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Abstract

Iron-doped hydrochar can effectively remove the methyl orange dye (MO). In this study, iron-doped hydrochar (5% Fe@
BC) was successfully synthesized through a two-step hydrothermal carbonization (HTC) process, using FeSO,.7H,0 and
sawdust. It was subsequently employed for MO removal. The characterization of the synthesized Fenton-like catalyst (5%
Fe@BC) was conducted, using scanning electron microscopy, Fourier-transform infrared and X-ray diffraction techniques
to confirm the presence of iron species. The effects of different operating parameters such as catalyst mass, H,0, concen-
tration, solution pH, organic pollutant concentration, and reaction temperature have been examined. The Box-Behnken
design combined with three factors: catalyst mass X,, temperature X,, organic pollutant concentration X;. The response
surface methodology coupled with Box-Behnken Design was used to optimize the key variables and response. With this
approach, an exhaustive assessment of the variables influencing the optimization process was performed. A significant
quadratic model was generated through analysis of variance with a P-value of 0.0001 and an R? of 0.99. This confirms a
strong relationship between the variables and the response, as well as a high level of model predictability. The optimum
conditions were achieved with a catalyst mass of 0.5 g/L, a temperature of 35.5 °C, and an MO concentration of 50 mg/L.
The result indicates that 93% of the discoloration efficiency was achieved within 60 min under the optimal conditions.
Iron doping in the (5% Fe@BC) plays a crucial role in the degradation and removal of MO. Therefore, the 5% Fe@BC pre-
pared from sawdust and iron salts (FeSO,-7H,0) through a two-step HTC process is an inexpensive and effective catalyst
for removing organic pollutant from aqueous solutions, using heterogeneous Fenton-like process.
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Article Highlights

e Novel iron-doped hydrochar (5%Fe@BC) was synthe-
sized by two-step HTC method.

e 5%Fe@BC demonstrated excellent performance in
degrading and removing MO.

e Characterized catalyst using SEM, FTIR, and XRD, con-
firming iron species presence.

Keywords Iron-doped catalyst - RSM-CCD -
Heterogeneous Fenton-like - Methyl orange - Desirability
function

1 Introduction

For many years, the treatment of industrial wastewater
has been a recurrent problem with significant environ-
mental implications. Among these, the degradation and
elimination of dyes produced by the textile industry use
a lot of water and toxic chemicals [1]. Most colorants are
highly stable, nonbiodegradable. They have toxic, tera-
togenic, and carcinogenic properties [2]. Methyl orange
is extensively utilized in the textile, cosmetics, and paint
industries as a predominant colorant. However, it has
an anionic characteristic and belongs to the azo group
(N=N), making it potentially hazardous to the aquatic
environment due to its toxicity [3].

Various methods have been used to remove dyes from
wastewater, including Electro Fenton [4, 5], biological
methods [6], adsorption [7, 8], coagulation-flocculation
[9], and advanced oxidation process [10]. However, these
methods have various drawbacks, such as high costs and
energy consumption, advanced materials technologies,
sludge production. Among the previously mentioned
wastewater treatment methods, there is the heteroge-
neous Fenton-like, which relies on the in-situ generation
of hydroxyl radicals (OH") via Egs. 1 and 2. This process is
increasingly attracting interest in the field of wastewa-
ter treatment [11, 12]. The heterogeneous Fenton-like
process hinges on the utilization of solid catalysts that
are both cost-effective and eco-friendly [13]. Although
significant progress has been made in the development
of solid catalysts, their application in heterogeneous
Fenton-like processes still represents a major challenge.

Fe?* + H* + H,0, —» Fe** + H,0 + HO, (M
Fed3t 4+ H,0, — Fe’* + H* + HOO (2)
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Explored effects of catalyst mass, H,O, concentration,
pH, MO concentration, and temperature.

e Employed BBD and RSM for optimization, yielding a
significant quadratic model (P=0.0001, R>=0.99).

MO removal efficiency achieved 93% under optimal
conditions.

