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Abstract 

This study aims to synthesize activated carbon (ACGH) and ferromagnetic activated carbon (ACGH-Fe3O4) derived from cotton 

stalks (Gossypium herbaceum) and to evaluate their catalytic performance in the degradation of Cochineal Red A (E124) dye in 

aqueous solution using the heterogeneous Fenton process. The textural, structural, and chemical properties of the synthesized 

materials were characterized using different analytical techniques. The degradation of E124 was investigated by varying several 

operational parameters, including the pH of the solution (3–7), hydrogen peroxide concentration (0.5–1.5 mol.L-1), initial dye 

concentration (100–200 mg.L-1), and catalyst dosage (50–100 mg). FTIR analysis of ACGH-Fe3O4 confirmed the presence of 

Fe-O functional groups, while X ray diffraction analysis revealed the formation of a magnetite crystalline structure. The specific 

surface areas of ACGH and ACGH-Fe3O4 were determined to be approximately 694.35 and 287.14 m2.g-1, respectively, 

indicating the presence of micro and mesoporous structures. Catalytic performance tests showed that the degradation efficiencies 

of Fe3O4, ACGH, and ACGH-Fe3O4 reached 35.32%, 51.56%, and 99.95%, respectively, after 60 min of reaction. Process 

optimization using response surface methodology (RSM) based on the Box–Behnken design (BBD) confirmed a maximum 

degradation efficiency of 99.97% at an optimal catalyst dosage of 1.5 g.L-1. The quadratic regression model provided coefficients 

of determination of R2 = 0.9217 and adjusted R2 = 0.8488, indicating good agreement between the experimental and predicted 

values. Kinetic analysis revealed that the degradation of E124 follows a pseudo-first-order model. In addition, the ACGH-Fe3O4 

catalyst exhibited good reusability, maintaining degradation efficiencies between 90% and 70% after five successive cycles. 

Compared to conventional activated carbons, ACGH-Fe3O4 demonstrated superior catalytic efficiency, fast kinetics, and 

excellent reusability, highlighting its potential for practical wastewater treatment. 
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1. Introduction 

Synthetic dyes are widely used in industries such as food, 

textiles, cosmetics, pharmaceuticals, and printing [1]. More 

than 7 × 10⁵ tons of synthetic dyes are produced annually 

worldwide, and a significant portion is discharged into aquatic 

environments during industrial processes. These dye-contain-

ing effluents pose serious environmental and health risks be-

cause many synthetic dyes exhibit toxic, carcinogenic, and 

mutagenic effects [2]. Among them, Cochineal Red A (E124), 

a water-soluble azo dye commonly used in food products, is 

particularly problematic due to its stable aromatic structure 

and azo bonds (–N=N–), which confer high resistance to bio-

logical degradation [2, 3]. Consequently, the removal of azo 

dyes from wastewater remains a major environmental chal-

lenge. Various physicochemical methods, including adsorp-

tion, coagulation–flocculation, membrane filtration, ion ex-

change, and chemical oxidation, have been investigated for 

dye removal [1, 3]. Activated carbon adsorption is widely ap-

plied because of its high efficiency and operational simplicity; 

however, it mainly transfers pollutants from the liquid phase 

to the solid phase without complete mineralization [4]. Bio-

logical treatments are also limited in the degradation of recal-

citrant azo compounds [5]. Therefore, advanced oxidation 

processes (AOPs), particularly the Fenton process, have at-

tracted considerable interest due to their ability to generate 

highly reactive hydroxyl radicals (•OH) capable of degrading 

refractory organic pollutants [6, 7]. Although the homogene-

ous Fenton process exhibits high oxidation efficiency, its 

practical application is restricted by iron sludge generation 

and catalyst recovery difficulties [8]. To overcome these lim-

itations, heterogeneous Fenton catalysts have been developed 

to improve catalyst recyclability and process sustainability. 

Several catalysts, including carbon nanotube-supported Fe3O4 

[9], clay-supported Fe3O4 [10], and biochar-modified 

CuFe3O4 [11], have shown promising performance. Among 

them, activated carbon-based magnetic composites are partic-

ularly attractive because they combine high surface area, ad-

sorption capacity, catalytic activity, and easy magnetic sepa-

ration [3, 5, 10, 12]. Recently, biomass-derived carbon mate-

rials have emerged as sustainable and low-cost alternatives for 

environmental remediation. Agricultural residues are espe-

cially attractive precursors because they are abundant, inex-

pensive, and contribute to biomass waste valorization. How-

ever, studies on the degradation of food dyes using biomass-

derived ferromagnetic activated carbon remain limited. There-

fore, this study aims to synthesize and characterize ferromag-

netic activated carbon derived from cotton stalks (Gossypium 

herbaceum), an abundant agricultural residue in the Far North 

region of Cameroon, and evaluate its catalytic performance in 

the heterogeneous Fenton degradation of Cochineal Red A 

dye. Response surface methodology (RSM) based on the 

Box–Behnken design was employed to optimize the operating 

conditions and assess the influence of key parameters on deg-

radation efficiency. This work contributes to the development 

of sustainable and efficient catalytic materials for wastewater 

treatment while promoting agricultural waste valorization. 

2. Materials and Methods 

2.1. Reagents 

All reagents used in this study were of analytical grade and 

were used as received without further purification. Cochineal 

Red A (E124) dye was used as the target pollutant. Phosphoric 

acid (H3PO4) was employed as the chemical activating agent 

for the raw biomass (GH). Hydrogen peroxide (H2O2) served 

as the oxidant in the Fenton reaction. Sodium hydroxide 

(NaOH), ferrous sulfate heptahydrate (FeSO4 7H2O), and fer-

ric chloride hexahydrate (FeCl3·6H2O) were used for the syn-

thesis of ferromagnetic activated carbon (ACGH-Fe3O4). 

2.2. Methods 

2.2.1. Preparation of Activated Carbon 

Activated carbon was prepared from cotton stalks (Gossy-

pium herbaceum, GH). Cotton stalks were washed, dried, 

crushed, and sieved (<100 μm). Fifty grams of biomass were 

impregnated with 150 mL of 7% H3PO4 under stirring for 2 h, 

dried at 105°C, and carbonized at 450°C for 2 h (5°C.min−1). 

The obtained material was washed to neutral pH and dried at 

105°C for 24 h to obtain activated carbon (ACGH). 

