3 and CuO peaks
appeared on Fe/Cu-HC, with low intensity, demonstrating the good
doping of the iron and copper metals. The variations observed in the
diffraction peaks between HC and Fe/Cu-HC are attributable to the
quality of the pyrolysis, which was carried out efficiently (Zhang, 2020).

3.4. BET analysis

Nitrogen (N3) adsorption-desorption isotherms for hydrochar (a)
and co-doped catalyst (b) are shown in Fig. 7. According to the original
IUPAC classification of physisorption isotherms and associated loops
(Thommes, 2015), N3 adsorption—desorption isotherms of our bimetallic
catalysts (Fe/Cu-HC) adopt an isotherm type II, which indicates unre-
stricted monolayer-multilayer adsorption up to high relative pressure.
While the presence of an hysteresis type Hz loop prove that the surface of
the samples is dominated by non-rigid aggregates of plate-like particles
but also in the pore network consisting of macropores which are not
completely filled with pore condensate (Oulhakem, 2022), No adsorp-
tion-desorption analysis with the observation revealed for Scanning
electron microscopy. Moreover, the BET surface area obtained is 2.18
m?. g~! for the Fe/Cu-HC co-doped catalyst and 2.79 m2. g~! for the
hydrochar. The decrease in BET surface area after iron and copper ion
impregnation is the result of pore occupancy.

3.5. Effects of monometallic and bimetallic catalysts on MO dye
degradation

Fig. 8 depicts the Decolorization efficiency of MO for different pre-
pared catalysts, evaluated under the conditions of the study (Adachi
et al., 2023). The degradation efficiency for the Cu-HC, Fe-HC and Fe/
Cu-HC catalysts were 66.61 %, 84.11 % and 96 % respectively
(Fig. 8a). Compared with the two catalysts (Cu-HC, Fe-HC), the Fe/Cu-
HC catalyst showed exceptional degradation efficiency for MO, indi-
cating that the degradation efficiency of the bimetallic Fenton catalyst is
superior to that of the monometallic Fenton catalyst. Perhaps copper can
participate in Fenton reactions over a wider range of pH values (Nieto-
Juarez et al., 2010). Consequently, Cu oxidation can also activate HyOo
decomposition to generate hydroxyl radicals according to equation (3).
In order to accelerate the reduction of Fe>* to Fe?! in accordance with
the Haber-Weiss mechanism equation (4), this enhances the reaction
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Fig. 4. SEM image of virgin HC (a), hydrochar co-doped Fe/Cu-HC (b), (c) EDS mapping images of Fe/Cu-HC.
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Fig. 5. (a) EDS of virgin HC, (b) Fe/Cu-HC co-doped HC.

Table 2

Experimental ranges and levels of independent variables.
code Variable Unit -1 0 1
X PH solution — 3 4,5 6
Xs MO Concentration g.ml™! 20 60 100
X3 Catalyst mass gl! 1 1,5 2

rate in the heterogeneous Fenton process, leading to the production of
highly reactive free radicals (Xin, 2020).
Cu’+H,0,Cu®" +OH + OH' ©)

Fe?t+H,0,Fe>"+OH' + OH )]

Fe3*rcutFe? +cu®*

)

Given that the standard reduction potential of Fe*'/Fe?t is 0.77 V
and that of Cu?*/Cu™ is 0.17 V, the reduction of Fe3* by Cu* (Eq. (5)) is
thermodynamically favorable, which is beneficial for the Fe>*/Fe?" and
Cu?*/Cu* redox cycles. Consequently, thanks to the interaction of Fe>*/
Fe?t and Cu+/Cu* pairs, interfacial electron transfer is considerably
enhanced in Fe/Cu-HC (Fig. 8b). Based on the above results, the bime-
tallic Fe/Cu-HC catalyst was selected for further analysis to optimize the
conditions of the heterogeneous Fenton process (catalyst mass, pH,
methyl orange concentration) with the aim of maximizing dye removal.
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3.6. Optimization of degradation conditions through statistical
modulation

The Fe/Cu-HC catalyst was integrated into the Box-Behnken Design
model with a matrix of 15 experiments, aimed at identifying the optimal
experimental conditions for an efficient oxidation reaction. The corre-
sponding data are summarized in Table 1S. The BBD analysis was per-
formed in triplicate with central point conditions (X; = 4.5, Xz = 60 mg.
17, and X5 = 1.5 g. 17! for pH, MO, and catalyst mass, respectively). The
validity of the statistical model tests is evaluated, in part, based on the
results of the ANOVA analysis as presented in Table 2S.