Recently, extensive studies have been carried out
for the synthesis of solid catalysts such as nanoscale
zerovalent iron [14], ferro ferric oxide nanoparticles
[15], cobalt ferrite [16], as well as copper ferrite [17],
with a view to their application in the heterogeneous
Fenton-like process. However, solid catalysts based on
cobalt (Co), copper (Cu) inevitably leach heavy metals,
posing a risk to human health and the environment.
Iron-based catalysts are attracting increasing demand
due to their high surface area and their activity with
H,0,. In this study, iron salts (FeSO,, 7H,0) were used to
synthesize an Iron-doped catalyst, utilizing the hydro-
thermal carbonization procedure. This approach has
various advantages over transition metals due to its
affordability, non-toxicity, eco-friendliness. The applica-
tion of sawdust as a heterogeneous Fenton-like catalyst
has scarcely been tested for the removal of organic dyes.
Recently, the biomaterial-based heterogeneous Fenton
process has appeared as a suitable solution to overcome
the drawbacks of homogeneous Fenton processes [18].
Currently, the conversion of hydrochar into a high-value
catalyst is being increasingly studied and implemented
in the field of environmental catalysis [19]. Sawdust, a
co-product of the furniture and timber industries, is an
abundant and cost-effective source of lignocellulosic
material. It is considered as one of the most available
rich carbon resources [20]. The carbonization of sawdust
has the potential to eliminate organic Micropollutants
through the adsorption process [21]. Although the pro-
duction of activated carbon via pyrolysis is a common
method for organic pollutant removal. It has drawbacks
such as the need for an inert nitrogen-based environ-
ment, high temperatures, high energy consumption,
and the requirement for sophisticated equipment [22,
23]. In contrast to pyrolysis, hydrothermal carbonization
does not necessitate an inert environment and can be
carried out at lower temperatures (ranging from 180 to
350 °C).The hydrochar produced via HTC has been used
for wastewater treatment characterized by its porous
structure, oxygenated functional groups and aromatic
surfaces [24].

Our search is among available ones that revealed a lack
of articles, concerning the use of hydrochar prepared from
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sawdust for MO dye removal by the heterogeneous Fen-
ton-like process. As a result, the primary objective of our
study was the preparation of iron-doped hydrochar from
sawdust, using the hydrothermal carbonization method
and its utilization for the removal of MO dyes from aque-
ous solutions. Based on this objective, the sub-objectives
of the present study were as follows:

(@) To produce iron-doped hydrochar as a catalyst with
Fenton-like properties

(b) Toinvestigate the impact of various parameters in the
heterogeneous Fenton process, such as the dosage of
the heterogeneous Fenton catalyst, H,0, concentra-
tion, solution pH, concentration of the organic pollut-
ant MO, and solution temperature.

(c) To describe the physicochemical characteristics of the
produced catalysts

(d) To optimize the decolorization rate using a response
surface methodology (RSM) based on the Box-
Behnken design (BBD).

This research marks a significant advancement in the
development of a biomass-based catalyst for the sustain-
able degradation and elimination of toxic dyes through
the heterogeneous Fenton- like process.

1.1 Material and method
2 Materials

In the Bensouda-Fes region of Morocco, a single type
of sawdust sample was collected from a local wood
processing facility. The chemicals, including hydrogen

Fig. 1 Graphical diagram of Sawdust biomass
the preparation of iron-doped

hydrochar

peroxide (H,0,, 30% by weight), ferrous sulfate heptahy-
drate (FeSO,,7H,0), citric acid (C4HgO;), benzoic acid
(C;Hg0,), sodium hydroxide (NaOH =99.99%), sulfuric
acid (H,SO,, analytical grade = 85%), and methyl orange
(C14H4N3Na0;S), were of ACS reagent grade and pur-
chased from Sigma-Aldrich, St. Louis, Missouri, United
States (Fig. S1). In the studies, ultrapure water with a resis-
tivity of 18.2 Q.cm was created using a Millipore Milli-Q
water purification system.

2.1 Preparation of the iron-doped catalyst

The sawdust hydrothermal carbonization experiment was
realized in a 100 ml autoclave lined with polypropylene, as
shown in Fig. 1. In each preparation, 5 g of sawdust were
immersed in 50 ml of distilled water to obtain a 1:10 ratio,
with manual agitation for 10 min. To enhance the perfor-
mance of the hydrochar, a 10 mg quantity of citric acid
(CA) as an acid catalyst was added to the autoclave before
being inserted into the reactor and carefully shut [24, 25].
After this, the autoclave was moved to an oven, where
it was warmed to 200 °C for three hours [26]. All experi-
ments were conducted using a consistent heating rate of
5 °C per minute. After this, the autoclave was left to cool
down naturally, and the solid residue, known as hydro-
char, was obtained through vacuum filtration. Finally, the
hydrochar was rinsed with distilled water until it reached a
neutral pH and dried overnight in an oven at 105 °C before
being stored [27].The hydrochar was named P@BC. The
iron-doped hydrochar was prepared using a two-step
low-temperature hydrothermal carbonization method. In
50 ml of ionized water, 1 g (5%) of FeSO,, 7H,0 was dis-
solved, (Results for 1% and 3% are not included). Then, 4 g
of pristine hydrochar (P@BC) was added to the solution

