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A B S T R A C T

This paper presents a novel circular economy approach to water remediation that focuses on 
creating sustainable systems by utilizing mining waste from El-Ouenza, Tebessa, in the east of 
Algeria. Waste materials are employed as catalysts in Fenton and photo-Fenton processes. Two 
cases were studied: the conventional and the modified heterogeneous photo-Fenton at a pH of 3 
and under modified pH conditions for degrading Sicomet Green food dye ZS120. Catalysts were 
characterized through various analyses. Catalyst performance and dye degradation were exam-
ined for raw and calcined waste at 500 ◦C. Parameters like catalyst amount, sodium sulfite 
concentration, oxalic acid, and pH were optimized for both systems, with and without ligand. The 
first system achieved 91.5 % mineralization using 0.15 g L− 1 catalyst, pH of 3, and 0.45 mM 
Na2SO3 in 90 min under sunlight. The second reached 78.5 % efficiency with variable conditions. 
Kinetic models demonstrated a first-order model for both photo-Fenton degradation and miner-
alization under sunlight. These findings guide eco-friendly dye degradation via mining waste- 
based catalysts in photo-Fenton systems, supporting sustainable wastewater treatment.

1. Introduction

The massive release of dyes into different water sources, such as rivers, lakes and oceans, is a major environmental problem that 
contributes significantly to the degradation of aquatic ecosystems [1–3]. Among the main players in this problem, the textile and paper 
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industries, which largely depend on the intensive use of water for the fabric dyeing process, play a particularly worrying role in the 
aggravation of this pollution [4–6]. Indeed, the unregulated release of dye-contaminated wastewater into the environment can have 
devastating consequences, leading to contamination of water sources, disruption of aquatic ecosystems and compromised water 
quality for human consumption [7–9]. The historical use of colorants within various industries, including the food industry, the textile 
sector, cosmetics, paints, printing and inks, is of fundamental importance in creating an esthetically appealing product [10–13]. 
Indeed, colorants offer the possibility of infusing specific hues into finished products, thus helping to improve their visual and aesthetic 
characteristics [14–16]. These coloring substances are applied to many products, ranging from foodstuffs to clothing, cosmetics and 
plastic materials [17,18]. The aim of using these coloring substances is to enhance visual appeal, consolidate brand identity and 
positively influence consumer perception of products [19]. A concrete example in the field of food additives is Ponceau 4R, also 
referred to as Rouge Cochenille A and identified by the code E124 [20]. This red food coloring is artificially synthesized from raw 
materials of petrochemical origin. It falls under the food additive category E124 and belongs to the azo dye family, alongside other 
examples such as tartrazine (E102) and yellow-orange S (E110) [21]. These dyes share the common characteristic of having azo bonds 
associated with potential risks of teratogenicity [22]. It is essential to underline that using dyes across various industries requires 
rigorous regulation, particularly involving monitoring their concentration and nature [12]. This regulatory framework aims to 
guarantee consumer safety while minimizing potential environmental risks [23]. Many regions have thus introduced strict standards 
and regulations to govern the use of colorants in different products [24]. These guidelines are based on things like the Acceptable Daily 
Intake (ADI), whose recommendations are made by bodies such as in the Codex Committee on Food Additives and Contaminants 
(CCFAC) [25]. Efforts to minimize the effects of dye-induced pollution require an approach tailored to the specifics of dye types, their 
concentration in water, and environmental characteristics [26]. Thus, a range of depollution methods is implemented, encompassing 
the biological, physical, chemical and physico-chemical dimensions for the colored effluents treatment [27–32]. Biological approaches 
mobilize microorganisms such as bacteria and algae to break down dyes while subject to limitations inherent in specific conditions 
[33]. Physical methods, including filtration and settling, are aimed at separating dyes from wastewater. However, their effectiveness 
can be compromised in the presence of complex dyes and generate significant costs [34]. Chemical approaches involve using reagents 
to transform dyes into less harmful substances, but they can lead to the formation of unwanted by-products [35]. Physico-chemical 
methods combine different approaches to remove dyes, including coagulation-flocculation [5]. Among these solutions, heteroge-
neous photocatalysis stands out for its ability to decompose various organic pollutants, including persistent dyes, into less harmful 
products through the action of light-activated catalysts [36]. This method offers various advantages, such as complete removal of 
pollutants, mild processing conditions and the possibility of using natural light sources, thus enhancing its potential for sustainable 
waste management and environmental preservation [36]. In addition, numerous studies have explored mining-wasters’ recovery using 
the Fenton method. One study developed effective catalysts for degrading ofloxacin in water using the CuFeO2 (CFO) modified with 
polyvinylpyrrolidone (PVP) [37]. These catalysts showed superior performance in degrading ofloxacin, facilitated by increased oxygen 
vacancies and active sites. The findings improved understanding of catalytic mechanisms and reduced toxicity of intermediate 
products resulting from the ofloxacin degradation process [37]. In another investigation, researchers used magnetite fish scales and tea 
waste as adsorbents to capture Cu(II) ions and use them as heterogenous photo-Fenton catalysts for methyl orange degradation [38]. 
Furthermore, the catalysts showed high degradation efficiencies and stability, making them promising for wastewater treatment 
applications [38]. Another study found an effective recycling process for printed circuit boards containing copper using a two-step acid 
leaching method and eco-friendly synthesis of copper nanoparticles [39]. These nanoparticles were used as catalysts for surfactant 
degradation, achieving a 97 % copper recovery rate. These findings highlight the potential of recycled printed circuit boards for 
secondary copper sourcing [39]. A different study used pyrite from mine waste as a catalyst in a Fenton-like process to degrade 
tetracycline (TTC) [40]. The study identified essential oxidizing agents, degradation mechanisms, and operational parameters. The 
pyrite/H2O2 system facilitated TTC mineralization, with optimal conditions allowing 85 % mineralization within 60 min. Likewise, the 
procedure also improved human embryonic kidney cell viability, highlighting the practicality of using pyrite as a cost-efficient catalyst 
for TTC degradation and mineralization. It emphasizes insights from other relevant studies [40]. The reported study [41] evaluates 
advanced oxidation techniques, specifically photo-Fenton and ozone-based processes, for eliminating emerging contaminants of 
concern (CECs) in the Ibero-American region. The techniques include the complexation of iron with artificial and natural compounds, 
ultrasound-based hybrid methodologies, and ozonation techniques like peroxone, ultraviolet or solar light integration, and catalyst 
incorporation. In essence, the review assesses the efficiency of these techniques in eliminating contaminants from water matrices, 
considering strengths, limitations, and potential applications [41]. In a research endeavor, scientists used iron-rich industrial waste as 
catalysts in a photo-Fenton treatment process to treat water contaminated with Paraquat [42]. The study focused on various catalysts 
to break down Paraquat (PQ) in 25 mg L− 1 samples. The findings affirm the viability of this waste-as-catalyst approach for remediating 
contaminated water [42]. Additionally, researchers developed a Fe2O3/BS heterojunction catalyst that degraded pollutants with 88 % 
PQ degradation and 82 % reduction in chemical oxygen demand (COD), leading to improved water quality [42]. An analysis of in-
termediates formed during the process was conducted using (liquid chromatography mass spectrometry (LCMS)to understand its 
mechanisms [42]. In a different investigation, the goal was to decipher the intricate degradation pattern of trimethoprim (TMP) and 
sulfamethoxazole (SMX) antibiotics in aqueous solutions under a photo-Fenton reaction, revealing that the reduction in SMX and TMP 
concentrations during the later phase is not solely due to competition between hydroxyl radicals and initial intermediates on antibiotic 
molecules [43]. Instead, the study highlights the importance of Fe(III)-antibiotic complexes in SMX and TMP degradation through 
photo-Fenton reaction, highlighting their impact on the efficiency and the potential of ferrioxalate complexes for process enhancement 
at neutral pH and low iron concentration level [43]. Another study explored using ferricarboxylates in a photo-Fenton reaction to treat 
antibiotic-contaminated water solutions containing Oxytetracycline (OTC) [44]. The process, which occurs under near-neutral pH 
conditions and solar irradiation, was found to be effective in preventing the formation of Fe:OTC complex and ensuring precise OTC 
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detection. The process also improved iron solubility, quantum yield, and light energy absorption. A pilot-scale CPC implementation 
successfully removed OTC, reducing E. coli activity and dissolved organic carbon [44].

