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Abstract
This study describes the synthesis and characterization of a biochar doped with 

graphitic carbon nitride and modified with copper and aluminum (Cu-Al/Biochar@g-
C3N4). This composite was developed to optimize the removal of quinoline yellow 
using the Fenton process and the method, employing the response surface 
methodology. The physicochemical characterizations, notably Fourier-transform 
infrared spectroscopy (FTIR), highlighted the aluminum-oxygen and copper-oxygen 
bonds, indicating the successful incorporation of these metals into the biochar matrix. 
X-ray diffraction (XRD) revealed a crystalline structure with an average grain size of 
7.726 nm for the raw biochar and 16.677 nm for Cu-Al/Biochar@g-C3N4. The analysis 
also identified mineral phases such as goethite (FeO(OH)) and calcite (CaCO3). The 
results of the BET analysis showed that the raw biochar and the Cu-Al/Biochar@g-
C3N4 composite exhibit type IV isotherms. The modification of the raw biochar 
increased the specific surface area of the doped biochar by 10.52 m²/g. Furthermore, 
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EDX analyses confirmed that the raw biochar is typical of pyrolyzed biochar and the 
efficiency of the impregnation. The influence of the composite mass, pH, and pollutant 
concentration during the heterogeneous Fenton process allowed us to establish an 
equilibrium time of 150 minutes. The optimization of the operational parameters was 
carried out using a Box-Behnken (BBD) design, varying three parameters: pH (2-6); 

[E104] (50-100 mg/l) and H2O2 (13-65 mM). The results obtained show a 
degradation percentage of 92.33% under optimal conditions with a high 
coefficient of determination of R2 = 90.56% and R²adjusted = 82.07%. The 
recovery and reusability study of the catalyst shows an efficiency after three 
cycles with a degradation rate of 50.28%. Mathematical modeling-based 
optimization showed the best conditions at pH 5, a dye concentration of 100 
mg/L, a catalyst dosage of 50 mg, and an H₂O₂ concentration of 65 mM, 
achieving a degradation efficiency of 92.33% in 150 minutes. These results 
suggest that Cu-Al/Biochar@g-C3N4 is promising for getting rid of quinoline 
yellow.

Keywords : Quinoline yellow, Biochar, Advanced oxidation process, Doped 
composite material

Introduction
Modern human activities inevitably lead to the discharge of effluents 
containing various toxic chemicals into the environment [1]. These effluents 
are often composed of heavy metals, drug residues, and dyes, which are in 
complex forms and difficult to eliminate. Today, these substances are widely 
used in many industries, but their uncontrolled release has long-term adverse 
impacts on human health and the environment [2]. Indeed, when they 
accumulate in nature, these compounds can be absorbed by living organisms, 
disrupting their biological functioning. Some of them are toxic, carcinogenic, 
or can cause mutagenic and teratogenic effects, thus affecting the well-being 
of humans, plants, and animals [3]. Many industries, notably textiles, paper, 
food, cosmetics, and pharmaceuticals, discharge effluents loaded with 
synthetic dyes [4]. The massive use of these substances causes major water 
pollution, characterized by a high load of suspended solids and persistent 
coloration, leading to harmful ecological effects on ecosystems and infectious 
diseases in humans and animals. For instance, quinoline yellow is a 
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quinophthalone dye made up of a combination of sodium salts that are 
disulfonates (80%), monosulfonates (15%), and trisulfonates (7%) [5]. It is 
vastly exploited in the food, cosmetic, and pharmaceutical industries [6], 
presents a number of concerns, and is regarded as one of the hazardous 
environmental colorants [7]. Although Quinoline Yellow (E104) improves the 
coloring of products, its use is strictly monitored by health authorities. The 
European Food Safety Authority (EFSA) has set the Acceptable Daily Intake 
(ADI) at 0.5 mg per kg of body weight per day, which represents the maximum 
amount that can be consumed each day without risk to health. However, this 
substance can be harmful to sensitive individuals, even at doses below this 
threshold [8]. It is prohibited in foods intended for infants and young children 
and causes allergic reactions and digestive disorders due to their toxicity, non-
biodegradability and carcinogenic potential [9].
In reality, the removal of dyes from wastewater is a challenge for the industries 
involved, as the synthetic dyes used are stable compounds that are difficult to 
destroy with conventional treatments. Physical, chemical, and biological 
methods are currently available for the treatment of wastewater discharged 
by various industries. However, physical methods such as liquid-liquid 
extraction, ion exchange, coagulation, flocculation, ozonation, ultrafiltration, 
reverse osmosis, adsorption, and air or steam stripping [10] are sometimes 
ineffective against certain highly resistant cases, and they have other 
disadvantages since they simply transfer pollutants to another phase [11]. In 
the face of this observation, the advanced oxidation process (AOP), particularly 
the Fenton process, stands out as the most effective. POAs use super powerful 
oxidizing agents such as hydroxyl radicals (⋅OH) and sulfate radicals to rapidly 
and efficiently degrade organic pollutants, including dyes. These processes are 
known to be highly effective, environmentally friendly, and capable of 
breaking down even the most resistant organic compounds into harmless 
products like carbon dioxide and water [12]. This technique not only 
completely eliminates pollutants, but also reduces the overall toxicity of 
effluents [13]. Their effectiveness is mainly based on the generation of very 
powerful reactive species such as hydroxyl radicals, which directly attack toxic 
compounds and transform them into harmless substances, easily removed 
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from the water [14]. This method is simple, effective and inexpensive, with 
great potential for application in wastewater treatment. In order to reduce 
costs, particularly related to reagents, it would be relevant to favor the use of 
abundant local resources such as clays [15,16], zeolites [17,18] and activated 
carbon debris from biomass residues [19]. These approaches are often 
combined with advanced oxidation processes (AOPs) to improve overall 
performance [20]. Thanks to their local availability, activated carbon debris 
can be integrated into the production of catalytic materials for advanced 
oxidation processes. Thus, their use in processes such as Fenton would 
improve the degradation of pollutants such as quinoline yellow dye, while 
reducing dependence on imported materials [3]. 
However, current advances aim to make this process heterogeneous, by 
immobilizing iron oxides or more broadly, transition materials on various 
support materials, such as activated carbon or Cu-Al/Biochar@g-C3N4 
composites. In other words, we seek to fix these catalysts on solid supports in 
order to facilitate their recovery and reuse while improving their stability and 
efficiency in the treatment of polluted water. In Cameroon, across the entire 
national territory, coal and wood represent respectively 30.6% and 82.3% of 
household energy consumption, according to the United Nations Development 
Program [21]. In certain regions of the country such as the Far North and in 
rural areas, there is approximately 95% of the greatest use of wood fire as 
cooking energy. This increased use of wood and coal, which involves 
deforestation, is one of the causes responsible for greenhouse gas emissions 
and pollution. It also poses a threat to the preservation of food security and 
biodiversity. To address this, we will synthesize Cu-Al/Biochar@g-C3N4 from 
biochar to rid our wastewater of contaminants. 