2.2.2. Synthesis of the Ferromagnetic Catalyst 

The ferromagnetic catalyst was synthesized by modifying 

activated carbon (ACGH) through the co-precipitation method 

of Fe2+ and Fe3+ ions [5]. For this purpose, 13.93 g of ferric 

chloride hexahydrate (FeCl3.6H₂O) and 10 g of ferrous sulfate 

heptahydrate (FeSO4.7H2O) were dissolved in 250 mL of dis-

tilled water under continuous stirring in a 500 mL flask. Sub-

sequently, 10 g of activated carbon (ACGH) was introduced 

into the solution, and the reaction temperature was maintained 

at 80°C. The precipitation of magnetite (Fe3O4) nanoparticles 

was induced by the gradual addition of 5 g of sodium hydrox-

ide (NaOH). Under these alkaline conditions, Fe2+ and Fe3+ 

ions react with hydroxide ions to form Fe3O4 particles. During 

this process, Fe3O4 nanoparticles were deposited onto the sur-

face of the activated carbon, leading to the formation of a fer-

romagnetic composite material with enhanced catalytic prop-

erties and magnetic separability. After 1 h of reaction, the re-

sulting material was washed, centrifuged and dried. The ob-

tained ferromagnetic activated carbon was designated as 

ACGH-Fe3O4. The formation mechanism of ferromagnetic 

activated can be described by the equation (1). 
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𝐹𝑒2+ + 2𝐹𝑒3+ + 𝐴𝐶𝐺𝐻 + 8𝑂𝐻− → 𝐹𝑒3𝑂4𝐴𝐶𝐺𝐻 + 4𝐻2𝑂                              (1) 

2.2.3. Material Characterization Techniques 

Several characterization techniques were employed to in-

vestigate the physicochemical properties of the materials (GH, 

ACGH, and ACGH-Fe3O4). Fourier Transform Infrared 

(FTIR) spectroscopy was used to identify the surface func-

tional groups present in the materials. The spectra were rec-

orded using a Nicolet iS5 Thermo Scientific spectrometer in 

the range of 4000-400 cm-1 using the attenuated total reflec-

tance (ATR) mode. The surface morphology and elemental 

composition of the samples were analyzed using a field emis-

sion scanning electron microscope (FESEM) coupled with en-

ergy-dispersive X-ray spectroscopy (EDX). The analyses 

were performed using a JEOL JSM-6390A microscope (To-

kyo, Japan) operated at an accelerating voltage of 10 kV with 

a magnification range from 25× to 1000 kx. The crystalline 

phases of the materials were determined by X-ray diffraction 

(XRD) analysis using a PANalytical X’Pert Pro powder dif-

fractometer equipped with Cu Kα radiation (λ = 1.54056 Ǻ). 

The instrument was operated at 40 kV and 30 mA, with a scan-

ning speed of 5° min-1 over a 2θ range from 10° to 90°. The 

specific surface area, pore size distribution, and pore volume 

were determined from nitrogen adsorption–desorption iso-

therms using the Brunauer–Emmett–Teller (BET) and Bar-

rett–Joyner–Halenda (BJH) models. The measurements were 

carried out using a BELSORP MAX analyzer (BEL Japan Inc., 

Japan). All adsorption experiments were performed at 77 K. 

2.2.4. Degradation Experiments Using the 

Heterogeneous Fenton Process 

The degradation experiments were carried out at room tem-

perature. For each experiment, 100 mL of E124 dye solution 

with an initial concentration ranging from 100 to 200 mg.L-1 

and a pH between 3 and 7 was introduced into a 200 mL Er-

lenmeyer flask. Subsequently, 5 mL of hydrogen peroxide 

(H2O2) with a concentration ranging from 0.5 to 1.5 mol.L-1 

and a catalyst mass of ACGH-Fe3O4 between 50 and 100 mg 

were added to the solution. The pH of the solution was ad-

justed using H2SO4 (0.1 mol. L-1) or NaOH (0.1 mol. L-1) so-

lutions. The reaction mixture was magnetically stirred for the 

desired reaction time. At predetermined time intervals, 5 mL 

of the reaction solution was withdrawn using a pipette and fil-

tered through filter paper. Immediately after filtration, two 

drops of methanol were added to the filtrate to quench the rad-

ical reaction [13]. The absorbance of the treated solution was 

measured using a SECOMAM S.500 UV-visible spectropho-

tometer at the maximum absorption wavelength (λmax = 510 

nm) to determine the residual dye concentration. The degra-

dation efficiency (Ed,%) of E124 dye was calculated using 

Equation (2): 

𝐸𝑑(%) = (
𝐶0−𝐶𝑡

𝐶0
) × 100               (2) 

Where: C0 is the initial dye concentration (mg. L-1), Ct is the 

dye concentration at reaction time t (min). 

2.2.5. Optimization of the Catalytic Performance of 

the Synthesized Materials 

Before the experimental design based on response surface 

methodology, preliminary experiments were conducted to 

evaluate the catalytic performance of ACGH and ACGH-

Fe3O4 in removing E124 dye via adsorption and heterogene-

ous Fenton degradation. These preliminary tests were carried 

out in order to identify the most efficient material for subse-

quent optimization studies. For each experiment, 100 mL of 

E124 dye solution with an initial concentration of 100 mg. L-

1 was introduced into a 200 mL Erlenmeyer flask, and the pH 

of the solution was adjusted to 3. Subsequently, 50 mg of cat-

alyst and 5 mL of hydrogen peroxide (H2O2) with a concen-

tration of 0.5 mol. L-1 was added to the solution. The reaction 

mixture was magnetically stirred for a maximum reaction time 

of 60 min. At predetermined time intervals, 5 mL of the reac-

tion mixture was withdrawn using a pipette, filtered through 

filter paper, and immediately quenched by adding two drops 

of methanol to stop the radical reaction. The collected samples 

were analyzed using a UV-visible spectrophotometer (SECO-

MAM S500) at the maximum absorption wavelength (λmax = 

510 nm) to determine the residual dye concentration. 

2.2.6. Design of Degradation Experiments Using 

Response Surface Methodology (RSM) 

Response surface methodology (RSM) based on the Box-

Behnken design (BBD) was used to optimize the operating pa-

rameters for the degradation of E124 dye in order to determine 

the optimal conditions for maximum degradation. The exper-

imental design and the generation of the experimental matrix 

were performed using Statgraphics Plus 18.0 software. Four 

independent variables were considered in this study: the pH of 

the solution (A), the catalyst mass of the ACGH-Fe3O4 com-

posite material (B), the initial concentration of E124 dye (C), 

and the H2O2 concentration (D). For four independent varia-

bles and six center points, the Box-Behnken design generated 

30 experimental runs, as described by Equation (3). 

𝑛𝑓 = 2𝑘 + 2𝑘 + 𝑛0 = 24 + 2(4) + 6 = 30      (3) 

Where k is the number of experimental variables considered 

in the optimization study, n0 is the number of center points, 

and nf is the total number of experimental runs. The minimum 

(−1), central (0), and maximum (+1) levels of the independent 

variables used in the model are presented in Table 1. 

http://www.sciencepg.com/journal/sjc


Science Journal of Chemistry http://www.sciencepg.com/journal/sjc 

 

78 

 

Table 1. Levels of the independent variables used in the Box–Behnken design. 

Variables Units Coded variables 

Variables levels 

+1 0 -1 

pH  A 3 5 7 

Mass mg B 50 75 100 

[E124] mg.L-1 C 100 150 200 

[H2O2] mol.L-1 D 0.5 1.0 1.5 

 

An empirical model was developed based on the responses 

obtained from the 30 experimental runs. The interactions be-

tween the experimental variables and their influence on the 

response were described using a classical second-order poly-

nomial model, including linear, quadratic, and interaction 

terms, as expressed in Equation (4). 