Another study developed a novel mechanism using oxalate for controlling solid iron catalysts of Fe3O4@γ-Fe2O3 in heterogeneous 
UV-Fenton systems [45]. The composite was characterized using various methods, showing that oxalate induced significant iron 
leaching and promoted homogeneous UV-Fenton. The optimal oxalate concentration was found to be 0.5 mM, resulting in a 
pseudo-first-order rate constant of 0.314 min− 1, more than doubling the rate of the heterogeneous UV-Fenton system [45]. In a 
separate study, persulfate activated with ferrioxalate was utilized for lindane removal under simulated solar light and near-neutral pH 
conditions [46]. Results demonstrated complete lindane elimination in just 300 min using 0.12 mM of ferrioxalate and 2.29 mM of 

Table 1 
Comparison of the removal of organic compounds using various heterogeneous photo-Fenton systems.

Title Contributions and limitations References

Improved heterogeneous photo-Fenton-like degradation of ofloxacin 
through polyvinylpyrrolidone modified CuFeO2 catalyst: 
Performance, DFT calculation and mechanism.

Composite of PVP/CFO catalyst was prepared through the modification 
of the CuFeO2 (CFO) structure using polyvinylpyrrolidone (PVP), 
aiming to increase the oxygen vacancies by adding an active site to 
accelerate the formation of reactive radicals under light excitation. The 
prepared material exhibited significantly superior performance in 
degrading ofloxacin without limitation to the pH medium.

[37]

Catalytic activity of magnetite fish-scales and tea-waste as 
heterogeneous photo-Fenton catalysts for the removal of methyl 
orange through Cu (II) adsorption.

The study employed magnetite fish scales and tea waste as adsorbents to 
capture Cu(II) ions and subsequently utilize them as heterogeneous 
photo-Fenton catalysts for methyl orange degradation in aqueous 
solutions at an acid medium. 
The degradation efficiencies of 97.2 % and 96.9 % for Cu-MFS and Cu- 
MTW catalysts, respectively, were achieved.

[38]

characterization, and application of copper nanoparticles obtained from 
printed circuit boards to degrade mining surfactant by the Fenton 
process.

The preparation of copper nanoparticles from the recovery of printed 
circuit boards process, then their application as a catalyst for surfactant 
degradation by a Fenton-like process were reported. A 57 % degradation 
efficiency of total organic carbon of surfactant was achieved.

[39]

Use of mine waste for H2O2-assisted heterogeneous Fenton-like 
degradation of tetracycline by natural pyrite nanoparticles: Catalyst 
characterization, degradation mechanism, operational parameters 
and cytotoxicity assessment.

Degradation of tetracycline (TTC) with a heterogeneous Fenton-like 
pyrite/H2O2 process by pyrite from mine waste was reported. The study 
focused on crucial operating parameters such as pH and oxidant agents. 
It was found that more than 85 % of TTC was mineralized in 60 min and 
the maximum TTC removal was attained in the solution at an acidic pH 
value (4.1).

[40]

Developments in the intensification of photo-Fenton and ozonation- 
based processes for the removal of contaminants of emerging 
concern in Ibero-American countries.

The review delves into strategies applied in the photo-Fenton treatment 
technique, encompassing the complexation of iron with both artificial 
and natural compounds alongside hybrid methodologies incorporating 
ultrasound. Within the domain of ozonation, the study examines 
techniques that enhance the degradation of CECs, including peroxone, 
the integration of ultraviolet or solar light, and the incorporation of 
catalysts.

[41]

Abatement of paraquat contaminated water using solar-assisted 
heterogeneous photo Fenton like treatment with iron-containing 
industrial wastes as catalysts.

The work consists of treating PQ contaminated water using Fe- 
containing industrial waste as a catalyst via photo-Fenton treatment by 
utilizing iron-rich industrial waste as catalysts in a photo-Fenton 
treatment reaction achieved 88 % degradation of PQ and 82 % COD 
removal efficiency. 
The idea of using waste for treating waste serves the dual purpose of 
environmental remediation: treating wastewater and resolving the issue 
of solid waste disposal.

[42]

Enhancement of the photo-Fenton reaction at near neutral pH through 
the use of ferrioxalate complexes: a case study on trimethoprim and 
sulfamethoxazole antibiotics removal from aqueous solutions.