HTC treatement with CA

Hydrochar (P@BC)

HTC treatement

Iron doped hydochar
With Iron (I1)

(5% Fe@BC)

 —
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and stirred slowly for 60 min. The properly mixed solution
was then put into an autoclave and given a three-hour
hydrothermal treatment at a temperature of 200 °C [28].
The resultant dark precipitates were then filtered, cleaned
with ionized water, overnight dried at 80 °C, and placed in
a recipient for later use. The hydrochar with iron doping is
named 5%Fe@BC.

2.2 Characterization

To examine the sample morphologies, the field emission
scanning electron microscope (Hitachi S4800) was employed
along with energy dispersive X-ray spectroscopy. This com-
bination allowed for detailed analysis of the sample surfaces
and the elemental composition using X-ray spectroscopy.
Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) was utilized to perform elemental analysis and
quantify the concentration of iron in the liquid phase fol-
lowing HTC. This technique allowed for precise measure-
ment of iron content in the analyzed samples. XRD patterns
were acquired using a powder X-diffractometer (Expert-pro).
Cu K radiation, an acceleration voltage of 40 kV, a 26 range
beginning at 0.02°, and a scanning speed of 6° per minute
were all used in the operation of the XRD apparatus. This
setup allowed for the characterization and analysis of the
crystalline structures present in the samples. Using an FTIR
Nicole 5700 model (USA) Fourier-transform infrared spectro-
photometer, the surface functional groups of the materials
were assessed. The samples were analyzed at a resolution of
4cm™" using KBr pellets.

2.3 Experimental procedure

Experimental batch trials were conducted in a 250 ml glass
beaker placed on a magnetic stirrer hotplate (Stuart, SB
162) with a stirring speed of 150 rpm for minutes [29].For
all experiments, a working volume of 100 ml of MO solution
at a specific concentration prepared by dilution of the stock
solution was used. The MO solution was treated by adding
a predetermined quantity of catalyst doped with iron and
H,0,.Various parameters were changed to evaluate the effi-
ciency of the Fenton-like process in degrading and decolor-
izing the organic contaminant. The parameters investigated
in the study encompassed the catalyst mass, ranging from 0

to 1 g/L, H,0, concentration, ranging from 0 to 10 mM, the
solution pH adjusted between 3 and 10, MO concentration,
between 20 and 50 mg/L, and the solution temperature, var-
ying from 15 to 50 °C. These parameters were systematically
varied to assess their impact on the process performance.
During the experimental tests, each parameter was evalu-
ated individually to identify its optimal value, with all other
parameters held constant. At specific time points, a sample
containing the pollutants was extracted, and subsequently
isolated through the process of filtration. This allowed for the
concentration of the pollutants in the sample to be assessed
and analyzed. The concentration of the pollutants was deter-
mined using a UV-visible spectrophotometer (model: 2005,
HJD501) at a wavelength of 464 nm, as depicted in Figure S1
[30].The color removal efficiency was evaluated using Eq. 3
[311:

. . Co - Ct
Discoloration rate (R%) = C x 100 (3)
0

where R (%) is the efficiency of organic matter removal, C,
(mg/l) and C, (mg/l) are the initial and final concentration
of organic matter, respectively.

2.4 Experimental plan

The BBD model was used to optimize experimental
parameters for enhanced degradation and removal of
organic contaminants via a Fenton-like process [31, 32].
This statistical approach involved utilizing expert design
software to generate a series of batch experiments aimed
at achieving optimal results [33]. Three factors with three
levels each were used: (i) pollutant dosage (X;: 20 mg/I, 45
mg/l, 70 mg/l), (ii) catalyst mass (X,: 0.1 mg/l, 0.55 mg/I,
1 g/1) and (iii) temperature (X5: 25 °C, 40 °C, 55 °C) these
factors were utilized to determine the coefficients of the
quadratic model (Table1). The predicted response, Y, rep-
resents the variables of discoloration rate (R%) calculated
by the equation:

vi=pot T (0) + X, (0) + X X (Bxx) +€
(4)

The model consists of various coefficients: 3, repre-
sents the intercept coefficient, B; represents the linear
coefficients, B; represents the squared coefficients, and f;

Table 1 Variables and their

A Coded factor Name Unit Minimum Maximum Coded Low Coded High

limits for the box Behnken

design of organic matter (MO) A x, [MO] mg/L 2000 70.00 —1<>2000  +1<>70.00

degradation B: X, Catalystmass g 0.10 1.00 -1<010  +1<1.00
C: X, Temperature °C 25.00 55.00 -1<2500 +1<>55.00
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represents the interaction coefficients. The variables X; and
Y; are the coded independent variables, while € represents
the random error [24, 31]. The number of experiments was
determined according to the following equation: 2k(k—
1)+ N, with Ny =4 central experimental points.