𝑌 = 𝛽0 + ∑ 𝛽𝑖
𝑛
𝑖=1 𝑥𝑖 + ∑ 𝛽𝑖𝑖𝑥𝑖

2𝑛
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗

𝑛
𝑗=𝑖+1

𝑛
𝑖=1 𝑥𝑖𝑥𝑗 + 𝜀                             (4) 

Where Y represents the predicted response, ꞵ0 is the inter-

cept of the quadratic equation, ꞵi represents the linear coeffi-

cients, ꞵii represents the quadratic coefficients, and ꞵij repre-

sents the interaction coefficients between variables. xi and xj 

are the coded values of the experimental variables used in the 

degradation experiments, and ε represents the residual error 

between the experimental and predicted values. Analysis of 

variance (ANOVA) was used to evaluate the statistical signif-

icance of the model terms and to assess the adequacy of the 

regression model. The degradation efficiency of E124 dye was 

used as the response variable for the optimization study. 

2.2.7. Kinetic Studies and Modelling of the Dye 

Degradation Reaction 

The kinetics of E124 dye degradation were investigated us-

ing pseudo-first-order and pseudo-second-order kinetic mod-

els. These models were used to evaluate the reaction rate and 

to determine the most appropriate kinetic mechanism describ-

ing the degradation process. The linear forms of the first-order 

and second-order kinetic models are given by Equations (5) 

and (6), respectively. 

𝑑𝑐

𝑑𝑡
= −𝑘𝐶 ⇒ ln⁡

𝐶0

𝐶𝑡
= 𝑘𝑡               (5) 

𝑑𝑐

𝑑𝑡
= −𝑘𝐶2 ⇒  

1

𝐶𝑡
−

1

𝐶0
= 𝑘𝑡             (6) 

Where t represents the degradation time, Cₜ is the concen-

tration of E124 dye at time t, C₀ is the initial dye concentration 

at t =0, and k is the apparent rate constant of the reaction. The 

experimental data were fitted using linear regression analysis, 

and the kinetic models were compared based on the values of 

the correlation coefficient (R2). The model presenting the 

highest R2 value was considered the most suitable for describ-

ing the degradation kinetics of E124 dye. 

2.2.8. Reusability Studies 

The reusability of the ACGH-Fe3O4 catalyst was investi-

gated in order to evaluate its ability to maintain catalytic effi-

ciency over repeated degradation cycles. This study provides 

important information about the catalytic stability of the ma-

terial and its potential practical application in wastewater 

treatment. The first degradation cycle was carried out using 

100 mg of ACGH-Fe3O4 in 200 mL of dye solution at the op-

timal concentration and pH determined from the experimental 

protocol. Subsequently, 5 mL of H2O2 at the predetermined 

optimal concentration was added to the reaction mixture con-

tained in a 200 mL Erlenmeyer flask. The mixture was mag-

netically stirred for 60 min. After the reaction, 5 mL of the 

solution was withdrawn, filtered, and analyzed using UV–vis-

ible spectrophotometry to determine the residual dye concen-

tration. The percentage of dye degradation during this first cy-

cle was calculated using equation (2). The ACGH-Fe3O4 cat-

alyst was then recovered from the reaction mixture by mag-

netic separation. The recovered material was washed with dis-

tilled water by centrifugation at 3000 rpm for 5 min, and this 

washing step was repeated three times to remove residual re-

actants and possible intermediates. After washing, the mate-

rial was dried in an oven at 100°C for 2 h and reused in the 

next degradation experiment. This procedure was repeated for 

four additional cycles, allowing the evaluation of the catalytic 

stability of the material over five consecutive degradation cy-

cles, and the corresponding dye degradation efficiencies were 

calculated. 
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3. Results and Discussion 

3.1. BET and BJH Analysis 

The textural properties of ACGH and ACGH-Fe3O4 mate-

rials were investigated using nitrogen (N₂) adsorption–desorp-

tion isotherms at 77 K. The obtained isotherms are presented 

in Figure 1A, while the corresponding pore size distribution 

curves are shown in Figure 1B. The values of the BET specific 

surface area, total pore volume, and average pore diameter for 

ACGH and ACGH-Fe3O4 are summarized in Table 2. 

Table 2. BET specific surface area, total pore volume, and pore diameter of ACGH and ACGH–Fe₃O₄ materials. 

Materials BET surface area (m2. g-1) Total pore volume (cm3. g-1) Average pore diameter (nm) 

ACGH 694,35 0,326 3,4 

ACGH-Fe3O4 287,14 0,099825 4,3 

  
Figure 1. Nitrogen (N₂) adsorption–desorption isotherms (A) and pore size distribution curves (BJH) (B) of ACGH and ACGH-Fe3O4materials. 

Figure 1A shows adsorption–desorption isotherms with a 

gradual increase at high relative pressures (P/P₀ ≈ 0.9), indi-

cating the coexistence of microporous and mesoporous struc-

tures. According to the IUPAC (International Union of Pure 

and Applied Chemistry) classification, the materials exhibit 

combined type I and type IV isotherms with an H3 hysteresis 

loop, characteristic of mesoporous materials with slit-shaped 

pores [14]. Such textural properties are favorable for the ad-

sorption of large organic molecules such as Cochineal Red A 

(E124). The BJH pore size distribution (Figure 1B) confirmed 

the mesoporous nature of the materials, with average pore di-

ameters of 3.4 nm for ACGH and 4.3 nm for ACGH-Fe3O4, 

consistent with BET results (Table 2). BET analysis revealed 

that ACGH possessed a higher specific surface area (694.35 

m2.g−1) than ACGH-Fe3O4 (287.14 m2.g−1). The decrease after 

magnetization is attributed to the partial blockage of pores by 

Fe3O4 nanoparticles, as supported by the reduction in total 

pore volume. Similar modifications of textural properties after 

metal incorporation have been reported previously without 

significant loss of catalytic performance [5, 12]. 

3.2. Fourier Transform Infrared (FTIR) 

Analysis 

FTIR analysis was carried out on GH, ACGH, and ACGH-

Fe3O4 samples to identify the surface functional groups pre-

sent in the raw material and the synthesized materials. The ob-

tained spectra are presented in Figure 2. 
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Figure 2. FT-IR spectra of GH, ACGH, and ACGH-Fe3O4. 

The FTIR spectrum of GH shows a broad band around 3367 

cm−1 attributed to O–H stretching vibrations of hydroxyl 

groups and adsorbed water molecules [15]. The band near 

2920 cm−1 corresponds to C–H stretching vibrations of ali-

phatic groups [15], while bands around 1722, 1600, and 1030 

cm−1 are assigned to C=O, C=C/C=N, and C–O stretching vi-

brations associated with lignocellulosic structures [15-17]. 

After phosphoric acid activation, the FTIR spectra of ACGH 

and ACGH-Fe3O4 exhibit significant modifications of these 

bands, indicating structural changes in the carbon matrix. The 

appearance of bands around 1080 cm−1 confirms the presence 

of phosphate groups (P–O–P or P–O–C) formed during H3PO4 

activation [2]. In the ACGH-Fe3O4 spectrum, the characteris-

tic band observed at 550–580 cm−1 is attributed to Fe–O 

stretching vibrations of magnetite (Fe3O4) nanoparticles [18]. 

Additional bands around 850–900 cm−1 correspond to Fe–OH 

vibrations characteristic of goethite species [19]. These results 

confirm the successful incorporation of iron oxide species 

onto the activated carbon surface, which is essential for hy-

drogen peroxide activation during the heterogeneous Fenton 

process. Similar observations have been reported in previous 

studies [20, 21]. 