This study introduced ferrioxalate complexes for enhancing the photo- 
Fenton reaction of trimethoprim (TMP) and sulfamethoxazole (SMX) 
antibiotics, particularly at neutral pH (pH 5.0) and low iron levels (5.0 
mg L− 1).

[43]

Process enhancement at near neutral pH of a homogeneous photo- 
Fenton reaction using ferricarboxylate complexes: Application to 
oxytetracycline degradation.

This work is mediated by ferricarboxylates for treating aqueous 
solutions containing the antibiotic Oxytetracycline (OTC) under solar 
irradiation. The reduced E. coli activity was achieved with an iron/ 
oxalate molar ratio of 1:3, [Fe3+] concentration of 2 mg L− 1, and an 
initial pH of 5.0.

[44]

Oxalate enhanced degradation of Orange II in heterogeneous UV-Fenton 
system catalyzed by Fe3O4@ γ-Fe2O3 composite.

This work involved the oxalate in the solid iron catalysts Fe3O4@γ-Fe2O3 

in heterogeneous UV-Fenton systems. The degradation was 100 % after 
20 min and after 120 min the total organic carbon was 86.6 %. The 
oxalate enhanced the heterogeneous UV-Fenton system of orange II.

[45]

Degradation of Lindane by persulfate/ferrioxalate/solar light process: 
Influential operating parameters, kinetic model and by-products.

The removal of lindane by persulfate activated with ferrioxalate under 
simulated solar lights and near-neutral pH conditions was reported. The 
results showed completely removing lindane in 300 min withing 2.29 
mM persulfate and 0.12 mM ferrioxalate. Furthermore, chloride 
mineralization higher than 90 % is achieved under similar conditions.

[46]

Degradation of aqueous organic dye pollutants by heterogeneous photo- 
assisted Fenton-like process using natural mineral activator: 
Parameter optimization and degradation kinetics.

This work used natural minerals to remove methylene blue dye by 
photo-Fenton, showing that 91.3 % of degradation was achieved after 
180 min.

[47]
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persulfate, achieving over 90 % chloride mineralization [46]. The well-fitting kinetic model aids in predicting lindane removal in 
intricate scenarios [46].

In another study, researchers explored using natural catalysts to activate H2O2 in Fenton-based advanced oxidation processes to 
efficiently degrade organic pollutants [34]. A cost-effective, eco-friendly natural mineral was used to break down methylene blue (MB) 
dye in water and the obtained results revealed promising catalytic potential for large-scale dye wastewater treatment [47]. The effects 
of mineral composition, initial pH, catalyst quantity, and dye concentration were analyzed. Moreover, The pseudo-first-order kinetic 
model accurately predicted MB degradation with R2 > 0.98 [47]. The study also discussed the potential mechanism of the hetero-
geneous photo-Fenton oxidation process [47].

In recent decades, numerous studies in the literature have explored various methods to enhance the efficiency of the heterogeneous 
photo-Fenton process for treating wastewater contaminated with emerging organic pollutants. These studies aim to overcome the 
limitations associated with using chemicals for iron sources or pH acidification. Table 1 provides a concise summary of the different 
investigations.

This paper presents a more sustainable and innovative approach for food dye remediation, mitigating their environmental impact. 
Within the scope of this research endeavor, the central focus was on harnessing the circular economy principles of development 
through the resourceful utilization of natural iron mining waste collected from El-Ouenza, Tebessa, in the northeastern region of 
Algeria. The primary motivation of this pursuit is to leverage the potential of this mining waste as a catalyst or efficacious support 
within the realms of the heterogeneous photo-Fenton and the modified heterogeneous photo-Fenton processes under sun light irra-
diation as a renewable energy source. This is a novel and unprecedented environmentally friendly approach to water remediation. The 
study comprised two distinctive aspects: firstly, the exploration of the conventional heterogeneous photo-Fenton process conducted 
under the regulatory constraints of a pH level set at 3, and secondly, the examination of a tailored heterogeneous photo-Fenton process 
characterized by an unconstrained pH by adding carboxylic such as the oxalic acid as a ligand of iron, aimed at the degradation of 
Sicomet Green (SG). The comprehensive characterization of the catalyst materials was diligently undertaken through an array of 
sophisticated analytical techniques encompassing X-ray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), Fourier transform 
infrared spectroscopy (ATR-FTIR), scanning electron microscopy (SEM), UV–vis diffuse reflectance analyses, Brunauer-Emmett Teller 
(BET) method for surface area analysis, and thermogravimetric and differential analysis (TGA/DTG).

In addition, a meticulous assessment of the efficacy of these catalyst materials was executed, followed by practical investigations 
involving the photodegradation of dye treatments. This investigative phase also involved a comparative analysis of the deployment of 
raw and calcined mining waste, with the latter subjected to thermal treatment at a temperature of 500 ◦C. A series of systematic 
experiments aimed at optimizing critical parameters were carried out. These parameters encompassed the quantity of catalyst 
employed, sodium sulfite, oxalic acid concentration levels, scavengers and the modulation of the medium’s pH. The ultimate goal of 
these optimization endeavors was to enhance the overall efficiency and performance of the processes under scrutiny.

Furthermore, the application of kinetic models was deemed essential to unravel the intricate nuances of the oxidation mechanism at 
play and elucidate oxidation mechanisms, further bolstering the scientific rigor of the research work. These nuanced and compre-
hensive findings reverberate with significant implications, presenting a promising avenue for integrating catalysts derived from mining 
waste within the heterogenous photo-Fenton system framework for degrading dyes in wastewater. Moreover, these research outcomes 
provide valuable guidance for the formulation of environmentally sustainable methodologies, via the photo-Fenton process under solar 
irradiation, for the degradation of dyes prevalent in wastewater. Central to its contribution, this work not only integrates circular 
economy principles, pioneers the utilization of mining waste, delves into dual study cases, conducts exhaustive catalyst character-
ization, meticulously optimizes parameters, and employs rigorous kinetic analysis, but also stands as an uncharted exploration, as no 
prior research has ventured into this realm. Collectively, these achievements pave the way for pioneering, sustainable, and excep-
tionally potent methods in dye degradation for wastewater treatment.