Biochars, obtained from plant biomasses, are carbon-based materials 
that offer advantages for the removal of pollutants in aqueous solution [22]. 
Indeed, they are inexpensive and have large specific surface areas, making 
them suitable for pollutant adsorption [23]. However, biochars have some 
limitations, including fine particles and reduced density, which make it 
difficult to separate pollutants from water. In addition, minimal surface 
functionalization result in a low capacity for adsorption [24]. To resolve such 
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limitations and raise adsorption capacity of toxic elements, It is suggested that 
biochars be modified to optimize their physicochemical properties, as 
suggested by the studies of Chemerys and Baltrėnaitė in 2018 [25]. In this 
perspective, heteroatom doping has received particular attention recently 
[26]. Alongside heteroatomic doping, the incorporation of metals into biochar's 
amorphous matrix offers a promising strategy to enhance its characteristics 
[27]. As an illustration, In 2016, Lian and colleagues produced a biochar 
enriched with nitrogen using corn straw. Nitrogen doping resulted in a 
considerable optimization of the biochar's structural attributes. The results of 
adsorption tests also showed that the doped biochar exhibited a significantly 
higher adsorption capacity than the undoped biochar, demonstrating 
adsorption capacities of 292 mg/g for Acid Orange 7 and 436 mg/g for 
Methylene Blue. More recently Tchuifon et al., 2025 investigated the effective 
retrieve of tetracycline and norfloxacin contaminants in wastewater using Cu-
Al/Biochar@g-C3N4 as a low-cost sorbent [28]. The results of this study showed 
that the maximum adsorbed amounts were 65 and 96 mg/g, respectively, at 
specific pHs and with an optimal amount of adsorbent. These results revealed 
up to 90 and 82% removal percentages, which were impressive. 
Several methods have been proposed to remove quinoline yellow from wastewater, 
including simultaneous removal assisted by ultrasound using a MOF-5 (metal-organic 
framework) hybrid, activated carbon (AC-MOF-5), and HKUST-1-MOF hybrid 

activated carbon [29,30], the use of zinc oxide nanoparticles loaded onto Na- and K-

doped activated carbon for simultaneous removal using ultrasound and a central 

composite design (CCD) [31], heterogeneous Fenton and photo-Fenton processes in 

the presence of CuO/Fe₂O₃ [5] and heterogeneous Fenton in the presence of Zeolite-

4A/Fe3O4 [7]. However, the majority of these studies have not addressed the doping 

of a Cu-Al/Biochar@g-C3N4 catalytic support from activated carbon for the removal of 
quinoline yellow. Although the use of biochars and graphitic carbon nitride (g- C3N4) 
is documented in the literature, the present study stands out by the design of a multi-
component composite Cu-Al/Biochar@g- C3N4, whose synergistic doping by a 
bimetallic system (Cu-Al) combined with graphitic carbon nitride optimizes electron 
transfer during the heterogeneous Fenton process. This study demonstrates 
remarkable efficiency on high concentrations of quinoline yellow, thus meeting the 
real constraints of industrial effluents. This performance is supported by rigorous 
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optimization through the Response Surface Methodology (RSM) and a Box-Behnken 
Design (BBD), allowing to accurately model the interactions between pH, mass, H2O2 
concentration, and pollutant load for a future intensification of the process on a larger 
scale. In short, the BBD method is a good statistical tool for designing and optimizing 
the process under study [32]. To better predict the overall effects of each variable on 
the process and how they interact with each other, the response surface methodology 
(RSM) is actually a set of mathematical and statistical techniques used to design 
experiments, create models, and determine the ideal conditions for the effect of 
independent variables on a dependent variable [33]. 

In view of the above, the main objective of this research is to study the 
degradation and optimization phenomena of the quinoline yellow pollutant 
using the Box-Behnken experimental design (BBD) with the response surface 
method (RSM), employing a catalyst synthesized from coal debris waste@Cu- 
and Al-doped g-C3N4 to determine, through the heterogeneous Fenton 
process, the optimal parameters of degradation including pH, pollutant 
concentration, and hydrogen (H2O2)
2. Experiment
2.1. Materials and chemicals

E104 (Quinoline yellow dye) has been purchased for the food industry on 
behalf of the First Africa Company, based in Douala, Cameroon. CuSO4.5H2O 
(99%) and Al(OH)3.xH2O (99%) were supplied by GHTECH (Guangdong 
Guanghua SciTech Co. Ltd., China). KCl (99.5%), HNO3, and NaOH (98%) were 
supplied by Sigma Aldrich in Germany, whereas CO(NH2)2 (98%) was supplied 
by Fischer Scientific International Company in the USA. The chemical industry 
Prolabo has been used to manufacture 50% H2O2 and 99.5% methanol. Biochar 
was bought from charcoal vendors in PK14 market (Douala 5 sub-division).
2.2. Preparation of raw material and synthesis of catalyst

The biochar debris was first gathered and sorted. To get a suitable 
particle size, 300g was sorted, crushed, and sieved through a 150 μm sieve. 
To exclude water, the powder was sieved and then dried for 24 hours at 105°C.
Coating was used to create Cu-Al/Biochar@g-C3N4 in a single step. This was 
accomplished by adding 20-g portion of biochar, 5-g portion of CuSO4.5H2O, 
5-g portion of Al(OH)3 x H2O, and 10-g portion of CO(NH2)2 to a porcelain 
mortar and thoroughly mixing them. After that, the mixture was heated at 105 
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°C for a full day. After the mixture was dried, calcined for 24 hours at 550 °C, 
and cleaned in a 50% H2O/ethanol mixture, the result was Cu-Al/Biochar@g-
C3N4. The schematic of preparation process of Cu-Al/Biochar@g-C3N4 is shown 
in Fig. 1