The mean square ratio values of the model, the F-values shown, and
the P-values of the confidence interval of the model terms were deter-
mined at 95 %, meaning that P-value < 5 % guaranteed model signifi-
cance (El Ouadrhiri, 2023). Consequently, the F (31.98) and P (0.0007)
values demonstrate that the statistical validation is very significant. The
most significant influence on MO degradation efficiency was determined
to be the mass of the Fe/Cu-HC catalyst (F-value = 160.35), which was

followed by the modest influence of MO concentration (F = 7.17), the
effect of the solution pH (F-value = 15.62), and the interaction effect
between pH and value mass (F = 21.54). But noise might be the only
reason for the big-lack-of-fit value 29.06 % could be absent. The model
to fit well when there is a non-significant lack of fit. Additionally, the
correlation coefficient values R? = 0.98 and Rﬁdj = 0.95 show that the
created model’s applicability is highly predictive and well suited to
experimental values (Boutra et al., 2022). In addition, a substantial
positive correlation was found between the anticipated and experi-
mental values for MO degradation efficiency by the Fenton heteroge-
neous process using the Fe/Cu-HC catalyst, as demonstrated by the data
displayed in Fig. 9a, 9b. Then, the data point was almost exactly a
straight line on the normal probability plot of the residuals. This in-
dicates the efficient performance of the model, confirming its suitability
for the degradation of organic pollutants by the heterogeneous Fenton
process. Equation (6) represents the second-order polynomial relation-
ship, establishing the regression between the three parameters and the
degradation efficiency response.
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Normal Plot of Residuals Predicted vs. Actual
110
(a)
99 ]
o5 o 100
90 = =
2 80 - o
8 70— . 90
o °
[ = o
o 50 - .J 2
N 3
] o a
£ 30 - ] o 80|
=
5 _
z 20 o
103 []
i [} 70
1
60 —
T T T 1 T T T T T T T T T
-3,00 -2,00 -1,00 0,00 1,00 2,00 3,00 60 70 80 90 100 110
Externally Studentized Residuals Actual

Fig. 9. Representation of normalized residues (a) and comparison between predicted and actual model values (b) for the degradation of MO by a heterogeneous

Fenton reaction using the Fe/Cu-HC catalyst.

DE(%) =94,92 — 3, 65X; +2,47X, +11,70X; + 1,74X, X,
+6,06X; X3 — 0,03X,X5 + 3,75X> — 4,08X3 — 10,79X>
)

An antagonistic effect is indicated by the presence of a negative sign in
front of the observed terms, while a synergistic effect is marked by a
positive sign (Khouni et al., 2010). Analysis of the equation reveals the
significant impact of catalyst mass on the heterogeneous Fenton reac-
tion, while indicating that the interaction between MO concentration
and catalyst mass is not important in this context. Fig. 10a, 10b, and 10c
display three-dimensional (3D) response surface plots for MO Decolor-
ization as a function of the solution pH, Fe/Cu-HC catalyst mass, and MO
concentration. Fig. 10a shows the effect of pH versus MO concentration
on Decolorization efficiency. Increasing MO concentration from 20 to
100 mg. 17! results in a 7.5 % increase in Decolorization efficiency. On
the other hand, increasing the pH from 3 to 6 results in a slight decrease
in Decolorization rate, of around 8 %. Fig. 10b shows the effect of Fe/Cu-
HC catalyst mass as a function of the solution pH. Increasing the catalyst
dose from 1 g.17! to 2 g.1! results in an increase in the discoloration rate
of around 10 %, confirming the importance of mass in the results ob-
tained (Table 1S). On the other hand, increasing the pH of the solution
results in a decrease of around 14 %. From Fig. 10c, we can conclude

that in 60 min, with a range of around 1.7 g. 17! for catalyst mass and a
high MO concentration of around 80 mg. 17}, a discoloration removal of
over 98.5 % can be achieved. However, as their doses are reduced,
Decolorization efficiency decreases Fig. 10.

3.7. Numerical optimization

One of the objectives of this study is to achieve maximum Degra-
dation efficiency according to the criteria mentioned in Table 4. The best
solution among those determined by the desirability function is the
largest value of the D function (0.923) (Figs. 3 and 11), which corre-
sponds to the ratios listed in Table 3.

The prediction point option of the Design Expert software was used
to optimize the variables of the heterogeneous Fenton process. Table 3
shows predicted and observed values for MO degradation efficiency
under optimal conditions. To validate the response surface methodology
(RSM) model based on the Box-Behnken Design under the selected
optimization conditions, experiments were conducted for the discolor-
ation of an aqueous solution. It was observed that the experimental
degradation efficiency (98.97 %) and the predicted degradation effi-
ciency (99.43 %) showed an error of 0.64 %. Therefore, it was confirmed
that equation (2) was capable of accurately calculating the degradation
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Fig. 10. 3D response surface plots illustrating the impact of the three variables studied on the efficiency of methyl orange degradation by a heterogeneous Fenton
reaction with the Fe/Cu-HC catalyst. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

rate of the organic pollutant in the aqueous solution.