2. Materials and methods

2.1. Chemical reagents

The reagents used in this study are: Sodium bicarbonate NaHCO3 (Sigma Aldrich, >99 %), Sodium chloride NaCl (Fluka, >99.5 %), 
Oxalic acid C2H2O4 (Merk, ≥99 %), Isopropanol C3H8O (Merck, >98 %), Hydrogen peroxide H2O2 (Sigma-Aldric, 30 % w/v), 1.10 
Phenolphthalein C12H8O2 (Biochem, 99 %), Sodium acetate C2H3NaO2. (Merck, 99.99 %), Iron sulfate FeSO4⋅7H2O (Merck, >99), 
Potassium fluoride KF (Fichersci, 98 %), Chloridric acid HCl (Sigma-Aldric, 37 %), Sulfuric acid H2SO4 (Merck, 98 %), Humic acid 
(Thermo Scientific, >98 %), Chloroform CHCl3 (Merck), Sodium sulfite Na2SO3 (Sigma Aldrich, 98 %), Potassium nitrate KNO3 
(Merck, 99 %), Sodium sulfate Na2SO4 (Sigma Aldrich, >98 %), Potassium permanganate KMnO4 (Sigma Aldrich, 99 %), and distilled 
water for preparing solutions. The dye was provided by an industrial food company, a stock solution of initial SG dye concentration 
was prepared and used during all the experimental runs. A known concentration of H2O2 solution was prepared with distilled water by 
diluting 30 % w/v of stock solution and stored in an amber-colored light-resistant glass bottle at a cold temperature. All chemical 
reagents in this work were used as received from the supplier companies.

2.2. Catalyst preparation and characterization

The raw iron mining waste was collected from the mine in El Ouenza region of Tebessa, northeastern of Algeria. It was dried at 
100 ◦C to remove water, then crashed with a ball mill in a cylindrical agate container, and subsequently in an agate mortar to obtain a 
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fine powder. The fine powder was calcined in the oven at 500 ◦C under atmospheric air and the resulting iron mining waste powder 
was regrinding and homogenized. After that, it was subject to characterization such as Xray diffraction (XRD), Bruker D8 ADVANCE 
diffractometer, Scanning electronic microscope (SEM), Quanta TM 250 FEG SEM instrument, ATR-FTIR spectroscopy, Alpha One 
Bruker Spectrometer, chemical composition by X-ray fluorescence (XRF), Rijaku (ZSX Primus II USA) spectrometer, and diffuse 
reflectance solid (DRS) Analytik Jena’s SPECORD Plus 200 spectrometer. The particle size of the sample is estimated by HORIBA 
Analyzer SZ-100V2. Surface area information was determined with Brunauer-Emmett Teller (BET) instrument (Micromeritics 
ASAP2020, USA). Thermogravimetric and differential analysis (TGA/DTG) was carried out on the TEA SDTQ 600 instrument up to 
900 ◦C at a heating rate of 10 ◦C min− 1 in atmospheric air. All the data of characterization are given in Fig. 1. The prepared sample was 
used in SG dye removal by heterogeneous photo-Fenton and the modified heterogeneous photo-Fenton processes.

2.3. Analytical methods

The analytical method of color removal was evaluated according to the decrease in absorbance using a double beam UV–Vis 
spectrophotometer (Shimadzu 1800, Japan) by taking the absorbance at maximum wavelength λmax = 640 nm with the pH of the 
medium controlled by a HANNA pH meter (HI 2210). The removal efficiency of SG dye degradation is computed according to the 
following equation: 

R(%)=

(
Co − Ct

Co

)

* 100 (1) 

Where.

R: Degradation rate (%).
Co: Initial concentration of dye (mg L− 1).
Ct: Concentration (mg L− 1) of dye at time t.

Fig. 1. Thermal behavior of raw iron waste, TGA-DTG profile (a), XRD patterns of calcined iron mining waste calcined at 500 ◦C (b), the particle 
size distribution of the calcined iron mining waste (c), SEM micrograph of iron mining waste calcined at 500 ◦C (d), ATR- FT-IR spectra of iron 
mining waste calcined at 500 ◦C (e), N2 Adsorption–desorption isotherms iron mining waste calcined at 500 ◦C (f).
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Chemical oxygen demand (COD) analysis for the collected samples was also assessed using Standard Procedures in water and 
wastewater.

Equation (2) was used to compute the mineralization rate. 

% COD=

[
CODo − CODt

CODo

]

.100 (2) 

where.

CODo: initial chemical oxygen demand (mg O2 L− 1).
CODt: chemical oxygen demand at time t (mg O2 L− 1).

3. Results and discussion

3.1. Structural and morphological characterization methods

Thermogravimetric analysis (TGA/DTG) was carried out using TEA Q6 equipment, with 15 mg of sample a temperature program up 
to 800 ◦C and a heating rate of 10◦C/min.

The thermogravimetric analysis of the sample taken is depicted in Fig. 1(a), which illustrates the dehydration, decomposition and 
oxidation processes of powder of mining waste samples over time and temperature. The results of the thermal analysis of the raw 
mining waste indicate that, in the low-temperature range, the presence of an intense and large exothermic peak at 320 ◦C. This may 
also correspond to the deshydration and free water molecules evaporation on the surface of the powder. The release of the volatile 
matter corresponds to the desorption of water adsorbed in the pores inside the material. Another endothermic phenomenon of low 
intensity occurs at a temperature of 390 ◦C. It corresponds to the carbon dioxide loss derived from calcite and volatile material from the 
raw iron mining waste.

A small weight loss of 4 % is observed below 300 ◦C, possibly due to dehydration and free water molecule evaporation. It may also 

Fig. 1. (continued).
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correspond to the release of the volatile matter due to the desorption of water adsorbed in the pores inside the material and the 
decomposition of iron oxyhydroxide accompanied by an endothermic signal at around 380 ◦C [48,49]. The temperature range from 
400 to 550 ◦C of thermal stability corresponds to the slight weight loss due to the formation of the hematite phase α-Fe2O3 [50]. A third 
exothermic peak appeared at around 680 ◦C of low intensity, corresponding to structural water of iron waste and associated minerals 
transformation [51].