Fig. 1. The schematic of one-step synthesis of Cu-Al/Biochar@g-C3N4 
nanosheet catalyst 
2.4. Characterization techniques
        The produced Cu-Al/Biochar@g-C3N4's physicochemical characteristics 
were investigated. The physicochemical characterization of the materials was 
conducted utilizing a suite of complementary analytical techniques. Fourier-
transform infrared (FT-IR) spectroscopy was performed on a Nicolet 
Thermoscientific IS5 spectrophotometer to elucidate functional groups. 
Morphological and elemental composition was examined via scanning electron 
microscopy coupled with energy-dispersive X-ray spectroscopy (SEM/EDX) 
using a TESCAN VEGA 3-LMU instrument operated at an accelerating voltage 
of 8 kV. Crystalline structure and phase identification were ascertained by X-
ray diffraction (XRD) analysis on a PANalytical X'Pert Pro diffractometer. The 
XRD measurements employed Cu-Kα1 radiation (λ = 1.54056 Å) at 40 kV and 
30 mA, with a continuous scan from 10° to 90° (2θ) at a rate of 5° per minute.

2.5. Fenton oxidation tests 
Catalytic activity of Cu-Al/Biochar@g-C3N4 was evaluated using Fenton 

oxidation studies. Cu-Al/Biochar@g-C3N4 (100, 150, and 200 mg) was 
combined with 120 mL of 100 mg/L E104 solution in a conical flask. Following 
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the addition of H2O2 (13, 39, and 65 mmol/L) to the mixture, the pH was 
adjusted between 2, 4, and 6 using solutions of NaOH and HNO3 (10-3 mol/L). 
The suspension was stirred at room temperature at 150 rpm for 150 minutes. 
The residual E104 concentration in 8 mL samples taken at regular intervals 
was measured using UV-Vis spectrophotometry at 450 nm. The decomposition 

efficacy of E104 was computed exploiting Eq. 1: R =Co -Ct
Co

 × 100                                                                                            

(1)                                                                                                        
The terms C₀ (mg/L) and Cₑ (mg/L) denote the dye concentration at the 
beginning of the experiment and at adsorption equilibrium, respectively.
2.6. Optimization by RSM (response surface methodology)

The experimental design was constructed employing a Box-Behnken 

(BBD) design within the framework of response surface methodology (RSM), 
facilitated by Statgraphics Plus software (version 18.0). This investigation 
encompassed the optimization of three governing parameters: the pH of the 
dye solution (x₁), the initial concentration of E104 dye (x₂), and the hydrogen 
peroxide (H₂O₂) concentration (x₃). The catalyst mass was held constant at 50 
mg for all experimental runs. The three independent elements mentioned 
above are used to create a matrix with six center points (Equation 2) and 20 
experimental trials to be carried out, coded as shown in Table 1. Each trial's 
reaction is represented by the fraction of degradation (Y).

Nr = 2v + 2v + c = 23 + 2(3) + 6 = 20                                                         (2)
Here, *v* signifies the number of independent variables, *c* is the center point 
replicates, and Nr indicates the total runs required.

Table 1. Coding of experimental factors for 20 decomposition tests.
Variables Units Codes Level

-1 0 +1
pH x1 2.0 4.0 6.0
[E104] mg /L x2 50.0 75.0 100.0
[H2O2] mmol /L x3 13 39 65

The 20 experiments were conducted in a single block in a randomized 
fashion to underestimate imacts of uncontrolled factors and situations.
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A predictive mathematical model was formulated based on a second-order 
polynomial equation. This empirical model incorporates the interactions 
among experimental variables to assess their collective impact on the target 
response. Subsequently, the model's validity was evaluated by analyzing the 
correlation between its predictions and the empirical results.

Y = β0 +  
n
∑
1

β1 x1 +  
n
∑
1

β11x2
1  +  

n
∑
1

n
∑
1

β12 x1x2

+ ε                                                                (3)
The model output Y is defined by a quadratic function featuring an intercept 
β₀, linear (β₁) and second-order (β₁₁) terms, a two-factor interaction (β₁₂), and 
the coded parameters x₁ and x₂.
2.7. Kinetic considerations of dye decomposition

Using preset ideal circumstances for each variable, the degradation 
experiment was kinetically modeled. For the degradation reactions, first-order 
and second-order linear kinetic rate laws were utilized by Eqs. (4) and (5), 
respectively. 

First order:   lnCo
Ct

= k1t                                                   (4)

Second order: 1
Ct

-  1
Co

= k2t                                           (5)

2.8. Reusability studies
During three degradation experiments, the Cu-Al/Biochar@g-C3N4 

composite's capacity to sustain its catalytic efficiency was assessed. 150 mg of 
Cu-Al/Biochar@g-C3N4 in 120 mL of dye solution at the ideal concentration 
and pH of the experimental design were used in the first test. The mixture (in 
a conical flask) was then supplemented with H2O2 at a predefined ideal 
concentration. After a maximum of 150 minutes of stirring, 8 milliliters were 
filtered and subjected to UV-visible spectrophotometric analysis. Equation 1 
was used to determine the percentage of dye degradation in this initial test. 
Following this initial test, the Cu-Al/Biochar@g-C3N4 composite was extracted 
from the solution by magnetic separation. Centrifugation was used three times 
at 4000 rpm for eight minutes to wash the recovered material with deionized 
water. The material was employed in the subsequent deterioration experiment 
after being cleaned and oven-dried for four hours at 100°C. To get findings for 
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three consecutive cycles of experimental tests, two further tests were 
conducted, and the associated percentages of dye degradation were computed 
[34].