3.3. X-ray Diffraction (XRD) Analysis 

X-ray diffraction (XRD) analysis was carried out to deter-

mine the crystalline or amorphous structure of the synthesized 

materials. The obtained XRD patterns are presented in Figure 

3. 

 
Figure 3. XRD diffractograms of GH, ACGH, and ACGH-Fe3O4. 

The XRD patterns of GH and ACGH (Figure 3) exhibit 

broad diffraction peaks around 2θ ≈ 22°–25°, characteristic of 

amorphous carbonaceous structures derived from cellulose, 

lignin, and hemicellulose components [22]. The broad and 

low-intensity nature of these peaks indicates a disordered 

structure. After magnetization, the XRD pattern of ACGH-

Fe3O4 displays well-defined diffraction peaks at 2θ ≈ 30.2°, 

35.5°, 43.3°, 53.4°, 57.0°, and 62.6°, corresponding to the 

(220), (311), (400), (422), (511), and (440) planes of magnet-

ite (Fe3O4), respectively. According to JCPDS card No. 19-

0629, these reflections confirm the formation of the inverse 

cubic spinel structure of Fe3O4. Minor contributions from ma-

ghemite (γ-Fe2O3) may also be present [23, 24]. The appear-

ance of these crystalline peaks confirms the successful incor-

poration of iron oxide nanoparticles into the carbon matrix 

during the co-precipitation process. These magnetic phases 

are responsible for both catalyst magnetic recoverability and 

the catalytic activation of H2O2 during the heterogeneous Fen-

ton reaction. 

3.4. SEM/EDX Analysis 

Scanning electron microscopy (SEM) coupled with energy-

dispersive X-ray spectroscopy (EDX) was used to investigate 

the morphology and elemental composition of the synthesized 

materials. The SEM images and EDX spectra of GH, ACGH, 

and ACGH-Fe3O4 are presented in Figure 4. 
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Figure 4. SEM micrographs and EDX spectra of GH (A and B), ACGH (C and D), and ACGH-Fe3O4 (E and F). 

The SEM image of GH (Figure 4A) shows a compact fi-

brous morphology with low porosity, characteristic of ligno-

cellulosic biomass structures composed of cellulose, lignin, 

and hemicellulose [14, 22]. The corresponding EDX spectrum 

(Figure 4B) indicates the predominance of oxygen and carbon, 

together with minor mineral elements such as K, Ca, and S 

originating from the natural composition of the biomass [2]. 

After phosphoric acid activation and carbonization, ACGH 

(Figure 4C) exhibits a rough and highly porous surface with 

honeycomb-like structures and internal channels, indicating 

significant pore development due to chemical activation and 

volatile matter release during thermal treatment [14]. Such po-

rous structures are favorable for pollutant adsorption because 

they provide a larger surface area and more active sites [10]. 

The EDX spectrum of ACGH (Figure 4D) shows an increase 

in carbon content and a decrease in mineral elements, confirm-

ing effective carbonization of the biomass [15]. The SEM im-

age of ACGH-Fe3O4 (Figure 4E) reveals granular aggregates 

distributed on the carbon surface, corresponding to Fe3O4 na-

noparticles partially covering the porous structure [25, 26]. 

These particles contribute to the magnetic properties and cat-

alytic activity of the composite during the heterogeneous Fen-
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ton reaction [5]. The porous structure developed during acti-

vation also facilitates the impregnation of iron oxide particles 

onto the carbon matrix [19, 27]. This observation is confirmed 

by the EDX spectrum (Figure 4F), which shows the presence 

of approximately 23% iron, demonstrating the successful in-

corporation of iron oxide species into the activated carbon 

structure. 

3.5. Degradation of E124 Dye in Aqueous 

Medium via the Fenton Process 

3.5.1. Catalytic Performance 

The catalytic performance of Fe3O4, ACGH, and ACGH-

Fe3O4 materials was evaluated for the degradation of E124 dye 

in an aqueous medium, in the presence or absence of hydrogen 

peroxide (H2O2). The obtained results are presented in Figure 

5. 

 
Figure 5. Degradation of E124 dye using Fe3O4, ACGH, and ACGH-

Fe3O4 materials. 

The removal of E124 dye was first evaluated in the presence 

of ACGH, the ACGH-Fe3O4 composite material, and pure 

magnetite (Fe3O4) particles, without the addition of H2O2 to 

the reaction medium. The results show that ACGH exhibits 

the highest adsorption capacity, with more than 52% of the 

dye removed after 60 minutes of contact, compared with the 

other two materials. This higher adsorption capacity can be 

attributed to its larger specific surface area (694.35 m2.g-1). 

The adsorption capacity of ACGH-Fe3O4 reaches 48%, which 

is slightly lower than that of ACGH. This decrease may be 

attributed to the partial blockage of the porous surface of 

ACGH by iron oxide particles during the co-precipitation pro-

cess. In contrast, pure magnetite (Fe3O4) particles exhibit a 

lower adsorption capacity of 32% after 60 minutes of reaction, 

reflecting their limited surface area and adsorption ability. 

Furthermore, the degradation efficiency of E124 dye was in-

vestigated using different heterogeneous Fenton systems, 

namely Fe3O4 + H2O2 and ACGH-Fe3O4 + H2O2, in order to 

determine the most effective catalyst for the experimental de-

sign. The ACGH-Fe3O4 + H2O2 system exhibits the highest 

degradation efficiency, reaching nearly 99% after 60 minutes, 

which confirms the synergistic effect between activated car-

bon and Fe3O4 nanoparticles in the heterogeneous Fenton pro-

cess. The superior efficiency of the ACGH-Fe3O4 + H2O2 sys-

tem can be explained by the ability of Fe2+ ions to activate 

H2O2 through the Fenton reaction Equation (7), leading to the 

generation of highly reactive hydroxyl radicals (•OH) respon-

sible for the oxidative degradation of the dye [26, 28]. The 

Fe3O4 + H2O2 system achieves approximately 91.83% degra-

dation, highlighting the important role of iron species in the 

production of hydroxyl radicals via the Fenton reaction. These 

results confirm that the development of a heterogeneous cata-

lyst based on ferromagnetic activated carbon represents a 

promising strategy for the treatment of colored wastewater [12, 

26]. Based on these findings, the subsequent degradation ex-

periments were carried out using the ACGH-Fe3O4 composite 

catalyst in the heterogeneous Fenton system. 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝑂𝐻• + 𝑂𝐻−        (7) 

3.5.2. Effect of Parameters 

Effect of pH 

The pH of the reaction medium plays a crucial role in the 

heterogeneous Fenton process, as it strongly influences the 

generation of reactive species and the stability of iron ions. 

The effect of pH on the catalytic activity was investigated at 

three different pH values (3, 5, and 7) while keeping the other 

experimental parameters constant. The obtained results are 

presented in Figure 6. 

 
Figure 6. Effect of pH on the degradation of E124 dye. 
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As illustrated in Figure 6, the degradation efficiency of 

E124 dye is significantly higher at pH 3. Indeed, a degradation 

efficiency exceeding 98% is achieved after 120 minutes, 

which is markedly higher than that obtained at pH 5 and pH 7. 