X-ray diffraction (XRD) analysis can be used to study the crystalline structure of calcined iron ore. This analysis makes it possible to 
determine the crystalline phases of the iron ore catalyst and identify their composition. The XRD analysis was performed using Bruker 
D8 ADVANCE X-ray diffractometer, working with Cu Kα radiation (λ = 1.54178 Ả). The data were collected over the range (2–90◦) in 
steps of 5◦ (2θ) min− 1 and presented in Fig. 1(b).

As shown in Fig. 1(b), the structure and the phase composition of the calcined iron mining waste demonstrates the presence of the 
most diffraction mainly related to the silica (ICDD 01-083-0539), hematite (ICDD0 01-076-9680) and calcite (ICDD 01-085-1108). The 
high percentage of hematite composition may be related to their photoactivity in the reaction of heterogeneous photo Fenton and 
modified heterogeneous photo Fenton.

X-ray fluorescence is based on the emission of characteristic X-rays by sample atoms when excited by high-energy X-rays. XRF 
elemental analysis of calcined mining waste enables the detection and quantification of chemical concentrations of numerous ele-
ments, from major to trace elements. Moreover, it provides valuable information which is essential for the study and characterization 
of materials. In this study, the XRF analysis was carried out by X-ray fluorescence spectrometry Rijaku (ZSX Primus II USA) and the 
analysis data are gathered in Table 2.

The iron oxide content of the calcined mining waste sample is quite high. According to the literature, iron is found in the form of 
oxides (Fe2O3) such as hematite and maghemite. The contents of SiO2, CO2, CaO and B2O3 are also very high. Magnesium, Barium, Zinc 
and Calcium can all be found in the structure of calcined ore.

The high Fe2O3, SiO2 and Ca(CO3)2 content also suggests the presence of hematite, calcite and quartz in the calcined ore at 500 ◦C. 
Chemical analysis of the calcined mine waste sample also shows a relatively high sulfur content, suggesting the presence of gypsum.

A further investigation of the iron mining calcined by the analysis of diffraction scattering of laser light involves studying the 
scattering pattern produced when a laser beam interacts with an object or a diffracting medium by using HORIBA Analyzer SZ-100V2. 
This analysis provides information about the size properties of the powder of iron mining waste.

As observed in Fig. 1(c), the mean particle size of calcined iron mining waste powder was evaluated to be 246 nm. It is suggested 
that the iron mining waste powders after calcination can be considered as homogeneous composites.

The morphology of mining waste was conducted using a Quanta TM 250 FEG scanning electron microscope (SEM). The technique 
involves examining iron mining waste powder on a microscopic scale. It can also deliver information about the morphological 
structure of the calcined iron mining sample as can be seen from Fig. 1(d).

The SEM micrograph given in Fig. 1(d) shows a significant crystal of particles on the surface obtained after heating treatment of 
500 ◦C for 2 h and becoming hematite, silica and calcite form. The dispersion of iron oxide can be appreciated in Fig. 1(d).

This analytical technique plays a significant role in characterizing and investigating material properties. In this work, ATR-FTIR 
analysis of the iron mining oxide obtained after calcination of the raw sample is a valuable technique, enabling the study of the 
structure and chemical composition of the sample to be analyzed. In addition, it consists of identifying the functional groups that occur 
during calcination.

Table 2 
Chemical composition of calcined iron mining waste 
(oxide form).

Oxide Result (% Weight)

B2O3 2.95
CO2 10.99
Na2O 0.04
MgO 0.78
Al2O3 2.18
SiO2 13.78
P2O5 0.08
SO3 0.15
K2O 0.22
CaO 7.97
TiO2 0.07
MnO 0.72
Fe2O3 59.32
NiO 0.01
CuO 0.02
ZnO 0.19
As2O3 0.15
SrO 0.02
MoO3 0.01
BaO 0.25
PbO 0.08
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As illustrated in Fig. 1(e), the ATR-FTIR spectra of the calcined iron mining waste exhibit several vibration bands that are mainly 
due to the presence of numerous elements. In addition, the main absorption-intensive bands of the prepared material appeared, he-
matite and calcite, which are characterized by Fe–O and O–C–O stretching vibrations, are situated at 524 cm-1 and 711 cm− 1 

respectively [52,53]. Moreover, the presence of Si–O stretching vibration is observed at 450 and 1039 cm− 1, the occurrence of silanol 
can be related to the quartz phase in iron mining waste [54], and the band at 874 cm− 1 is attributed to the presence of Si– O – Fe, 
O–C–O or Mg–Al in the obtained powder iron mining waste [55,56]. Also, it can be reflected by the Si–O–Al group. Furthermore, the 
interlayer hydrogen bonding illustrates the possibility of hydroxyl linkage. Al–Mg–OH and Al–O–Fe bondings are reflected by the 779 
and 820 cm− 1 bands respectively. In addition, the peak at 779 cm− 1 can be ascribed to the quartz [57,58]. The peak at 1450 cm− 1 is 
attributed to the absorption carbonate group. Finally, the ATR-FTIR analysis confirms the existence of Fe bonding, which is necessary 
for the oxidation reaction of Fenton and photo Fenton.

The powder’s specific surface area is determined according to the Brunauer–Emmett–Teller (BET) method using Micromeritics 
ASAP 2020 surface analyzer by physical N2 adsorption and desorption at its liquefaction temperature (77 K) onto the solid’s surface of 
mining waste powder by using 16.3 Å2 for the cross-sectional area of N2, which has been thoroughly degassed for 12 h to eliminate any 
remaining molecules of water and carbon dioxide prior the analysis. The experiment yields adsorption isotherms, whose morphology is 
contingent upon the adsorbate, the adsorbent, and the gas-surface interactions of the solid. The data of analysis are given in Fig. 1(f).

Fig. 1(f) illustrates the N2 isotherm adsorption-desorption of the studied iron mining waste calcined at 500 ◦C, which exhibits 
isotherm type IV with H3-type asymmetric hysteresis loop, according to the classification of the International Union of Pure and 
Applied Chemistry (IUPAC). This pattern is characteristic of mesoporous materials that are composed of aggregate particles. The BET 
surface area of the iron mining particles was 50.63 m2/g, while the average pore size was 49.436 Å of iron mining waste particles. The 
total pore volume for pores with a diameter smaller than 3096.038 Å at P/Po = 0.9937 was 0.054678 cm3/g. These data confirm that 
the material exhibits a mesoporous structure as anticipated and is in good agreement with those reported in the literature [59].