3. RESULTS AND DISCUSSION
3.1 X-ray diffraction (XRD) and Fourier transform infrared (FTIR)

X-ray diffraction is the main technique for characterizing crystalline 
phases, to determine their nature, structure and possibly to analyze the degree 
of crystallinity. A decrease in crystallinity is reflected on the diagram by a 
decrease in the intensity of the lines or a slight broadening of the lines. 
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Fig. 2. XRD (a) and FT-IR (b) spectra of Biochar and Cu-Al/Biochar@g-C3N4

X-ray diffraction (XRD) analysis was performed to determine the crystal 
structure and mineral phases present in the raw biochar as well as in the 
modified Cu-Al/Biochar@g-C3N4. The corresponding diffractogram is 
presented in (Fig. 2a). The XRD pattern of the biochar vouchsafes absence of 
crystalline peaks compared to that of the doped sample. This means that the 
biochar prepared from coal debris is predominantly amorphous [3]. However, 
it presents broad and low intensity diffraction peaks, notably around 2θ = 
20.8°, 26.6°, 33.2° and 29.6°, corresponding respectively to the different 
planar crystalline structure of carbon [14], to the presence of calcite (CaCO3) 
[35] and magnesite (MgCO3) in the characteristic biochar of the amorphous or 
partially graphitized structure of carbon, typically of biochars pyrolyzed at 
moderate temperature [36]. After doping with copper, aluminum and nitrogen 
the material retains these characteristic peaks of biochar, and a clear 
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modification of the XRD profile is observed with the appearance of several new 
intense crystalline peaks. In particular, an intense peak at 36.5° and 59.9° 
attributed to the (311) and (440) plane of spinel CuAl₂O₄, which is consistent 
with the reference standards (PDF 01 -0704035) and that of Weizhong et al., 
2009 [37]. The presence of peaks at 35.5° (plane 111) and 38.7° (plane 200) 
could also indicate the formation of copper oxides such as CuO [38] (Allwar A, 
Ahdiaty R, 2022) or Cu2O [39]. The copper (I) oxide’s planes of (200) and (222), 
respectively, and the development of an Al/Cu bi-metallic structure on 
biochar’s surface are therefore responsible for the peaks that occur at 2θ = 
42.5 and 79.8° and improvement of peaks at 39.50 and 45.85° (2θ) [28]. 
Furthermore, successful assimilation of the metallic elements (Cu, Al) and 
structural alteration of material are confirmed by the formation of these new 
crystalline phases and the partial elimination of the distinctive peaks of the 
raw biochar. 

The Debye-Scherrer equation was used to determine the crystallite size 
of the biochar and Cu-Al/Biochar@g-C3N4 from XRD data, given by [40,41]:

D =  Kλ 
β cosθ 

Provides a method to calculate the average crystallite size. In this equation, D 
represents the average crystallite size in nanometers (nm), K is the Scherrer 
constant, λ is the X-ray wavelength (for CuKα, λ=1.5406 A◦), β is the line 
broadening at full width at half maximum (FWHM) in radians, and θ is the 
Bragg angle, which is half of 2θ. Using the Debye-Scherrer equation, the 
average size of the crystallite grains was calculated to be 7.726 and 16.677 
nm, respectively for the biochar and Cu-Al/Biochar@g-C3N4. 

The significant average crystallite size difference between the 
crystallites of pure biochar (7.726 nm) and Cu-Al/Biochar@ g-C3N4 (16.677 
nm) indicates that the modification considerably influences the crystal 
structure. This variation could also signal more efficient crystal lattice 
structuring in the Cu-Al/Biochar@g-C3N4 composite, which could offer 
benefits for several applications, including pollutant adsorption, 
heterogeneous catalysis, and electronic conductivity [42]. Observations 
indicate that the alteration of biochar with copper, aluminum, and γ-C₃N₄ 
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significantly increased the crystallite size, from 7.726 nm to 16.677 nm. This 
suggests an improvement in the material's crystallinity, which could influence 
its physical and chemical properties, particularly in the areas of adsorption 
and catalysis. The increase in crystallite size is likely attributable to the 
agglomeration and organization of crystals by modifying elements such as 
copper, aluminum, and g-C3N4.

The infrared spectrum of the samples (Fig. 2b) shows that the band 
around 1000–1100 cm⁻¹ (CO) indicates the presence of C=O typical bonds of 
the carboxylic phenolic groups or alcoholics. A more marked intensity in the 
doped biochar suggests increased surface activation, favorable to the 
degradation of pollutants [43,44]. The band around 600–750 cm⁻¹ (Al–O) is the 
characteristic signal of the aluminum-oxygen bond, indicating that aluminum 
has been successfully integrated into the biochar matrix. This confirms the 
formation of oxides aluminum or aluminates [45,46]. The successful 
incorporation of these minerals into the biochar matrix is spectroscopically 
confirmed by the emergence of distinct absorption bands within the 500–800 
cm⁻¹ region, specifically corresponding to Cu–O vibrations at 625.0 cm⁻¹ and 
Al–O vibrations at roughly 781.3 cm⁻¹ [28]. These observations confirm the 
enrichment of the biochar surface in various functional groups.
3.2. SEM -EDX analysis

SEM observation (Fig. 3a) of raw biochar shows a relatively smooth 
surface, with parallel striations and vertical sheet-like or channel-like 
structures. The texture appears to be low in porosity and roughness. This is 
typically of biochars obtained by pyrolysis at moderate temperatures (between 
400–600°C). The structure is generally more compact with less porosity 
development [47]. SEM (Fig. 3b) of modified biochar (Cu-Al/Biochar@g-C3N4) 
shows that the surface is much rougher with a granular appearance, clearly 
visible spherical or irregular aggregates. A significant increase in porosity and 
particles attached to the surface is observed. This clearly indicates a 
modification of the structure following doping. The incorporation of metals (Al 
and Cu) and nitrogen (N) generally leads to an increase in active sites and an 
improvement in the specific surface area and pore texture. This is consistent 
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with previous work showing that metal doping induces the creation of new 
porous structures and surface roughness [48].