3 Results and discussion
3.1 SEM characterization

Figure 2 presents the comparison of surface morphology
between raw sawdust (a), virgin hydrochar prepared by
hydrothermal carbonization (b), and 5%Fe@BC-doped
catalyst (c). SEM image of raw sawdust in 2a provide
information regarding the structure and morphological
characteristics. It shown an asymmetrical and highly non-
porous surface. In contrast, the structure observed in the
SEM image of hydrochar (P@BC) Fig. 2b indicates a layered
structure and a well- developed heterogeneous porous
surface. Perhaps the porous structure of the hydrochar
is created during hydrothermal carbonization [23]. SEM

Intensity [Counts]

image of the catalyst 2c shows a highly pronounced mor-
phology of the stacked layer and wrinkled sheet, which
could be attributed to the formation of defect-rich struc-
tures caused by the incorporation of iron atoms in the vir-
gin hydrochar [34]. Energy-dispersive X-ray spectroscopy
(EDS) analysis was conducted to examine the chemical
composition of the synthesized heterogeneous catalyst.

Table 2 chemical composition of 5%Fe@BC heterogeneous catalyst

Element Line Mass% Atom%

C K 63.13+0.35 72.20+£0.40
(0] K 29.87+0.61 25.65+0.53
S K 2.38+0.11 1.02+£0.05
Fe K 4.62+0.33 1.14+£0.08
Total 100.00 100.00

C K 63.13+0.35 72.20+£0.40
(0] K 29.87+0.61 25.65+0.53
S K 2.38+0.11 1.02+0.05
Fe K 4.62+0.33 1.14+£0.08
Total 100.00 100.00

HighVac. [B1x1,000

Energy [keV]

Fig.2 Raw sawdust (a), virgin hydrochar (b), iron-doped hydrochar (c), and EDS spectrum (d) pictures from scanning electron microscopy

(SEM)
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Fig.3 EDS elements distribution mapping of 5%Fe@BC
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Fig.4 Infrared spectrum of virgin hydrochar P@BC, iron-doped
hydrochar 5%Fe@BC

The results of this analysis, presented in Table 2 and Fig. 3,
show a significant presence of carbon atoms (C), oxygen
(0), as well as the presence of iron atoms (Fe) accompanied
by certain impurities such as sulfur (S) in small quantities. It
is likely that the presence of sulfur (S) and iron (Fe) is attrib-
uted to FeSO,,7H,0, an inorganic compound commonly
encountered in the composition of synthesized catalysts.
The results indicate that the catalyst effectively incorpo-
rates iron elements, demonstrating successful doping.

3.2 FTIR characterization

Figure 4 displays the FTIR spectra of P@BC and 5%Fe@BC.
Both spectra exhibit several characteristic peaks that are
shared between them. The presence of absorbance peaks
within the range of 3200 to 3600 cm™' suggests vibra-
tions associated with the O-H bond. The peaks observed
around 2940 cm™' can be attributed to the vibrations of
the C-H bonds within the aliphatic group of cellulose. The
asymmetric and symmetric stretching modes of the C-H
bonds are represented by these vibrations. [35]. The typical
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Fig.5 XRD pattern of pristine hydrochar (P@BC), the iron-doped
hydrochar (5%Fe@BC)

band of aromatic C=C stretching corresponds to the peak
at 1360 cm™". The vibration of the C-O bond results in an
absorbance peak at 1702 cm™!, which serves as an indi-
cation of the existence of carboxylic acids, ketones [36].
The presence of C-0 stretching can be inferred from
the absorption band observed around 1835 cm™' [37].
While the peak at 842 cm™ represents the stretching of
COO bonds, the peak at 1384 cm™ represents=C-H bond-
ing. It is possible to link the 580 cm™' peak in the 5%Fe@
BC catalyst to the Fe-O stretching vibration. This finding
implies that iron was successfully doped into hydrochar
[38].