These results indicate that lower pH values favor the degrada-

tion process. This behaviour can be explained by the higher 

stability of Fe²⁺ ions under acidic conditions, which remain 

available to activate hydrogen peroxide and initiate the Fenton 

reaction. However, when the pH increases above 4, iron tends 

to form hydroxo complexes such as [FeOH] ⁺, as shown in 

Equation (8) [29, 30]. At higher pH values (pH 5 and 7), alt-

hough dye degradation still occurs, the reaction rate becomes 

slower, and the overall efficiency slightly decreases. This be-

haviour is consistent with the chemistry of the Fenton process, 

which relies on the generation of highly reactive hydroxyl rad-

icals (•OH) according to Equations (7) and (9). Under acidic 

conditions (around pH 3), the solubility of iron species re-

mains high, ensuring the availability of Fe2+ ions required for 

the continuous generation of hydroxyl radicals. In addition, 

hydrogen peroxide remains relatively stable and decomposes 

efficiently to produce •OH radicals, which are responsible for 

the oxidative degradation of the dye molecules. Conversely, 

at neutral pH (pH 7), Fe2+ ions tend to precipitate in the form 

of Fe(OH)₃, which significantly reduces the concentration of 

soluble iron available for catalysis. As a result, the production 

of •OH radicals decreases, leading to lower degradation effi-

ciency. Furthermore, the oxidation potential of hydroxyl radi-

cals decreases with increasing pH, which may also be associ-

ated with the dissociation and self-decomposition of H2O2 

[31]. These results confirm that the Fenton process is most ef-

fective under acidic conditions, as widely reported in the lit-

erature [32]. When the pH becomes too high, the precipitation 

of iron species reduces the reactivity of the catalytic system. 

Nevertheless, even at pH 5 and 7, the catalytic activity remains 

appreciable due to the presence of the ACGH-Fe3O4 compo-

site catalyst, which may contribute to the stabilization of iron 

species and enhance pollutant adsorption on the catalyst sur-

face. Based on these findings, pH was considered a key pa-

rameter in the experimental design and optimization using 

RSM. 

𝐹𝑒2+ + 𝐻2𝑂 → ⁡[𝐹𝑒𝑂𝐻]⁡+ + 𝐻+         (8) 

Effect of Catalyst Mass 

The effect of the ACGH-Fe3O4 catalyst mass on the degra-

dation of E124 dye was investigated by varying the catalyst 

dosage at 50, 75, and 100 mg. The obtained results are pre-

sented in Figure 7. 

 
Figure 7. Effect of ACGH-Fe3O4 mass on the degradation of E124 dye. 

As shown in Figure 7, the degradation efficiency of E124 

dye increases with increasing catalyst mass. At 100 mg, a deg-

radation efficiency exceeding 95% is achieved within 60 

minutes, compared to approximately 80% at 50 mg. This can 

be attributed to the increase in active catalytic sites and pro-

duction of hydroxyl radicals (•OH) [33, 34]. However, beyond 

75 mg, the increase in degradation efficiency becomes less 

pronounced, and the curve corresponding to 100 mg tends to 

reach a plateau. This behavior indicates that, above a certain 

catalyst dosage, the reaction becomes limited by the concen-

tration of reactants, particularly H2O2 and dye molecules. Un-

der these conditions, an equilibrium is established between the 

generation of hydroxyl radicals and their consumption by the 

pollutant, leading to a saturation effect. Similar trends have 

been widely reported in heterogeneous Fenton systems, where 
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an optimal catalyst dosage is required to balance radical pro-

duction and reactant availability [4, 10]. From a mechanistic 

point of view, increasing the catalyst mass enhances the avail-

ability of Fe2+/Fe3+ redox sites, which are responsible for the 

catalytic decomposition of hydrogen peroxide according to 

the Fenton reaction (reaction 7). Thus, a higher catalyst dos-

age initially promotes the formation of •OH radicals, but be-

yond a certain threshold, the efficiency is no longer controlled 

by the number of active sites but rather by the availability of 

oxidant and substrate. These results clearly indicate the exist-

ence of an optimal catalyst mass, estimated to be between 75 

and 100 mg, beyond which no significant improvement in 

degradation efficiency is observed. This behavior confirms the 

necessity of rational optimization of operating conditions in 

order to maximize degradation efficiency while minimizing 

catalyst consumption and operational costs [4, 10]. Therefore, 

catalyst mass was identified as a key parameter and was in-

corporated into the RSM to determine the optimal operating 

conditions of the heterogeneous Fenton process. 

Effect of Hydrogen Peroxide Concentration (H2O2) 

Hydrogen peroxide (H2O2) is the key oxidizing agent in the 

Fenton process, as it is directly involved in the generation of 

highly reactive hydroxyl radicals (•OH) responsible for the 

degradation of organic pollutants such as E124 dye. The effect 

of H2O2 concentration was investigated by varying its concen-

tration at 0.5, 1.0, and 1.5 mol.L-1. The obtained results are 

presented in Figure 8. 

 
Figure 8. Effect of H₂O₂ concentration on the degradation of E124 

dye. 

As shown in Figure 8, the degradation efficiency of E124 

dye increases with increasing H2O2 concentration, reaching 

more than 95% at 1.5 mol.L-1 after 60 minutes of reaction. 

This improvement can be attributed to the enhanced produc-

tion of hydroxyl radicals (•OH) through the Fenton reaction, 

which accelerates the oxidation of dye molecules. From a 

mechanistic point of view, the decomposition of hydrogen 

peroxide in the presence of Fe2+ ions leads to the formation of 
•OH radicals according to the classical Fenton reaction Equa-

tion (7). Therefore, increasing the concentration of H2O2 pro-

motes the generation of reactive species and enhances the deg-

radation rate. However, beyond a certain threshold (around 

1.0 mol.L-1), the increase in degradation efficiency becomes 

less significant, indicating the occurrence of a saturation effect. 

This behavior is attributed to the involvement of parasitic re-

actions, in which excess H2O2 acts as a scavenger of hydroxyl 

radicals, thereby reducing their availability for pollutant deg-

radation. One of the main side reactions is described by Equa-

tion (9): 

𝐻2𝑂2 + 𝑂𝐻• → 𝑂𝐻2
• + 𝐻2𝑂              (9) 

The formation of the perhydroxyl radical (OH2
•), which is 

significantly less reactive than •OH •OH, leads to a decrease 

in the overall oxidation efficiency. In addition, the self-de-

composition of H2O2 and its non-productive consumption fur-

ther contribute to limiting the efficiency at high concentrations 

[36, 37]. These results highlight that the degradation process 

is governed by a balance between the generation and scaveng-

ing of hydroxyl radicals. Consequently, an optimal H2O2 con-

centration is required to maximize degradation efficiency 

while minimizing reagent consumption. Similar trends have 

been widely reported in heterogeneous Fenton systems, con-

firming that excessive oxidant dosage does not necessarily im-

prove performance due to radical scavenging effects [35-37]. 

Therefore, H2O2 concentration was identified as a critical pa-

rameter and was included in the response surface methodol-

ogy (RSM) to determine the optimal operating conditions. 