For the EDX results of the biochars (raw and Cu-Al/Biochar@g-C3N4), 
the raw biochar (Fig. 3c) shows the majority presence of the elements Carbon 
(C) and Oxygen (O), representing respectively approximately 33.9% and 60.4% 
in atomic weight. This composition is typically a biochar resulting from 
pyrolysis, rich in carbon with a high oxygen content due to the oxygenated 
functional groups (hydroxyls, carbonyls, carboxyls, etc.) still present on 
surface of the biochar [47]. After modifying (Fig. 3d), we observe the presence 
of new elements such as Al (27.2%), Cu (41.7%), N (1.7%), Si (4.3%) and S 
(5.3%). Oxygen is still present (21.7%) but in a lower proportion than in the 
raw biochar, due to the partial replacement by metals. The high content of Cu 
and Al confirms that the doping process allowed an effective impregnation of 
metals on the surface of the biochar. The presence of nitrogen (N) is not 
directly visible here because the EDX technique poorly detects light elements 
such as nitrogen, this can also be justified by the traces remaining after 
washing the modified composite. However, the relative decrease in the C/O 
ratio and the increase in metals indirectly support the success of the doping 
[49].
(Fig. 3e) shows a clear dominance of carbon (79%) and oxygen (8%), classic 
constituent elements of biochar. We also note the presence of low percentages 
of magnesium, calcium and iron, from organic raw materials or the pyrolysis 
process.
The homogeneity of the elements indicates a relatively clean surface, without 
external metallic impregnation. (Fig. 3f) reveals the distinct and localized 
presence of copper (Cu), aluminum (Al) and nitrogen (N), confirming the 
successful functionalization of the biochar. Carbon (32%) remains the 
majority, but the metals are well dispersed, indicating good incorporation into 
the carbon matrix. Nitrogen, coming from doping, is well distributed, which 
favors the improvement of the active sites for catalysis and adsorption. The 
presence of elements such as sulfur (S) and silicon (Si) could be related to the 
precursors or the synthesis environment.
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Fig. 3. SEM, EDX and mapping analysis of Biochar (a, c, e) and Cu-Al/Biochar@g-
C3N4 (b, d,f)

The evolution of the final pH as a function of the initial pH is depicted by 
the curve in Figure 4. The pHpzc is found at the intersection of the 
experimental curve and the line of pHf = pHi. This material's pHpzc = 6.2 
(visual estimate) indicates that the surface is positively charged at pH < 6.2, 
which is advantageous for the adsorption of anions, and negatively charged at 
pH > 6.2, which is advantageous for the adsorption of metal cations.
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Fig. 4. pHpzc of Cu-Al/Biochar@g-C3N4

3.4. Degradation of Quinoline Yellow in Aqueous Solution by the Fenton 
Process

3.4.1 Influence of parameters influencing the Fenton process  
 Influence of pH

The study (Fig. 5a) shows that the effect of pH on the efficiency of the Fenton 
process is significant. Three pH values were tested (2, 4 and 6). The results 
reveal that quinoline yellow’s decomposition is maximum at pH 2. At this pH, 
the efficiency reaches 70% which is higher than that obtained at pH 4 and 6. 
However, due to iron sludge development and iron leakage from the biochar 
structure, their activity dramatically drops at values of 4 and 6. At neutral pH, 
the iron ions then precipitate as iron sludge Fe(OH)3. It is also observed that 
because hydrogen peroxide (H2O₂) self-destructs, this pH rise reduces the 
hydroxyl radical's oxidation potential. In this case, the Fenton-type catalytic 
cycle is encouraged by the biochar-doped Cu/Al in the reaction solution, which 
guarantees ongoing regeneration of Fe2+ ions [28]. Therefore, the dye 
degrades more when the pH is lower. This outcome stems from the dissolution 
of substantial iron from the catalyst at pH 2, releasing ferrous and ferric ions 
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into solution. These ions subsequently react with residual hydrogen peroxide, 
thereby inducing homogeneous Fenton process. This homogeneous catalysis 
then complements the heterogeneous catalysis, which improves the overall 
efficiency of the degradation process. In other words, this phenomenon results 
from the decomposition of H2O2 into O2 and H2O accompanied by the formation 
of iron hydroxide, which actively participates in the degradation reaction. A 
limitation of the Fenton process, however, is the restricted pH range in which 
it is effective [7]. However, the decrease at pH 6 is due to the presence of iron 
hydroxide and the production of a ferric hydroxide precipitate. These 
observations confirm that the Fenton process works best in acidic media, with 
an optimal pH between 2 and 4 as confirmed by other studies. Thus, 
maintaining an acidic pH which is essential to optimize the efficiency of dye 
treatment by the Fenton process. The increase in pH 6 relative to pH 4 
between 100 and 150 minutes can be elucidated by the reality that, within this 
range, the percentage of degradation augments to a saturation point. Beyond 
this point, a further increase in H₂O₂ leads to a decrease in elimination 
efficiency [50], as observed during the first 80 minutes.
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Fig. 5. Influence of pH (a), mass (b), and H2O2 concentration (c) on the 
degradation of E104

quinoline yellow degradation

 The influences of catalyst mass
Fig. 5b illustrates the influence of catalyst mass as a function of time. It is 
observed that when the concentration of the pollutant or dye is hold constant, 
and the contact time remains unchanged, increasing the mass of the material 
or catalyst from 100 to 200 mg improves the degradation efficiency. This 

improvement comes from having more active sites available at higher adsorbent 
concentrations, making it easier to remove a larger amount of the pollutant. As the 
adsorbent dose goes up, more sites are exposed, providing more opportunities for 
bonding with quinoline yellow molecules. The increase in surface area and number of 
active sites makes it easier for the adsorbent to capture more quinoline yellow 

molecule [51]. After 150 minutes, the degradation rate increases from 69.95 to 
74.31% with 100 and 150 mg of catalyst respectively. This improvement is 
explained by the presence of more active sites on the material, which promotes 
the formation of hydroxyl radicals (OH •) [52]. However, beyond 150 mg, the 
efficiency stagnates due to the saturation of the catalytic sites or a limited 
amount of hydrogen peroxide reacting with the available iron. When the 
catalyst mass is higher, more hydrogen peroxide is consumed to regenerate 
radicals, but if the hydrogen peroxide is completely consumed, there is no 
longer an efficient Fenton reaction [7]. It is also noted that a total amount of 
hydrogen peroxide completely reigns with the available Fe2+ to form Fe3+. This 
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indicates that a good balance between the amount of hydrogen peroxide and 
the catalyst is required to maintain a continuous production of radicals 
essential for the decomposition of pollutant. When catalyst mass is increased 
to 150 and 200 mg, a desorption phenomenon of the pollutant is observed at 
20, 35, and 45 minutes, respectively. This can be explained by the fact that, at 
some point, adsorption reached equilibrium, and then the added H2O2 initiated 
the catalytic oxidation process, resulting in a 74% acceleration of the 
degradation rate within the following 105 minutes.