To further determine the optical properties of the obtained iron mining waste, Solid UV diffuse reflectance analysis, a technique 
commonly used to determine the optical properties of solid materials in the UV and visible wavelengths range, was used. Generally, 
iron mining waste shows a high absorption of ultraviolet blue light as shown in Fig. 2(a) and the spectra of diffuse reflectance of iron 
mining waste is in good agreement with the spectrum obtained by Yamanoi et al. [60]. The diffuse reflectance spectra shown in Fig. 2
(a) indicate that the sample exhibited a band at about 750 nm due to the 6A1 → 

4A2 single electron iron transition in the hematite phase, 
which is more prominent in this sample because of the increase in the hematite content after the thermal treatment. For the other 

Fig. 2. Diffuse reflectance spectra (a) and Tauc plot of (αhν)2 versus photon energy (hν) for iron mining calcined at 500 ◦C (b).
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remaining phases (SiO2 quartz, CaCO3 calcite), no band corresponds to them.
The diffuse reflectance spectrum of iron mining is presented in Fig. 2(b). The absorption intensities can be determined using the 

Kubelka–Munk equation [61] and the bandgap (Eg) is calculated from Tauc’s equation [62]: 

(αhv)=Const*(hv − Eg)n (3) 

where α is the optical absorption coefficient, Eg is given from the plot (αhν)n versus the incident energy (hν). The direct gap Eg of iron 
mining for n = 2 is evaluated at 1.94 eV by extrapolation of the linear parts of (αhν)2 versus hυ curves as shown in Fig. 2(b). The 
obtained value corresponds to the range of α-Fe2O3 reported in the literature and demonstrated an agreement with other reported 
studies [63]. The slight difference can be related to the quantum size effect.

3.2. Heterogeneous system study

At present, the heterogeneous photo Fenton system is a promising technology with interesting applications worldwide. It involves 
the investigation of solid active catalysts based on the direct or indirect absorption of light radiations in the reaction of photo-
degradation of pollutants. Moreover, it offers a great advantage compared to other techniques in use to allow the total mineralization 
of pollutants, while respecting the integrity of the ecosystem.

The primary disadvantage of the classical photo Fenton (H2O2/Fe2+) or photo Fenton modification (Iron/Lig) process is the fact 
that the soluble iron, added as a catalyst, cannot be retained at the end of the reaction, so it generates additional water pollution. To 
avoid the precipitation of dissolved iron, heterogeneous systems have been set up by using recyclable iron-based catalysts, such as iron 
mining waste.

In this section, we briefly present two processes. One is the classical heterogeneous photo-Fenton with a pH of 3 and the other is the 
application of the modified heterogeneous photo -Fenton process with an unadjusted pH in order to degrade the SG dye with a 
concentration of 10 mg L− 1.

3.2.1. Effect of the oxidants
In a Fenton or photo Fenton reaction, the choice of oxidant is important and depends on various factors such as the target pol-

lutants, the operating conditions, and also the desired process efficiency. As it generates hydroxyl radicals (OH− ), which are the most 
reactive and play a crucial role in the oxidation of organic contaminants in various water treatment processes for environmental 
sanitation. Before starting the parametric study, the three most commonly used oxidants were tested including H2O2 hydrogen 
peroxide, Na2SO3 sulfite of sodium, and K2S2O8 persulfate of potassium. The concentrations used were 0.15 mM at a pH medium of 3 
and a solid catalyst amount of 0.1 g L− 1.

The degradation efficiency of the SG dye, as a function of different oxidants depicted in Fig. 3, shows that the photocatalytic 
activities of the iron oxide catalyst in the presence of 0.15 mM sulfate are lower than those of H2O2 and persulphate. A yield of 25 % 
was noted with sulfite, 17 % for H2O2 and 5 % for persulphate. According to these findings, sulfite promotes the degradation and 
mineralization of SG.

The low SG photodegradation yield in the presence of mining waste iron oxide under sunlight and with the addition of K2S2O8 can 
be related to the role of SO4

− 2 by scavenging the valuable hydroxyl radicals to form SO4*- [64]. Meanwhile, the hydroxyl radical (*OH) 
generated by the interaction between mining waste iron oxide and H2O2 plays a significant part in the photodegradation reaction of SG 
[65]. However, the improved photodegradation efficiency with Na2SO3 is due to the mining waste iron oxide which could play a 
critical role in enhancing Na2SO3 oxidation efficiency [66].

Fig. 3. SG dye degradation evolution for different oxidants by heterogeneous photo Fenton.
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3.2.2. Effect of material selection in the SG dye removal by photodegradation and adsorption
It is important to stress that the choice between a raw material and a calcined material in a Fenton or photo-Fenton photo-

degradation reaction must be based on preliminary tests that may be necessary to evaluate the degradation efficiency of contaminants 
with each type of material, or prior knowledge of material properties and their interaction with contaminants.

For this purpose, calcining a material can modify its physico-chemical properties, including specific surface area, porosity and 
chemical composition. In some cases, calcination can improve the catalytic activity of the material by increasing the active surface area 
or modifying the distribution of active sites. So, if the calcined material has better catalytic activity, it may be preferable to use it in the 
photodegradation reaction.

The catalyst to be studied is the iron ore waste coming from EL OUENZA located in the willaya of Tébessa approximately 250 km 
from the iron and steel complex of ELHADJAR.

The material was ground and calcined to form the crystalline and active phases. Two tests were performed on the raw and calcined 
material to select the best-performing one. The results obtained are recorded in Fig. 4.

Fig. 4 shows the difference between the two catalysts, raw and calcined with sulfite as an oxidizing agent at pH = 3 under solar 
light. The degradation reaction was carried out for a period of 3 h.

According to Fig. 4, the crude catalyst gives a degradation rate of 3 %, however, the calcined catalyst gives a very efficient yield of 
25 %. According to this result, the calcined catalyst was chosen for the continuation of our study.

Before any photocatalytic study, the adsorption kinetics of the dye on the catalyst must be established. This last one will occur in 
conditions of room temperature, at an initial concentration of pollutant equal to 10 mg L− 1, an initial pH of the solution equal to 3 and 
at 0.1 g L− 1 of catalyst dose. The adsorption experiment was performed in the dark. The results obtained are shown in Fig. S1, which 
shows a slight decrease or a negligible change in the adsorption (<2 %) of SG in calcined powder of mining waste as a function of time.