3.3 XRD analysis

The XRD spectrum shown in Fig. 5 of both P@BC and
5%Fe@BC reveals a broad peak around 22.6°, which cor-
responds to the (002) plane. This peak indicates the pres-
ence of amorphous carbon without crystalline character-
istics, suggesting the formation of such carbon during
the reduction process [39, 40]. The presence of graphitic
carbon can be attributed to the enhancement of hydro-
thermal carbonization by Fe iron particles. A distinctive
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peak emerges at 35.2°, which corresponds to the charac-
teristic (311) plane of y-Fe;0, (JCPDS no. 03-065-0390).
This peak indicates the formation of y-Fe;O, resulting from
the reduction of ferric oxide during the hydrothermal car-
bonization process [41, 42]. An intense peak is observed
at 44°, corresponding to the (221) plane of Fe,0; (JCPDS
no. 25-1402) [43]. XRD analysis provides evidence for the
existence of graphitic carbon, Fe,0;, and y-Fe;0,, following
the introduction of iron doping.

4 Effects of operating parameters
4.1 Effect of catalyst dosage

Solid catalysts play a crucial role in activating hydrogen
peroxide (H,0,) to produce highly potent radicals with the
Fenton system [44]. The catalyst dosage is an essential vari-
able in the heterogeneous Fenton approach, it is necessary
to establish the applicable dosage. According to Fig. 6, the
degradation of MO increases noticeably when the dosage
of 5%Fe@BC is increased from 0 to 1g/I. Previous studies
have shown similar outcomes, with increased H,0, activity
when the catalyst dose is increased [45, 46]. As the catalyst
mass elevates, the elimination of MO at 60 min rises from
20.89 to 98.76%. Without a catalyst, the removal of MO
is significantly limited, indicating low H,0, activity effi-
ciency. The increase in the dosage of the 5%Fe@BC catalyst
from 0.2 to 0.5 g/I leads to a remarkable increase in MO
degradation,suggesting a greater number of active sites
on the 5%Fe@BC catalyst to activate H,0, [47]. Increasing
the 5%Fe@BC catalyst from 0.5 to 1 g/l slightly improve the
degradation of the organic pollutant. It's probable that too

100

Discoloration rate (%)

Time (min)

Fig.6 Effect of catalyst dosage. Experimental conditions:

[IMO] =20mg/I, [H,0,]=2mM, pH 3, T=30+2°C

much catalyst has a detrimental impact on how quickly
hydroxyl radicals are consumed and lowers the catalytic
activity of H,0,.

4.2 Effect of H,0,

In the advanced oxidation process of Fenton-like, hydroxyl
radicals are typically present in the solution for the
removal of recalcitrant pollutants [48].The production of
OH- is generally linked to the concentration of H,0,. The
impact of H,0, on the degradation of organic matter MO
is illustrated in Fig. 7. In the absence of hydrogen perox-
ide, the rate of discoloration was negligible, reaching only
16.54% within a few minutes, confirming the small role of
adsorption. The removal of MO is notably increased with
the increase of H,0, from 0 to 4mM. The hydroxyl radicals
required for the breakdown of organic contaminants are
thought to increase as H,0, levels rise [17]. The degrada-
tion of MO decrease when the dose increases from 4 to
10mM.This can be attributed to the self-decomposition
and negative effect of an excess of H,0, in the solution.
The excess hydrogen peroxide leads to an undesirable
scavenging of hydroxyl radicals [49].

4.3 Effect of pH

pH is a key factor in the heterogeneous Fenton-like pro-
cess, influencing both the catalytic capacity of catalysts for
dye degradation [50, 51]. Therefore, it is crucial to find the
optimal value. The effect of pH on the degradation of MO
is illustrated in Fig. 8. At pH 3, the Fenton like process used
achieves a very high discoloration rate of approximated
97% in 60 min. The degradation efficiency of MO reaches

100
50 ——O0mM
——2mM

Q ——4mM
o ——10 mM
E 60 +
[
S
©
O 40
e
(8]
R
[a]

20

0 T T T T T
0 10 20 30 40 50 60

Time (min)

Fig.7 Effect of H,0,. Experimental conditions: [MO]=20mg/l, cata-
lyst dose=0.5g/I, pH 3,T=30+2"°C
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100

Discoloration rate(%)

Time(min)

Fig.8 Effect of pH. Experimental conditions: [MO]=20 mg/I,
[H,0,]=4 mM Catalyst dose=0.5 g/, T=30+2°C

47.67% at neutral conditions (pH 7). In contrast, the degra-
dation of MO exhibits a significantly low efficiency under
basic conditions (pH 10).The decrease can be justified by
the precipitation of dissolved iron and the instability of
H,0, in the solution [52]. Additionally, the catalyst 5%Fe@
BC becomes deactivated, which reduces the production
of hydroxyl radicals (OH). Furthermore, several complexes
from in the medium [53]. The pH value of 3 is considered
optimal and will be fixer for the subsequent experiments
[54].