 Influence of the concentration of hydrogen peroxide H2O2

           Fig. 5c shows that increasing the concentration of hydrogen peroxide 
from 13 to 65 mmol/L leads to an increase in the percentage of degradation of 
the pollutant from 69.95% to 78.27% at 150 min for the respective 
concentrations 13 and 39 mmol/L. The percentage of degradation depends on 
the concentration of hydrogen peroxide. Many researches have suggested that 
the addition of oxidizing agents such as hydrogen peroxide can limit the effects 
of recombination by reacting [7] quickly with the electrons present in the 
conduction band. This interaction promotes the formation of highly reactive 
oxidizing species [53]. However, increasing the peroxide dose increases the 
reaction rate and thus improves the pollutant degradation efficiency up to the 
saturation point. Beyond this point, further increases slow down degradation. 
This is due to the scavenging effect of peroxide on hydroxyl radicals (HO•), as 
described by equations (6) and (7), which can explain the degradation kinetics 
of E104 at a concentration of 65 mmol/L [50].
H2O2 + HO•   →   HO2• + H2O                                                                   (6) 
HO2• + HO•   →  H2O  + O2                                                                         (7) 
In a conventional manner, the formation of hydroxyl radicals and the 
decomposition of hydrogen peroxide can be represented by the following 
reactions [54].
H2O2 + e − → OH − + OH •                                                                        (8)
2 H2O2 + Energy →2 OH •                                                                        (9)
H2O2 + H + + e − → OH • + H2O                                                                (10)
H2O2 + O 2 •− → OH • + OH − + O2                                                            (11)
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According to the earlier equations, the availability of hydrogen peroxide 
increases the production of OH• hydroxyl radicals, which raises the rate of 
oxidation. The study's findings are consistent with those documented in the 
literature [3]. During the process, the transformation of the ferrous ion in the 
presence of hydrogen peroxide and hydroxyl radicals constitutes an advantage 
for the Fenton reaction. This mechanism promotes the formation of OH • 

radicals in greater quantity, which allows for enhanced degradation of the 
organic compounds present.

3.4.2 Application of response surface method for quinoline yellow 
removal by fenton process using Cu-Al/Biochar@g-C3N4 catalyst

Within the framework of the RSM, a collection of mathematical and 
statistical techniques for designing experiments, creating models, and 
assessing the effects of factors, Design-Expert 13 software was used in this 
study to optimize experimental conditions for the catalyst's degradation of 
quinoline yellow using the centered composite design technique (Table 2).

Table 2. The centered composite design's experimental matrix for optimizing 
quinoline yellow degradation on the catalyst

Y: Degradation 
efficiency (%)No.

pH Concentration 
of pollutants 
(mg/L)

Concentration 
in H2O2 
(mmol/L) Observed 

value
Predicted 
value

1.  2 50 13 82.32 80.91
2.  6 50 13 48.12 53.11
3.  2 100 13 86.3 89.98
4.  6 100 13 81.34 78.60
5.  2 50 65 82.08 85.16
6.  6 50 65 86.38 83.04
7.  2 100 65 82.48 77.83
8.  6 100 65 90.37 92.12
9.  2 75 39 84.22 83.48
10.  6 75 39 77.4 76.72
11.  4 50 39 86.52 83.17
12.  4 100 39 90.31 92.25
13.  4 75 13 86.5 81.95
14.  4 75 65 87.7 90.84
15.  4 75 39 87.1 87.06
16.  4 75 39 86.47 87.06
17.  4 75 39 86.34 87.06
18.  4 75 39 86.47 87.06
19.  4 75 39 86.94 87.06
20.  4 75 39 86.24 87.06
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Based on the experimental findings, an approximate regression model of 
bleaching efficiency was assessed and represented by the subsequent second-
order polynomial equation :
The percentage of degradation = 75.5389 + 1.24536 x1 - 0.0573595 x2 + 
2.94803x3 - 1.73807 x1 2 + 0.082075 x1 x2 + 1.60469 x1 x3 + 0.00104436 x2 2 - 
0.082025x2 x3 - 0.165568 x3 2         (12)

In equation (12), x1, x2, x3 are the corresponding coded variables of pH, 
pollutant concentration, and hydrogen peroxide concentration respectively. 
For every influence, the ANOVA table breaks down the variation in degrading 
efficiency into several components. Next, it compares the mean square to an 
estimate of the experimental error to determine each effect's statistical 
significance. Positive signs in front of the factors in the equation suggest a 
synergistic effect, whereas negative indications imply an antagonistic effect. 
The regression model in this instance produced a high coefficient of 
determination (R2 = 90.56%). This suggests that the independent variables 
account for 90.56% of the variability in dye degradation efficiency, and that 
9.44% of the variations cannot be explained by the model. The model's 
significant importance has also been demonstrated by the coefficient of 
determination adjusted (R2adjusted = 82.07).

Table 3. ANOVA for the quadratic model

Source Sum of 
Squares df Mean 

Square
F-

value P-value
Model 1360.20 9 151.13 10.66 0.0005 Significant
x1 -pH 114.18 1 114.18 8.06 0.0176
x2-pollutant 
concentration 205.93 1 205.93 14.53 0.0034
x3 -[H2O2] 197.40 1 197.40 13.93 0.0039
 x1 x2 134.73 1 134.73 9.51 0.0116
x1 x3 329.60 1 329.60 23.26 0.0007
x2 x3 134.56 1 134.56 9.49 0.0116
x1 ² 132.92 1 132.92 9.38 0.0120
x ²2 1.17 1 1.17 0.0827 0.7796
x²3 1.21 1 1.21 0.0851 0.7765
Residual 141.73 10 14.17
Lack of Fit 141.14 5 28.23 236.67 < 

0.0001 Significant
Pure Error 0.5963 5 0.1193
Total Horn 1501.94 19
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The model's F value of 10.66 (Table 3) suggests that it is significant. 
Such a high F value is just 0.05% likely to be the result of noise. P values larger 
than 0.05 show that the model's terms are not significant, but P values less 
than 0.05 show that they are. Important terms in this instance are x1, x2, x3, 
x1x2, x1x3, x2x3, and x1². The terms in the model are not important if the value 
is bigger than 0.1000. The concentration of the pollutant is the coefficient in 
the linear term and in the intermediate term and has a greater influence, as 
shown by the P values less than 0.05 for degradation of quinoline yellow, even 
though the majority of the parameters examined in this study have a significant 
impact on the degradation phenomenon. The fact that the concentration of the 
pollutant affects both the material's surface and the behavior of the pollutants 
in solution would support this observation.
A considerable misfit is implied by the misfit F-value of 236.67. This kind of 
misfit F-value has a 0.01% probability of being caused by noise. We want the 
model to be fit, so a large misfit is undesirable.
3.4.2.1. An overview of the modification

The correctness and fit of the model were assessed by statistical analysis 
utilizing the sequential model's sum of squares and model summary statistics. 
Table 4 displays the sequential model's sum of squares for E104 elimination. 
The quadratic model was recommended based on the results in Table 6 since 
the p value was less than 0.05 and the F value was 5.73. Additionally, as their 
difference (0.0847) is less than 0.2, the regression model results for E104 
deterioration of Square (0.9056) and Adjusted Square (0.8207) were in 
reasonable agreement [55].