Effect of Initial Dye Concentration 

The effect of the initial concentration of E124 dye on the 

degradation efficiency was investigated at three concentra-

tions (100, 150, and 200 mg.L-1). The obtained results are pre-

sented in Figure 9. 

 
Figure 9. Effect of initial E124 concentration on the degradation ef-

ficiency. 
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As shown in Figure 9, the degradation efficiency decreases 

with increasing initial dye concentration. At 100 mg.L-1, a 

degradation efficiency exceeding 95% is achieved, whereas at 

200 mg.L-1, the degradation process becomes slower within 

the same reaction time. This behavior can be explained by sev-

eral factors. First, at higher dye concentrations, a larger num-

ber of pollutant molecules are present in the solution, leading 

to increased competition for the available hydroxyl radicals 

(•OH). Since the amount of radicals generated remains rela-

tively constant under fixed operating conditions, their availa-

bility becomes insufficient to effectively degrade all dye mol-

ecules. Second, higher pollutant concentrations may lead to 

partial saturation of the catalyst active sites, as more dye mol-

ecules are adsorbed onto the surface of the catalyst. This can 

limit the accessibility of reactive sites and reduce the effi-

ciency of catalytic reactions occurring at the solid–liquid in-

terface [38]. In addition, increasing dye concentration can af-

fect the mass transfer and diffusion processes, as well as the 

interaction between the oxidant, catalyst, and pollutant mole-

cules, further contributing to the reduction in degradation ef-

ficiency. Overall, the degradation rate is found to be inversely 

proportional to the initial dye concentration over the investi-

gated time interval. This trend is consistent with numerous 

studies reported in the literature, where higher initial pollutant 

concentrations result in lower degradation efficiencies due to 

limited availability of reactive species [4, 12]. These results 

confirm that the performance of the heterogeneous Fenton 

process strongly depends on the ratio between oxidant, cata-

lyst, and pollutant concentration. Therefore, the initial dye 

concentration was identified as a key parameter and was in-

cluded in the RSM) to determine the optimal operating condi-

tions. 

3.5.3. Optimization of E124 Degradation and 

Statistical Modeling 

The optimization of E124 dye degradation using the heter-

ogeneous Fenton process was carried out using RSM based on 

the BBD. A total of 30 experimental runs were generated to 

evaluate the combined effects of four independent variables, 

namely pH (A), catalyst mass (B), initial dye concentration 

(C), and H2O2 concentration (D). The experimental design 

matrix, along with the corresponding observed and predicted 

degradation efficiencies, is presented in Table 3. 

Table 3. Experimental design matrix and corresponding observed and predicted degradation efficiencies for E124 removal. 

Experiment A: pH 
B: catalyst 

mass (mg) 

C: Dye concentra-

tion (mg.L-1) 

D: H2O2 concen-

tration (mol L-1) 

Degradation efficiency (%) 

Observed value Predicted value 

1 3 50 150 1 94.1673 92.5291 

2 7 50 150 1 80.5530 79.0643 

3 3 100 150 1 97.4550 87.1989 

4 7 100 150 1 97.4987 87.3921 

5 5 75 100 0.5 99.9458 84.3896 

6 5 75 200 0.5 29.1394 19.6635 

7 5 75 100 1.5 98.8405 96.5716 

8 5 75 200 1.5 98.6167 102.428 

9 3 75 150 0.5 42.0506 55.4147 

10 7 75 150 0.5 33.8104 45.3074 

11 3 75 150 1.5 99.8904 99.4165 

12 7 75 150 1.5 98.5933 96.2522 

13 5 50 100 1 97.7167 97.7485 

14 5 100 100 1 98.5851 108.109 

15 5 50 200 1 75.6771 77.1759 

16 5 100 200 1 58.8213 69.8126 

17 3 75 100 1 97.1476 100.423 

18 7 75 100 1 96.7609 101.754 
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Experiment A: pH 
B: catalyst 

mass (mg) 

C: Dye concentra-

tion (mg.L-1) 

D: H2O2 concen-

tration (mol L-1) 

Degradation efficiency (%) 

Observed value Predicted value 

19 3 75 200 1 83.2267 78.9551 

20 7 75 200 1 66.9067 64.3527 

21 5 50 150 0 5 49.9452 50.4680 

22 5 100 150 0.5 54.2865 53.9346 

23 5 50 150 1.5 98.8356 99.9091 

24 5 100 150 1.5 99.2413 99.4402 

25 5 75 150 1 61.7519 61.7519 

26 5 75 150 1 61.7519 61.7519 

27 5 75 150 1 61.7519 61.7519 

28 5 75 150 1 61.7519 61.7519 

29 5 75 150 1 61.7519 61.7519 

30 5 75 150 1 61.7519 61.7519 

 

The comparison between experimental and predicted values 

shows good overall agreement, indicating that the developed 

quadratic model adequately describes the behavior of the het-

erogeneous Fenton system. Higher reproducibility was ob-

served near the central points, whereas some deviations ap-

peared under specific operating conditions, particularly in ex-

periments 5, 6, and 14. These discrepancies may be attributed 

to the complexity of the heterogeneous Fenton process, which 

involves simultaneous adsorption, catalytic oxidation, hy-

droxyl radical generation, and mass transfer phenomena. The 

observed non-linear behavior confirms the importance of in-

cluding quadratic and interaction terms in the model. Indeed, 

degradation efficiency depends on the combined effects of pH, 

catalyst dosage, pollutant concentration, and H2O2 concentra-

tion, as well as on the balance between Fe2+/Fe3+ active sites, 

hydroxyl radical generation, and oxidant consumption. These 

results demonstrate that the BBD is an effective approach for 

modeling and optimizing E124 degradation under heterogene-

ous Fenton conditions. 

(i). Analysis of Variance (ANOVA) 

Analysis of variance (ANOVA) was performed to statisti-

cally evaluate the significance of the model and to identify the 

most influential factors affecting the degradation efficiency of 

E124 dye in the heterogeneous Fenton process optimized by 

RSM [39]. The ANOVA results are summarized in Table 4. 

Table 4. Analysis of variance for the degradation of Cochineal Red A in the presence of ACGH–Fe3O4. 

Source Sum of squares Df Mean square F-Ratio p-Value Remark 

Model 13604.9 14 13604.9 12.61 0.0000  

A-pH 164.916 1 164.916 1.94 0.1835  

B-catalyst dose 6.73944 1 6.73944 0.08 0.7819  

C-Poluttant concentration 2599.22 1 2599.22 30.64 0.0001 Significant 

D-H2O2 concentration 6984.71 1 6984.71 82.34 0.0000 Significant 

AB 46.6351 1 46.6351 46.6351 0.4699  

AC 63.4671 1 63.4671 63.4671 0.4007  

AD 33.7215 1 33.7215 33.7215 0.5379  

BC 78.5373 1 78.5373 0.93 0.3512  
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Source Sum of squares Df Mean square F-Ratio p-Value Remark 

BD 3.87218 1 3.87218 0.05 0.8337  

CD 1245.48 1 1245.48 14.68 0.0016 Significant 

A2 842.997 1 842.997 14.76 0.0066 Significant 

B2 1251.91 1 1251.91 14.76 0.0016 Significant 

C2 1219.73 1 1219.73 14.38 0.0018 Significant 

D2 1.57707 1 1.57707 0.02 0.8934  

Residual 1272.47 15 84.8312    

Lack of fit 1272.47 10     

Pure error 0.00001 5     

Cor total 15188.0 29     

 

The results indicate that the quadratic regression model is 

highly significant, with an F-value of 12.61 and a p-value < 

0.0001, confirming that the model provides a statistically reli-

able description of the relationship between the operating var-

iables and the degradation efficiency. The goodness of fit of 

the model is supported by a coefficient of determination (R2) 

of 92.17% and an adjusted R2 of 84.86%, indicating that a 

large proportion of the variability in the response is explained 

by the model. The relatively good agreement between these 

values suggests the absence of significant overfitting. Further-

more, the Durbin–Watson statistic (~2.42) indicates no signif-

icant autocorrelation in the residuals, confirming the adequacy 

of the regression model. Among the main effects, H2O2 con-

centration (D) and initial dye concentration (C) are identified 

as the most significant parameters (p < 0.001), highlighting 

their dominant role in controlling the degradation process. 