Discoloration rate (%)

0 10 20 30 40 50 60
Time (min)

Fig.9 Effect of MO. Experimental conditions: [H,0,]=4 mM, Cata-
lyst dose=0.5g/I, pH 3,T=30+2°C
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4.4 Effect of MO dose

As illustrated in Fig. 9, the degradation efficiency of
organic pollutants gradually declines as the dosage of
the pollutant increases. The negative effect of organic
pollutants concentration can explain a higher number
of organic molecules and reactive intermediates [55]. A
higher concentration leads to a weaker catalytic reaction
between the Fenton reagents. Furthermore, the intermedi-
ate reactions generated on the catalyst surface can inhibit
subsequent reactions. A high concentration of organic
pollutants requires a high dose of solid catalyst [56]. As
the reaction progresses, the catalytic reaction between
the catalyst and H,0, may be reduced due to shortage
of catalyst.

4.5 Effect of temperature

As shown in Fig. 10, the degradation of the organic pol-
lutant is clearly enhanced with increasing reaction tem-
perature [55]. The decolorization efficiency increases
from 62.19% to 98.98% within 60 min when the tem-
perature rises from 15 to 50°C.This is mainly attributed to
the increased reaction rate [57], and enhanced collisions
between organic pollutants and hydroxyl radicals OH",
which are generated by Fenton-like reaction [58]. On the
other hand, a high temperature increas.es the operating
cost for a practical application and can be detrimental to
catalyst stability, leading to the destruction of the hydro-
char support [59].A temperature value of 30 °C is consid-
ered optimal and used for the remaining experiments.

Discoloration rate (%)

0 T T T T T
0 10 20 30 40 50 60

Time (min)

Fig. 10 Effect of temperature. Experimental conditions: [MO]=20
mg/l, [H,0,]=4mM, catalyst dosage 0.5 g/I, pH 3
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Fig. 11 a Salicylic acid absorbance at 300 nm during benzoic acid oxidation; b The UV-visible absorption spectra of the MO solution as a

function of time

4.6 Generation of hydroxyl radicals (OH')

To Test the existence of OH' in the heterogeneous Fenton
like process, a solution was prepared by adding 100 ml of
benzoic acid (BA) to the system. The solution was main-
tained at pH 3, with a catalyst mass of 0.5 g/L, a 4 mM
dose of H,0,, and solution temperature of 30 °C [60].There
was a gradual increase in absorbance over time during
the oxidation process for both Fenton catalysts (H,0, and
H,0,/5%Fe@BC), as shown in Fig. 11a. This indicates that
benzoic acid trapped the OH' radicals and formed salicylic
acid [61].In the absence of a catalyst, salicylic acid produc-
tion was not identified due to insufficient radical produc-
tion (HO"). The results indicated a continuous generation
of hydroxyl radicals that effectively attack the pollutant
[62].Fig. 11b shows how the solution’s UV-visible spectra
changed as it underwent oxidation. Gradually, the band
with a wavelength of 464 nm that is ascribed to the con-
jugated structure created by the azo linkage narrows. This
drop demonstrates the deterioration and discoloration of
methyl orange caused by the Fenton-like process’ cleavage
of the chromophore in the dye structure [63].

4.7 Statistical modulization and ideal conditions
for pollution removal

The utilization of the Box-Behnken design model aimed
to assess the significance of various parameters and
identify the ideal experimental conditions for achieving
effective oxidation through the heterogeneous Fenton-
like process. The removal and discoloration rate of pollut-
ants (Eq. 3), which is the response obtained from planned

Table 3 Box-Behnken design for the three independent variables
with discoloration rate