Table 4. Sum of Squares for a Sequential Model

Source Sum of 
Squares df Mean 

Square
F-

value
p -

value

Mean vs 
Total 1.397E+05 1 1.397E+05
Linear vs. 
Mean 517.51 3 172.50 2.80 0.0733
2FI vs Linear 598.89 3 199.63 6.73 0.0056
Quadratic vs 
2FI 243.80 3 81.27 5.73 0.0151 Suggested
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Cubic vs 
Quadratic 136.63 4 34.16 40.14 0.0002 Aliased
Residual 5.11 6 0.8509
Total 1.412E+05 20 7060.71

 3.4.2.2. Disturbance diagram
The perturbation plot illustrates the relative influence of each variable 

on the response at a specified point in the process. As depicted in Fig. 6, under 
conditions of pH 4, a pollutant concentration of 75 mg/L, and an H₂O₂ 
concentration of 39 mmol/L, the comparative effects are evident. In plot A, pH 
exhibits a shallower slope, indicating a more limited impact on the degradation 
percentage. Conversely, both pollutant concentration (C) and H₂O₂ 
concentration (D) demonstrate steeper slopes, reflecting a more pronounced 
positive influence on degradation efficiency. This observation is supported by 
the higher corresponding F-values (14.53 for C and 13.93 for D), as presented 
in Table 3.

Fig. 6. Disturbance diagram

3.4.2.3. Response surface and design optimization
The response surface modeling is shown in three dimensions (3D) in the figure 
6, which illustrates the independent and dependent effects of initial pH, 
catalyst mass, and H2O2 concentration on the elimination of quinoline yellow 
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via heterogeneous Fenton-type reactions on the catalyst.  The relationship 
between initial pH and material mass, concentration, and H2O2 concentration, 
respectively, is shown in Fig. 7. Clearly, all three examples exhibit a similar 
pattern : the degradation efficiency rises as the initial pH rises, and 70% of 
the color is removed when the initial pH is at 2. because the material's surface 
has more active spots. Consequently, a rise in pH causes level of ions (H+) in 
solution to drop, which encourages cations to adsorb on the anionic sorption 
sites of sorbents with strong electrostatic contacts. In fact, a high pH 
accelerates the breakdown of H2O2 into oxygen (O2) and water (H2O), which 
results in insufficient radical generation [32]. The improved composite's pHPZC 
was determined to be 6.22 [56]. Nevertheless, the addition of H2O2 
concentration accelerates the pollutant's breakdown because it increases the 
electrostatic attraction forces between the dye molecules absorbed on the 
catalyst's surface [57]. Nevertheless, an overabundance of H2O2 leads to the 
spontaneous self-decomposition of H2O2 into H2O and O2 molecules, as well as 
the breakdown of •OH generated during the reaction into radicals with a lower 
oxidizing power (HO2• ions), which lowers the removal efficiency [58]. When 

the pollutant concentration increases from 50 to 100 mg/L, the efficiency decreases. 
This drop is related to the limited number of active sites compared to the larger 
amount of pollutant molecules in solution. On the other hand, at low concentrations, 
the active sites are sufficient to capture most of the quinoline yellow molecules, which 

results in better removal efficiency [59].
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Fig 7. Assessment of key operational parameters, i.e., initial pollutant concentration, 
solution pH, and H₂O₂ dosage, on the decomposition efficacy of E104. 

3.4.2.4. Validation and experimental confirmation of the model
Under ideal circumstances (pH = 5, catalysis mass = 50 mg, dye level = 

100 mg/L, and H2O2 concentration = 65 mmol/L), the ideal process values 
variables for optimum degradation efficiency have been found. According to 
the suggested model, the deterioration efficiency under ideal circumstances 
was 93.60%. Confirmatory tests have been carried out and a decomposition 
rate of 92.33% was observed after 2h30 min of reaction time under optimal 
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conditions, which is well in line with the model predictions. This result is close 
to that of Foko et al., 2025 [7] on the degradation of E104 by the 
heterogeneous Fenton process at the same equilibrium time. This suggests 
that the method used in this study to optimize the decomposition 
circumstances and achieve the highest decomposition efficacy for the removal 
of quinoline yellow with the catalyst is effective.

3.5. Kinetic studies
Degradation kinetics is important to describe the degradation of E014 

and time. To do this, two models were evaluated, namely the Pseudo first-order 
model and Pseudo second-order on the pH parameter. Fig. 8a presents the 
pH evolution graph in the Pseudo first-order model. It can be seen that the 
degradation kinetics is faster when the pH is low (pH=2) and that a variation 
in pH between 4 and 6 reduces the degradation rate, with a very low or 
negligible and almost horizontal at (pH=6). The same observation is made 
regarding the Pseudo second order model (Fig. 8b), with the only difference 
that the correlation coefficients R2 are a little higher at pH 2 and 4. These 
findings can be explained by the fact that increased interaction between the 
composite and the pollutant E104 makes it easier to produce oxidizing agents 
that encourage the compound's degradation and boost the process' catalytic 
efficiency. Additionally, because the composite's structure contains 
heteroatoms like nitrogen and oxygen, the surface functionalization functions 
as an electron giver and acceptor, influencing the process of radical 
production that will act in the pollutant's conversion and mineralization [60]. 
Consequently, it can be concluded that the Cu-Al/Biochar@g-C3N4 composite's 
degradation of the pollutant E104 is better described by the pseudo second 
order model.
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Fig.8. Pseudo-first (a) and pseudo-second-order (b) kinetic model of E104 
degradation