This result is consistent with the chemistry of the Fenton re-

action, where the generation of hydroxyl radicals (reaction7) 

and the pollutant load are key factors governing the reaction 

efficiency [40, 41]. The interaction term CD (pollutant con-

centration × H2O2 concentration) is also statistically signifi-

cant (p < 0.01), indicating that the effect of H2O2 strongly de-

pends on the initial dye concentration. This interaction reflects 

the balance between radical generation and radical consump-

tion, particularly under conditions where excess oxidant may 

induce scavenging reactions, thereby reducing the availability 

of •OH radicals for pollutant degradation [40, 42]. In addition, 

the quadratic terms A2 (pH), B2 (catalyst mass), and C2 (pol-

lutant concentration) are significant (p < 0.01), confirming the 

presence of non-linear effects and the existence of optimal op-

erating conditions. This behavior is typical of heterogeneous 

Fenton systems, where the efficiency is governed by complex 

interactions between chemical kinetics, adsorption phenom-

ena, and mass transfer processes [42, 43]. Overall, these re-

sults demonstrate that the degradation process cannot be ade-

quately described by a simple linear model and justify the use 

of a second-order polynomial model within the RSM frame-

work. Based on multiple regression analysis of the experi-

mental data obtained from the Box–Behnken design, the deg-

radation efficiency (%) of E124 dye can be described by the 

following second-order polynomial equation: 

𝑌 = 447.871 − 31.6231𝐴 − 2.94388𝐵 − 2.13559𝐶 − 70. 𝑂729𝐷 + 0.06829𝐴𝐵 − 0.03983𝐴𝐶 + 2.90351𝐴𝐷 −

0.00354𝐵𝐶 − 0.07871𝐵𝐷 + 0.70583𝐶𝐷 + 2.77193𝐴2 + 0.02162𝐵2 + 0.00533𝐶2 + 1.91829𝐷2      (10) 

where A, B, C, and D correspond to pH, catalyst mass, initial 

dye concentration, and H2O2 concentration, respectively. The 

regression coefficients confirmed that H2O2 concentration and 

pollutant concentration were the most influential variables. 

Significant interaction and quadratic terms further demon-

strated the complex and non-linear nature of the heterogene-

ous Fenton process, governed by radical generation, scaveng-

ing reactions, and transport phenomena [44]. 

(ii). Response Surface Analysis 

The three-dimensional (3D) response surface plots illustrat-

ing the combined effects of the operating variables on the deg-

radation efficiency of E124 dye are presented in Figure 10. 
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Figure 10. A–F represent the interaction effects between the operating parameters on E124 degradation efficiency. 

Figure 10A shows that degradation efficiency increases 

with H2O2 concentration but decreases with increasing dye 

concentration. At low pollutant concentrations, the generated 

hydroxyl radicals (•OH) are sufficient for effective oxidation, 

whereas at higher concentrations, radical availability becomes 

limited due to competition between dye molecules [42, 45]. 

Figure 10B indicates that the highest degradation efficiencies 

are obtained under moderately acidic conditions (pH 3–5) and 

high H2O2concentrations. Acidic conditions favor Fe2+ stabil-

ity and efficient H2O2 decomposition into •OH radicals, while 

higher pH values reduce efficiency because of iron precipita-

tion and non-productive H2O2 decomposition [4, 45]. As 

shown in Figure 10C, increasing catalyst dosage and H2O2 

concentration enhances degradation efficiency due to the 
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greater availability of active sites and oxidant. However, the 

presence of a plateau region suggests the existence of optimal 

operating conditions beyond which further increases become 

ineffective because of radical recombination or inefficient ox-

idant utilization [6, 12]. Figure 10D demonstrates that pH ef-

fects are more pronounced at low pollutant concentrations, 

whereas at high dye concentrations the process becomes 

mainly limited by pollutant load [39, 41]. Figure 10E shows 

that increasing catalyst mass partially compensates for the 

negative effect of high dye concentration, although active site 

saturation occurs at elevated pollutant levels [5, 7]. Figure 10F 

reveals a moderate interaction between catalyst dosage and pH, 

with optimal degradation observed under moderately acidic 

conditions and intermediate catalyst loading [4, 9]. Overall, 

the response surface analysis confirms that E124 degradation 

is governed by strong interactions and non-linear effects be-

tween pH, catalyst dosage, pollutant concentration, and H2O2 

concentration. These findings validate the applicability of the 

quadratic RSM model and confirm that degradation efficiency 

depends on the balance between hydroxyl radical generation, 

oxidant consumption, and catalyst activity. 

(iii). Model Validation and Experimental 

Confirmation 

The optimal operating conditions predicted by the model 

were pH = 5, catalyst dosage = 75 mg, initial dye concentra-

tion = 100 mg.L-1, and H2O2 concentration = 1.5 mol.L-1, with 

a predicted degradation efficiency of 99.97% (desirability = 

1). Confirmatory experiments performed under these condi-

tions yielded results in excellent agreement with the model 

predictions, confirming its accuracy and robustness. These 

findings demonstrate the reliability of the RSM–Box–

Behnken approach and highlight the high efficiency of the 

ACGH-Fe3O4 catalyst for E124 degradation via the heteroge-

neous Fenton process. 

3.6. Kinetic Study 

Figure 11(A–D) present the kinetic modeling of E124 deg-

radation using pseudo-first-order and pseudo-second-order 

models. 

 
Figure 11. Kinetics of first order (A and B) second order (C and D) degradation of E124. 

The pseudo-first-order model (Figure 11A and 11B) exhib-

its a strong linear relationship, with high correlation coeffi-

cients (R² ≈ 0.924–0.959), indicating a good fit with the ex-

perimental data. The apparent rate constant increases under 
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acidic conditions and with increasing catalyst dosage, reflect-

ing enhanced generation of hydroxyl radicals (•OH) and im-

proved catalytic activity. In contrast, the pseudo-second-order 

model (Figure 11C and 11D) shows lower correlation coeffi-

cients (R² ≈ 0.90–0.94), suggesting a less satisfactory descrip-

tion of the degradation kinetics. This weaker fit indicates that 

the process is not primarily governed by chemisorption or sur-

face site limitations. These results demonstrate that the degra-

dation of E124 is better described by a pseudo-first-order ki-

netic model, which is consistent with a mechanism dominated 

by radical oxidation reactions. Such behavior is commonly re-

ported in efficient heterogeneous Fenton systems, where high 

•OH availability minimizes mass transfer and adsorption lim-

itations [2, 9, 46]. Overall, the kinetic analysis confirms that 

the degradation process is mainly controlled by hydroxyl rad-

ical-driven oxidation, in agreement with the mechanistic 

framework of heterogeneous Fenton reactions. 