Fig. 5 reveals that this material has poor adsorption capacity and it can be attributed to the repulsion phenom between the surface 
charge of mining waste powder and anionic SG dye molecules [67]. The obtained result revealed that the adsorption step is not 
significant. Hence, the adsorption step in the other experiments was eliminated.

3.3. The parametrical study of SG degradation and mineralization by heterogeneous photo Fenton process

This study of the classical photo-Fenton process involves optimizing the various parameters influencing the efficiency of the photo- 
Fenton reaction. The foremost parameters to be studied are the hydrogen peroxide concentration (H2O2) and ferrous ions (Fe2+) 
concentrations, solution pH, reaction time and light intensity. Consequently, results and optimum conditions may vary according to 
the pollutant to be treated and the nature of the system studied.

3.3.1. Effect of catalyst loading
It is worth noting that the increasing of catalyst concentration can generally increase photocatalytic activity by providing more 

active sites for photoinduced reactions. This can lead to greater electron-hole pair generation and increased pollutant degradation 
efficiency [68].

The catalyst mass is an important factor that can have a big impact on the photodegradation process. Hence, it is necessary to select 
an optimal catalyst mass for particular applications, taking into account elements like practicality, degradation efficiency, reaction 
rate, light absorption, and scattering effects.

Several works in the literature have shown that a high concentration of the catalyst, especially Fe+2 in the solution, is not in favor of 
a better degradation rate [69]. This decrease in efficiency is due to the parasitic reaction between OH− and Fe+2 [70]. Iron mining 

Fig. 4. Degradation rate of SG dye by crude and calcined form catalyst. P = 10 ppm, mcatalyst = 0.1 g L− 1, [Sulfite]o = 0.15 mM, pH = 3 and for 
180 min.
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waste, used for the decontamination of wastewater, can be recovered and reused, as they are practically insoluble in water. Being 
widespread in soils, they can also be used for in-situ decontamination of soils and groundwater by injecting sulfite as an oxidizing agent 
[49,71].

To evaluate the optimal catalyst concentration, we varied the catalyst mass from 0.075 to 0.175 g L− 1, setting the sulfite oxidant 
concentration at 0.15 mM and the SG dye concentration at 10 mg L− 1 in a medium with a pH of 3. The results of degradation and 
mineralization obtained are shown in Fig. 5.

The results obtained demonstrate that when increasing the catalyst concentration from 0.075 to 0.175 g L− 1 for a reaction time of 
90 min, the photodegradation rate increases from 57 % to 71 % and the COD removal rate increases from 42 to 63 %. For a con-
centration of catalyst higher than 0.075 g L− 1, we notice that the rate of degradation and mineralization are at maximum values of 71 
% and 63.83 %, respectively, for a quantity of catalyst of 0.15 g L− 1. This result can be explained by the high number of active sites 
available which consequently facilitated and favored the contact with oxidant agents, leading to promote the photodegradation ef-
ficiency and the rate of reaction. However, the high amount of catalyst contributes to the low photodegradation activity because low 
penetration of solar energy to the site of the solid particles, hence the insufficient total number of photons being reactive with H2O2 
molecules [72,73]. From the obtained result, the optimum dosage of the catalyst is chosen as 0.15 g L− 1.

3.3.2. Effect of sodium sulfite
Sodium sulfite plays a role as an oxidant and it can potentially affect the photodegradation mechanisms of certain compounds. For 

example, it can lead to changes in the pH of the solution. Furthermore, it may act as a sacrificial electron donor, participating in 
photochemical reactions that alter the photodegradation pathways of the target compound [74].

In order to understand the effect of the sulfite oxidant Na2SO3 concentration on the photo Fenton reaction, the concentration of 
calcined mining catalyst was fixed at 0.15 g L− 1, the concentration of sodium sulfite varied from 0.15 to 0.75 mM for a pH value of 3, 
and concentration SG dye was fixed at 10 mg L− 1. The evolutions of degradation and mineralization rates as a function of Na2SO3 
concentration during the reaction tile are illustrated in Fig. 6.

From the results shown in Fig. 6(a and b), varying the concentration of Na2SO3 from 0.15 to 0.75 mM gives an increase in 
degradation rates from 45 % up to 90 % for 90 min of reaction. For a concentration of Na2SO3 higher than the value of 0.3 mM, the 

Fig. 5. Evolution of heterogeneous photo Fenton process as a function of different catalyst concentrations. [p]o = 10 mg L− 1, [Sulfite]o = 0.15 mM 
and pH = 3. a) rate of degradation, b) rate of mineralization of SG dye.
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degradation and mineralization rates increased and reached values of 92 % and 91.5 %, respectively, obtained with a concentration of 
0.45 mM Na2SO3. The concentrations of 0.6 and 0.75 mM of sodium sulfite give a result almost similar to that of 0.45 mM. Thus, the 
degradation rate reaches the maximum for an optimum Na2SO3 concentration of 0.45 mM.

Sulfite radical is an active species with significant reducing and oxidizing capabilities via sulfate anions reacting with transition 
metal ions and can be applied effectively for the degradation of organic substances by other radicals [75–77].

The different reactions can be explained by a possible mechanism that sulfite anions react with photo-induced holes or hydroxyl 
radicals to produce sulfite radicals that attack organic molecules. There are two possible routes for the formation of sulfite radicals. 
Firstly, sulfite anions are oxidized directly by photo-induced holes at the valence band hVB via the following reaction: 

h + VB + SO3
2− SO3*-                                                                                                                                                                (4)

The second way to produce sulfite radicals is for sulfite anions to react with hydroxyl radicals (OH -). 

h + VB + H2O *OH + H+ (5)

*OH + SO3*- SO3*- + OH− (6)

3.3.3. Effect of pH
The pH is considered a very important parameter in the photo-Fenton processes, because the pH affects and controls the rate of 

production in the concentration of hydroxyl radicals as well as the nature of the iron species in the solution. Adjusting the pH in the 
acidic zone is an essential step in the Fenton reaction [78].

To investigate the pH effect on the photo-Fenton degradation of SG dye, the experiments were carried out by varying the pH from 3 
to 9, at a concentration of 0.45 mM of Na2SO3, the mass of catalyst at 0.15 g L− 1, and initial SG dye concentration at 10 mg L− 1. The 
results of this investigation are given in Fig. 7.