Run A:[MO] B:catalystmass C:Tem- Discoloration rate
(mg/L) © g(ér)ature Actual Predicted
(%)
1 70 0.55 55 0.940 0.951
2 20 0.55 55 0.970 0973
3 45 1 55 0.975 0.973
4 45 1 25 0.813  0.827
5 45 0.55 40 0.984 0.980
6 45 0.1 55 0.850 0.835
7 20 0.1 40 0.812 0.823
8 45 0.55 40 0.984 0.980
9 20 1 40 0.974 0.971
10 45 0.55 40 0.970 0.980
1 20 0.55 25 0.880 0.868
12 70 1 40 0.910 0.899
13 70 0.1 40 0.710  0.712
14 45 0.55 40 0.983 0.980
15 70 0.55 25 0.710  0.706
16 45 0.1 25 0.630 0.630

experiments with three variables, pollutant dosage MO,
5%Fe@BC catalyst mass, and the optimal temperature for
pollutant degradation through the Fenton-like reaction
(Table 1) was studied using an experimental plan compris-
ing four central repetitions. The matrix for estimating the
number of tests needed to get the response, especially
the discoloration rate, is shown in Table 3. Three variables
are represented by the K number of optimal factors. In this
context, 16 experiments were completed [64]. The results
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Table 4 The degradation of MO using an analysis of variance (ANOVA)

Source Sum of Squares df Mean Square F-value p-value
Model 0.1999 9 0.0222 117.99 <0.0001 Significant
A: [MO] 0.0167 1 0.0167 88.91 <0.0001
B: catalyst mass 0.0560 1 0.0560 297.48 <0.0001
C: Temperature 0.0615 1 0.0615 326.77 <0.0001
AB 0.0004 1 0.0004 1.93 0.2136
AC 0.0049 1 0.0049 26.03 0.0022
BC 0.0009 1 0.0009 4.54 0.0771
A? 0.0050 1 0.0050 26.57 0.0021
B? 0.0350 1 0.0350 185.68 <0.0001
c 0.0196 1 0.0196 104.00 <0.0001
Residual 0.0011 6 0.0002
Lack of Fit 0.0010 3 0.0003 6.92 0.0732 Not significant
Pure Error 0.0001 3 0.0000
Cor Total 0.2010 15
Std. Dev 0.0137 R? 0.9944
Mean 0.8809 Adjusted R? 0.9860
CV.% 1.56 Predicted R? 0.9202
Adeq Precision 32.2132
Normal Plot of Residuals Residuals vs. Predicted
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532592
99 —
] = _
o5 _; % 4.00 o
>, 903 [ é
= E 0 3 o
2 80 m ~ 2.00 — o
< - k=t
3" H
= ] !
§ 50 - F § 0.00 2 o = .
E 30- a = =
= ™ \
56 %07 =} E -2.00 — (]
ZETE g g m
3 -
5 g
1 = ﬁ -4.00 — 8
1
-5.32592
+6.00 —
! J ' ‘ ! | | | \ \
H400 "2.00 0.00 2.00 400 0.600 0.700 0.800 0.900 1.000
Externally Studentized Residuals Predicted

Fig. 12 Predicted values versus actual values of the model for the discoloration rate

are consistent with the combined impact of the three vari-
ables within their acceptable range.

ANOVA analysis was performed to assess the validity
of the statistical model trials (Table 4). In the ANOVA, the
majority of parameters tested to evaluate model valida-
tion are the mean square ratio values, significant F-values,
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and P-values of the confidence interval for model terms,
calculated at 95% confidence level. A P-value lower than
5% ensures the significance of the model [65].As a result,
higher F-values (117.99) and low P-values (< 0.0001) for the
degradation of refractory organic pollutants confirm the
statistical significance and importance of model validation.
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Fig. 13 Response surface traces: Effect of the three variables studied (A, B, C) on discoloration rate
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Moreover, the correlation coefficient values (R?) exhibited
a high level of accuracy (R?=0.99 with R? ,y;,teq=0.98, as
shown in Table 4). This indicates that the model created is
a good fit for the experimental data and possesses strong
predictive capabilities [50, 66].Furthermore, the results
shown in Fig. 12 reveal a strong correlation between the
predicted and experimental values, indicating that the
model is appropriate and performs well for the response
of organic pollutant degradation. As a result, the second-
order polynomial relationship, which was also used to
determine the correlation of the three different variables
with the Y, response, was expressed by equation (Eq. 5):

Discoloration rate (%) =0.116 — 0.001A + 0.742B + 0.028C + 0.001AB

The desirability function was employed for numeri-
cal optimization purposes. One of the objectives of this
study is to maximize the Discoloration rate by utilizing the
variables outlined in Table 1S. The desirability function is
employed to determine the highest value of function D
among various alternatives. The alternative with the high-
est desirability value, as indicated in Table 4, is selected as
the optimal option.