3.7. Catalyst Reusability and Magnetic Stability 

at Optimal Conditions 

The reusability of the ferromagnetic catalyst was evaluated 

to assess its stability and practical applicability in the hetero-

geneous Fenton process. Recycling experiments were con-

ducted under the optimal conditions determined by response 

surface methodology (pH = 5, catalyst dosage = 75 mg, initial 

E124 concentration = 100 mg.L-1, and H2O2 concentration = 

1.5 mol.L-1). After each reaction cycle, the catalyst was mag-

netically separated from the aqueous solution, thoroughly 

washed with distilled water and ethanol to remove adsorbed 

intermediates, and then dried at 100°C for 1 h before to reuse. 

This procedure was repeated over five consecutive degrada-

tion cycles, and the results are presented in Figure 12. 

 
Figure 12. Changes in the degradation efficiency of E124 dye over five successive cycles. 

As shown in Figure 12, a gradual decrease in degradation 

efficiency is observed with increasing number of cycles, while 

maintaining relatively high performance (≈70%) after the fifth 

cycle. This moderate decline can be attributed to several fac-

tors, including partial passivation of active iron sites, accumu-

lation of reaction intermediates on the catalyst surface, and 

possible limited leaching of Fe2+/Fe3+ species during repeated 

use. Despite this decrease, the catalyst retains significant cat-

alytic activity, demonstrating good structural integrity and sta-

bility. Importantly, the magnetic properties of ACGH-Fe3O4 

enable rapid and efficient recovery from the reaction medium, 

minimizing material loss and facilitating reuse. These results 

highlight the good reusability and operational stability of the 

synthesized catalyst, confirming its suitability for repeated ap-

plications in wastewater treatment. The observed performance 

is consistent with previously reported magnetic carbon-based 

heterogeneous Fenton catalysts, where slight deactivation 

over cycles is commonly associated with surface fouling and 

iron leaching phenomena [14, 17]. 

3.8. Comparison with Other Heterogeneous 

Fenton Catalysts 

Table 5 summarizes the performance of various heteroge-

neous Fenton catalysts reported in the literature for the degra-

dation of azo dyes, and compares them with the ACGH–Fe3O4 

catalyst developed in this study. Under the optimized operat-

ing conditions (pH = 5, catalyst dose = 75 mg, H2O2 concen-

tration = 1.5 mol.L-1, and initial dye concentration = 100 mg.L-

1), a degradation efficiency of 99.97% was achieved. 
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Table 5. Comparison of different heterogeneous Fenton catalysts for azo dye degradation. 

Catalyst 
Precursor/Sup-

port 
Pollutant 

Optimal conditions 

(pH /H2O2) 

Degradation 

efficiency (%) 
Reusability Reference 

ACGH-Fe3O4 
Cotton stalks / 

H3PO4 

E124 (Cochineal 

Red A) 
pH 5 / 1,5 mol.L-1 > 98% 

Stable (5 

cycles) 
This work 

Fe3O4/activated car-

bon 

Lignocellulosic 

biomass 
Orange II 3 / 1.0 mol.L-1 95% 4 cycles [4] 

Magnetic Fe–biochar Rice husk Methylene blue pH 4 / 0.8 mol.L-1 93% 5 cycles [10] 

Fe3O4/graphene 
Synthetic gra-

phene 
Rhodamine B pH 3 / 1.0 mol·L⁻¹ 97% 6 cycles [9] 

Magnetic Fe–AC 
Commercial acti-

vated carbon 
Reactive Red 120 pH 5 / 1.2 mol.L-1 96% 5 cycles [12] 

Fe2O3/biochar Agricultural waste Congo Red pH 4 / 1.0 mol.L-1 90% 3 cycles [46] 

Fe–carbon composite Wood residues Acid Orange 7 pH 3 / 1.5 mol.L-1 94% 4 cycles [6] 

 

The comparison clearly indicates that the ACGH-Fe3O4 cat-

alyst exhibits competitive if not superior performance relative 

to previously reported heterogeneous Fenton systems. The 

high degradation efficiency (>98%) obtained in this study is 

comparable to or exceeds that of advanced materials such as 

Fe3O4/graphene, while maintaining excellent reusability over 

five cycles. This enhanced performance can be attributed to 

several synergistic effects. 

4. Conclusion 

In this study, a ferromagnetic activated carbon catalyst 

(ACGH-Fe3O4) was successfully synthesized from cotton 

stalks, an abundant Cameroonian biomass, and applied for the 

efficient removal of Cochineal Red A (E124) via a heteroge-

neous Fenton process. The synthesis strategy, combining 

phosphoric acid activation and iron oxide incorporation, led to 

the formation of a multifunctional material integrating adsorp-

tion and catalytic properties. Physicochemical characteriza-

tion (FTIR, XRD, and SEM/EDX) confirmed the successful 

incorporation of iron oxide species within the carbon matrix, 

as evidenced by the presence of Fe–O functional groups and a 

significant iron content (~23%). The resulting porous struc-

ture, coupled with well-dispersed Fe3O4 particles, provides ac-

cessible active sites for catalytic reactions. The catalytic per-

formance of ACGH-Fe3O4 was systematically evaluated for 

E124 degradation. The influence of key operating parameters 

including solution pH, H2O2 concentration, catalyst dosage, 

and initial dye concentration was investigated. Subsequently 

optimized using response surface methodology (RSM) based 

on a Box–Behnken design. The optimal conditions were iden-

tified as pH = 5, catalyst dose = 75 mg, initial dye concentra-

tion = 100 mg.L-1, and H2O2 concentration = 1.5 mol.L-1, lead-

ing to a maximum degradation efficiency of 99.97%. The de-

veloped statistical model exhibited good predictive capability 

and highlighted the dominant role of oxidant concentration 

and pollutant load. Kinetic analysis revealed that the degrada-

tion process follows a pseudo-first-order model, indicating 

that the reaction is primarily governed by hydroxyl radical 

(•OH)-driven oxidation rather than surface-limited adsorption. 

Furthermore, reusability experiments demonstrated that the 

catalyst maintains high catalytic activity over five successive 

cycles, with only a moderate decrease in performance. This 

confirms the good structural stability and magnetic recovera-

bility of the material, which are essential for practical applica-

tions. Despite these promising results, potential limitations 

such as iron leaching, mass transfer constraints, and scale-up 

challenges should be considered in future investigations to en-

sure process reliability under real operating conditions. Over-

all, the ACGH-Fe3O4 catalyst developed in this work repre-

sents a sustainable, cost-effective, and high-performance ma-

terial for the treatment of dye-contaminated wastewater. The 

valorization of agricultural waste, combined with efficient cat-

alytic performance, highlights its strong potential for indus-

trial-scale applications in advanced wastewater treatment. 
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