3.8. Production of hydroxyl radicals (OH')

The degradation of organic matter (OM) was monitored during the
tests through UV/Vis scanning across all available wavelengths (Wang
et al,, 2019); (Guetni et al., 2022) . As illustrated in Fig. 12a, OM
exhibited significant absorption of radiation around 464 nm (Adachi,
2022). The signal intensity at 464 nm decreases with increasing oxida-
tion time until no signal is detected within the analyzed range of
wavelengths. No other UV/Vis signal was observed in the sample anal-
ysis, indicating the absence of any intermediate absorbing radiation at
this wavelength. This illustration shows how methyl orange degrades

and loses its color due to the heterogeneous Fenton reaction, which al-
ters the chromophore of the dye (Chen et al., 2008). In order to better
understand the mechanism, a trapping experiment was carried out to
study the role of OH' radicals in the Fenton reaction. The results pre-
sented in Fig. 12b indicate that the addition of n-butanol (10 mM)
considerably decreased the efficiency of MO degradation. This suggests
that the principal active species in the heterogeneous Fenton process
that breaks down MO are OH' radicals (Liu et al., 2013).

3.9. The reusability and stability study

Unlike homogeneous catalysts, the most important feature of het-
erogeneous catalysts is their ability to be recycled and reused after each
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Table 3
EDS analysis of the atomic concentrations of elements present in the sample.
Sample Atomic concentration (%) Total
C o] Fe Cu (%)
HC 74.44 + 25.55 + 0.01 + 00 £+ 0.01 100
0.06 0.10 0.00
Fe/Cu- 45.25 + 40.15 + 8.56 + 6,04 + 100
HC 0.17 0.22 0.09 0.12

reaction. After each cycle, the Fe/Cu-HC catalyst was recovered, cleaned
with distilled water, dried at 100 °C and then calcined for three hours at
400 °C to assess stability (Zhang, et al., 2021). The dye degradation
efficiency (DE %) achieved at the end of each experimental run was
98.32 %, 98.16 %, 96.89 %, 96.74 %, and 96.72 %, respectively, as
illustrated in Fig. 13. These values indicate that, even after five
consecutive experiments, the DE of the organic pollutant remained
consistently above 96 %. This consistent performance confirms that the
bimetallic Fe/Cu-HC catalyst demonstrates significant stability and is
well-suited for reuse in further degradation processes. Furthermore,
leakage from the metal active site and blockage of the active site as a
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result of the accumulation of the adsorbed intermediate on the catalyst
surface could be the cause of the catalyst’s slight decrease in oxidizing
activity (1.65 %) (Tang and Wang, 2019). Iron and copper leaching from
the Fe/Cu-HC catalyst were assessed in treated dye solutions using the
ICP-OES method to further confirm this stability (Table 5). After five
cycles, the average leaching of iron was limited to 3.42 mg/L and that of
copper to 5.02 mg/L, thus demonstrating the HC robust capacity to
retain both iron and copper. The FT-IR analysis of the Fe/Cu-HC catalyst

100
80
60

40 -

Degradation (%)

20

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Fig. 13. Methyl Orange degradation efficiency (%) through consecutive cycles
in heterogeneous Fenton reaction with Fe/Cu-HC. Reaction conditions. [MO] =
100 mg. 1", Catalyst mass = 1.65 g.1 "}, [Hy02] =4 mM, pH =6, T = 35°C, t =
60 min. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 4
Experimental and predicted values for MO degradation efficiency (%) under
optimal conditions.

Coded  Factor Value  optimum model Experimental
Factor prediction confirmation of the
model
Xy pH 6 Degradation (%) Degradation (%)
Xa [MO] (mg. 100 99,43 % 98,97 %
™
X3 catalyst mass 1,65
(gl™
—=— No scavenger (b)_
100 4—e— n-butanol
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S
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Fig. 12. (a) UV-Visible absorption spectra of MO degradation by the Fe/Cu-HC catalyst during the reaction time. (b) MO degradation on the Fe/Cu-HC/H50; system
with or without OH- trapping agent. Reaction conditions: [MO] = 100 mg. 17}, Catalyst mass = 1.65 g.I"!, [H,0,] = 4 mM, pH = 6, T = 35 °C, t = 60 min.
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Table 5
The leaching of the Fe and Cu under 5 recycle time.

Recycle Times Iron leaching (mg/1) copper leaching (mg/1)

1 5,5350 8,711
2 3,3451 7,3693
3 2,7473 3,939
4 2,7256 2,597
5 2,7558 2,487
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Fig. 14. FTIR spectra of Fe/Cu-HC for cycle 1 and cycle 5.

after the first cycle and the fifth cycle of use is shown in Fig. 14. The FT-
IR spectra of the heterogeneous Fenton catalyst Fe/Cu-HC, before and
after successive degradation cycles, do not exhibit significant changes in
their structure (peaks around 480 cm~! and 548 ¢cm~! which charac-
terize Cu and Fe in the catalyst respectively). This confirms that the
catalyst is very stable and can maintain good catalytic activity over an
extended period (Ganiyu, et al., 2018).