3.6. Reuse of the catalyst
Finally, to evaluate the regeneration cycle, performance tests were 

carried out under optimal conditions (50 mg, pH: 5, [E104]: 100 mg/L, [H2O2]: 
65 mM and 150 minutes) in a solution volume of 50 mL. The Fig. 9 looked at 
the prepared material's reuse efficiency. This was accomplished by 
centrifuging the catalyst out of the reaction mixture and repeating the 
procedure after three cycles of quinoline yellow degradation. After three 
consecutive cycles of degradation, the material's degradation efficiency 
dropped from 70.30 to 50.28%. This shows a significant reduction in 
degradation capacity due to pore blockage, changes in structure, and loss of 
active functional groups. Efficiency remains above 65% up to the second cycle, 
so the composite can be effectively reused twice before losing much of its 
effectiveness. Beyond that, its regeneration drops to 50%, which limits its long-
term use [61]. The loss of material quantity and Cu-Al/Biochar@g-C3N4 
leaching during dye degradation, as well as catalyst separation and washing 
following each cycle, could be the cause of the decline in degradation 
efficeiency (%). After three cycles of degradation trials, the catalytic activity 
has decreased by less than 18%. The degradation of some active sites by 
adsorbed E104 molecules may also be the cause of this decline. As a result, 
these materials show stability throughout three cycles of degradation [62].
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Fig. 9. Regeneration of Cu-Al/Biochar@g-C3N4 composite 

Table 5 presents a comparison analysis between our research and published 
studies, highlighting the almost identical rate of degradation and 
demonstrating the material's effectiveness in the degradation of yellow 
quinoline in an aquatic environment. 

Table 5. Comparison of the removal performance
Adsorbent Degradation 

efficiency (%) 
Optimal 
Conditions

references

ZnO–AC–NPs  90.16 
10 mg/L, 0.02 g, pH 
7, and 4 minutes of 
sonication

[26]

AC–HKUST-1- MOF 90.75 
10 mg/L, 0.02 g, pH 
4 and 4 minutes of 
sonication

[25]

AC–MOF-5 91.91

5.04 mg/L, 0.02 g, 
pH 7.59 and 2.55 
minutes of 
sonication

[24]

Cu-Al/Biochar@g-
C3N4

93.60

pH = 5, 50 mg, 
100 mg/L, and 
[H2O2] 65 mmol/L 
and 150 minutes of 
reaction

This work

3.7.  Graphical abstract proposal of the degradation mechanism
        The Fig.10 illustrates the diagram shows a summary of the heterogeneous 
Fenton degradation mechanism Cu-Al/Biochar@g-C3N4. During the reaction, the 
addition of hydrogen peroxide comes into contact with the metallic active sites on 
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the surface of the biochar. H2O2 is decomposed to produce hydroxyl radicals (.OH) 

[12]. These species, highly oxidative and non-selective, capable of breaking 

complex organic molecules, attack the structure of quinoline yellow and transform 
it into smaller and less toxic molecules (degradation by-products). Under the 
continuous action of the radicals, these intermediates are completely degraded to 
yield the inorganic products H2O and CO2 as well as NO3- ions.

Fig. 10. Summary of Schematic Illustration of the Degradation Mechanism of 
Quinoline Yellow

3.8. Characterization of the composite after degradation
Fig. 11 presents the SEM, EDX, and XRD results of the material after pollutant 
degradation. 
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Fig. 11. XRD (a), EDX (b) and MEB (c) of Cu-Al/Biochar@g-C3N4 after 
degradation reaction

The fact that the degradation process of the composite had no effect on 
the crystalline structure of the charcoal (Fig. 11a) suggests that the X-ray 
diffraction peaks did not alter the initial structure of the material after 
degradation. However, it is observed that the peak shifts to 29.4°, indicating 
a slight increase in the interplanar spacing, suggesting a slight stretching of 
the distance between layers in the graphene structure. On the other hand, the 
crystalline plane around 43.9° shows small changes in the carbon peak due to 
the degradation of quinoline yellow, with variations in the layer spacing [61]. 
Thus, a change in the elemental composition is visible on the EDX spectrum 
(Fig. 11b). Elements (Mg, Fe, K, and Ca) are absent, while the percentages of 
the other elements aside from oxygen, which has stayed constan-vary. 
Leaching of the elements (Mg, Fe, K, and Ca) during the reaction or material 
washing can account for their absence. The mineralization of atoms from the 
pollutant's breakdown could be the cause of the rise in carbon and nitrogen 
content. Additionally, some copper (Cu) was liberated, which could account 
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for the composite's diminished efficacy after three reuse cycles. However, 
other peaks, particularly those at 2θ = 36.5° and 70°, may have decreased in 
intensity or disappeared, supporting the theory that the metals absorbed into 
the biochar were leached away. The material's structure has slightly changed, 
though, as seen in Fig. 11c, where it is less rough and has clearly visible 
spherical or irregular aggregates.

Conclusion

This study successfully demonstrates the synthesis and application of a novel 
Cu-Al/Biochar@g-C₃N₄ composite as an effective catalyst for the Fenton-based 
degradation of quinoline yellow (E104) dye. Comprehensive physicochemical 
characterization confirmed the successful doping of copper and aluminum 
onto the graphitic carbon nitride-modified biochar matrix, resulting in 
enhanced surface area and active sites crucial for catalytic activity. Systematic 
optimization via Response Surface Methodology identified optimal operational 
parameters (pH 5, 100 mg/L dye, 50 mg catalyst, 65 mmol/L H₂O₂), achieving 
a high degradation efficiency of 92.33% within 150 minutes. The process 
kinetics were best described by a pseudo-second-order model, indicating a 
chemisorption-influenced degradation mechanism. Furthermore, the catalyst 
maintained significant activity over three consecutive reuse cycles, 
underscoring its practical potential and relative stability. By utilizing waste-
derived biochar, this work aligns with circular economy principles, offering a 
cost-effective and sustainable strategy for treating toxic dye-laden 
wastewater. Future research should focus on enhancing the long-term stability 
and reusability of the composite, evaluating its performance in real industrial 
effluents, and exploring the mechanistic pathways of radical generation and 
pollutant mineralization to facilitate full-scale environmental application.
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