To optimize the process parameters, the Design Expert
software was employed, making use of the prediction
point feature. The optimized parameters were subse-
quently determined using the statistical software, and

(5)

+ 9.3EF%AC - 0.002BC — 5.6 E79A? — 0.461B% — 0.0003C?

Figure 13 presents three-dimensional (3D) response
surface plots for the discoloration rate as a function of
catalyst mass, temperature, and organic pollutant dose
(MO). The surface response of discoloration efficiency in
the oxidation process, while keeping temperature (°C) and
catalyst mass (g/l) as independent variables, is shown in
Fig. 13a, b. It was determined that the discoloration rate
increases with increasing temperature (from 25 to 55 °C)
and catalyst mass (0.1-1 g/I), confirming the interaction
between these two parameters [67]. Figure 13¢, d show
that the effect of catalyst mass is greater than the effect
of pollutant dose (14.67-80.92 mg/l) on the discoloration
rate. Figure 13e, f demonstrate how the discoloration rate
increases with temperature as a function of pollutant dose,
with temperature having a more significant impact than
the pollutant dose.

Table 5 Verification tests under optimal conditions

Optimal condition: X;=0,50 g/l, X,=35,5°C, X;=50 mg/L avec D=1

Predicted Experimental Error (%)

Discoloration rate (%) 92 92,45 0,49

the results were documented in Table 5. To validate the
Response Surface Methodology model based on the Box-
Behnken Design, experiments were conducted on waste-
water solutions using the selected optimization conditions
for decolorization. The results showed that the experimen-
tal percentage (92.45%) and the predicted decolorization
percentage (92%) differed only by 0.45%. Therefore, Eq. 5
was confirmed to accurately calculate the decolorization
rate of the solution.

Table 6 compares the results of the 5% Fe@BC catalyst’s
performance in effectively removing organic matter (MO)
with those of another earlier research. This comparison
considers numerous methods of treatment, including
heterogeneous Fenton, Fenton-like oxidation, employ-
ing various solid catalysts, and application under various
conditions (pH, amount of H,0,, catalyst concentration,
reaction time). This comparison shows that, in our study,
we acquired significant responses compared to the other
catalysts stated, although using a little amount of H,0,
and catalyst and a shorter reaction time [68], suggesting
that the catalyst is a good candidate for a Fenton-like reac-
tion. These results demonstrate that each catalytic system
behaves differently and that the optimum conditions for

Table 6 Comparison of MO discoloration for various methods and catalysts

Method/catalyst C(dye) Concentration Catalyst Con-  pH Reaction time Discoloration Ref
(mg/l) H,0, centration (min) efficiency (%)
(mmol/l) (g/1)
Fenton-type/Co-SMA 30 379 29.92 4.31 30 94.79 [69]
Fenton-like/MIL-100(Fe)/GO 50 8 0.5 3 240 98 [70]
Fenton/Fe-sand 150 58 25 60 100 [71]
Fenton-like/5%Fe@BC 50 4 0.5 3 60 93 This work
Fenton-like/Fe2MnO4 50 18 25 4 120 100 [72]
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Research

achieving maximum MO removal cannot be easily extrap-
olated from one system to another.

5 Conclusion

The main objective of this research was to explore the
possibility of degrading organic pollutants MO by a het-
erogeneous Fenton-like process, using an environmen-
tally friendly and cost-effective material that is available
easily and locally. For the preparation of the heterogene-
ous catalyst, wood sawdust waste was utilized with a 5%
weight doping of iron. Ferrous ions were loaded onto this
support (hydrochar), using the hydrothermal carboni-
zation method with the assistance of an autoclave. The
degradation of methyl orange depends on the process
variables. The decolorization rate reached 92.54% under
optimal conditions, which included a catalyst dosage of
0.5 mg/L, an organic pollutant concentration of 50 mg/L,
and a temperature of 35.5 °C. The results indicate that
the heterogeneous Fenton process based on 5%Fe@BC
can be used as a viable alternative to conventional treat-
ment methods for wastewater. In addition, optimization
of the Fenton -like process by experimental design such
as response surface methodology are also effective tools
for reducing the number of experiments and consuma-
bles costs. Moreover, since it determines the interaction
between variables, it helps us to understand better the
effect of independent variables on dependent ones. The
advantage of the heterogeneous Fenton process used in
this work is to separate easily the solid catalyst (5% Fe@BC)
and avoid sludge formation at the end of the treatment.
Future studies should focus on the practical application of
these materials for the degradation of real pollutants and
the optimization of Fenton catalyst production processes.
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