These results indicate that the Fe/Cu-HC catalyst, as prepared, ex-
hibits excellent stability and recycling performance. Further investiga-
tion revealed that the catalyst retains high activity after multiple cycles
of use, suggesting its resistance to degradation and wear. This stability is
likely attributed to the durable structure of the hydrochar support and
the strong interaction between the iron and copper oxides, which pre-
vents the leaching of active metals. However, the preparation and
regeneration of bimetallic supports can be costly and complex. Addi-
tionally, bimetallic catalysts are highly sensitive to the pH of the me-
dium, requiring precise pH control to maintain optimal catalytic
activity.

Table 6 compares the efficiency of the Fe/Cu-HC catalyst in the
degradation of organic matter (OM) with the results of a previous study.
This comparison considers the treatment of synthetic dyes by the het-
erogeneous Fenton process, employing various solid catalysts and
applying them under various optimum conditions (pH, H202 dose,
organic pollutant concentration, catalyst mass, reaction time). In our
study, we observed that the catalyst we developed is highly effective in
degrading organic matter, achieving a degradation rate of 98.97 %. This
performance significantly surpasses that of other catalysts reported in
the literature. Notably, these results were obtained using a relatively
small amount of catalyst, in a solution with a neutral pH and a high
concentration of organic pollutants. This demonstrates the robustness
and versatility of the Fe/Cu-HC catalyst’s efficiency, even under diverse
environmental conditions. These results indicate that the various cata-
lytic systems react in distinct ways, complicating the generalization of
optimal conditions for maximizing organic matter degradation from one
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Table 6
Comparison of organic matter degradation by the heterogeneous Fenton process
using different catalysts under various optimum conditions.

Catalyst Optimal reaction conditions Degradation Reference
efficiency

Fe/Cu-MMT Catalyst mass = 1.5 g. 172, 87.9 % (Zhang,
[RhB] = 100 mg. 1! et al.,, 2021)
[H20,] = 5mmol. 17, t =90
min, pH =7

CuFe;04 catalyst mass = 0.1 g. 17, 74 % (Qin et al.,
[MB] = 50 mg. 17}, [H,05] = 2018)
0.5 mmol/l, t = 25 min, pH
=3.2

CuFeZSM-5 Catalyst mass = 0.3 g. 177, 100 % (Diikkanci
[R6G] = 100 mg. 17} et al., 2010)
[H20,] = 40 mmol. I}, t =
45 min, pH = 3.4

Pepper stalks Catalyst mass = 0.5 g. 17, 100 % (Xin, 2020)

BC/CuFeO, [TC] = 20 mg. 17}, [Hy0,] =

50 mmol.1"?, t = 300 min,
pH=16.3

Cu- Catalyst mass = 15 mg. 17, 100 % (Liu et al.,

Fe@biochar [MB] = 50 mg. 17! 2022)

[H20,] = 16 mM mmol. 17},
t = 20 min
pH=25

Fe/Cu-HC Catalyst mass = 1.65 g. 171, 98.97 % This study

[MO] = 100 mg. 17! [H;0,]
= 4 mmol/l, t = 60 min, pH
=6

system to another.
4. Conclusion

In this study, a novel catalyst, Fe/Cu-HC, was developed by doping
iron (Fe) and copper (Cu) into hydrochar (HC) derived from almond
shells (AS) through a hydrothermal carbonization process. This process
involves the hydrothermal treatment of almond shells to produce
hydrochar, which is then impregnated with iron and copper ions. The
hydrothermal carbonization results in a porous carbon structure, pro-
moting uniform dispersion of the metals and enhancing the catalytic
properties of the material. The impact of the three experimental pa-
rameters on the degradation rate of methyl orange was assessed, using a
Box-Behnken design coupled with response surface methodology. Under
optimal conditions (catalyst mass = 1.65 g.l’l, [MO] =100 g.l’l, pH=
6), a degradation rate of 98.97 % for MO was achieved through the
heterogeneous Fenton process. Hydroxyl radicals (OH') play a dominant
role in the degradation of methyl orange by the heterogeneous Fenton
process. The bimetallic Fe/Cu-HC catalyst demonstrated stable activity
over 5 usage cycles with minimal loss of efficiency (less than 5 %). This
study provided a simple and low-cost technical approach for preparing a
highly efficient bimetallic catalyst based on hydrochar for the treatment
of wastewater contaminated with an azoic dye. Future research will
focus on the application of biomass-derived catalysts in wastewater
treatment, including the degradation of other pollutants, process opti-
mization, and cost assessment.
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