The previous figures show that the favorable pH for a better degradation rate of the SG dye by the photo Fenton process is a pH 

Fig. 6. Evolution of heterogeneous photo Fenton process as a function of different sulfite concentrations. mcatalyst = 0.15 g L− 1, pH = 3 and [p]o =
10 mg L− 1. a) rate of degradation, b) rate of mineralization of SG dye.
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equal to 3, with a yield of 90 % and after 90 min. As shown in Fig. 7, for a pH value of around 3, it was found that the H2O2 
decomposition within hydroxyl radicals production was enhanced. Thus, the availability of many free radicals enables water 
decomposition and promotes dye degradation. These results are in good agreement with those already observed in the study of the 
degradation of different dyes by the Fenton process [79].

3.4. The parametrical study of SG dye degradation and mineralization by modified heterogeneous photo Fenton process

To boost the photodegradation and mineralization of organic contaminants, the modified heterogeneous photocatalytic Fenton 
process combines the principles of heterogeneous photocatalysis with Fenton chemistry. Because most of the available technologies of 
water treatment are inadequate for reducing some pollutants, the development and research of eco-technologies for water treatment 
are in constant evolution. As a modification of conventional water treatment processes, photo Fenton consists of enhancing the 
generation of reactive hydroxyl radical *OH, in order to oxidize and degrade organic contaminants, modification of the heterogeneous 
photo Fenton process with the aim of achieving complete conversion of the organic pollutants into carbon dioxide (CO2) and water 
(H2O) with high efficiency and in a short time has been investigated.

From the previous study, it was found that the homogeneous process involving Fe3+/Ligand and Fe2+/Ligand complexes dominated 
the mineralization of organic pollutants when the total dissolved iron concentration reached a high level. However, a drawback of the 
leaching of iron still remains. In fact, the iron in the homogeneous system will regenerate and remain in solution according to the 
following equations: 

Fe3+ +O•−
2 →Fe2+ + O2 (7) 

Fig. 7. Evolution of heterogeneous photo Fenton process as a function of different pH, [P]o = 10 mg L− 1, m catalyst = 0.15 g L− 1 and [Sulfite]o =
0.45 mM. a) rate of degradation, b) rate of mineralization of SG dye.
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Fe3+ +H.O.•−2 → Fe2+ + O2 (8) 

Fe2+ +O•−
2 → Fe3+ + H2O2 (9) 

Fe2+ +H.O.•−2 → Fe3+ + H2O2 (10) 

Another improved method is to regulate the catalytic process. Thus, the ideal catalytic process should take full advantage of ho-
mogeneous reactions for the degradation of organic pollutants and heterogeneous catalysts for reuse after treatment. Over the last two 
decades, some research has focused on the effect of carboxylate ligands on the photochemical degradation of organic contaminants. It 
has been reported that carboxylate ligands, including citrate, malonate, oxalate and tartrate, have a different impact on the quantum 
yield of Fe2+ in a homogeneous photochemical system [45,80]. Moreover, in the heterogeneous photodegradation system, oxalate 
positively impacted the degradation process of organic contaminants and expanded the range of the solar spectrum up to 450 nm [81].

In this part of our work, studying the heterogeneous photo Fenton process enhanced by oxalate will bring better insight into 
understanding the mechanism involved between the carboxylate ligands and the catalytic activity of iron oxides in our system. 
However, to identify the performance of the process, it is necessary to evaluate the influence of ligand concentration and other 
operating parameters such as the catalyst dose, pH of the solution, Na2SO3 concentration, and the SG dye concentration.

3.4.1. Effect of catalyst loading
The effect of the amount of catalyst is evaluated by applying varied mass of catalyst from 0.075 to 0.175 g L− 1 while maintaining 

the other experimental conditions fixed as complex concentration [Lig]o = 0.1 mM, dye concentration at 10 mg L− 1 and unadjusted pH 
solution. The obtained results are presented in Fig. 8.

Fig. 8(a) shows that the increase in iron ore concentration always leads to an increase in the reaction rate of photodegradation. 
Nevertheless, according to the obtained result, a delay of decolorization with increasing iron catalyst was observed. This can be due to 
blocking light penetration to reach the maximum active site on the iron catalyst surface.

Fig. 8. Evolution of modified heterogeneous photo Fenton process as a function of different ore concentrations, [P]o = 10 mg L− 1, [Lig]o = 0.1 mM 
and unadjusted pHi. a) rate of degradation, b) rate of mineralization of SG dye.
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From the obtained results, it is observed that an increase in the catalyst concentration has allowed for delaying the decoloration 
reaction. This can be explained by the screening effects due to the aggregation of the catalyst particles that prevents photons from 
reaching the maximum of the catalyst surface. The maximum degradation and mineralization rates are 49.23 % and 50.5 % respec-
tively. An increase in the iron ore concentration beyond the concentration necessary to absorb all the photons inside the photo reactor 
still leads to an increase in the reaction rate [49].

3.4.2. Effect of oxalic acid
Real effluents can be complex and contain various chemical compounds, pollutants, and impurities from different origins of 

household, agricultural and industrial contamination. They also frequently contain chelating agents, such as detergents, stabilizers, 
and metal ion masking agents, which can inhibit the advanced iron-based oxidation process (Fe2+/Fe3+) by masking the impact of 
chelating agents on the Fenton and photo-Fenton reaction. Several chelating agents for iron and transition metals have been reported 
in the literature, such as oxalic acid, citric acid, Ethylenediamine-N, N-disuccinic acid, EDTA and Nitrilotriacetic acid [82].

Overall, it is well known that the addition of oxalic acid is a beneficial strategy for improving the performance of the Photo-Fenton 
reaction, preventing the precipitation of Fe2+/Fe3+, making photocatalytic sewage treatment more effective and versatile for 
wastewater treatment and micropollutant degradation [83–85]. Therefore, optimizing the concentration of oxalic acid is essential to 
achieve the desired degradation efficiency. Different concentrations (0.1–0.3 mM) of this Ligand were tested while keeping the other 
parameters constant to highlight the oxalic acid concentration effect. The experimental results reported in the following Fig. 9 (a, b) 
allow us to compare the photo-Fenton degradation curves of the SG dye at different oxalic acid concentrations.

From the results shown in Fig. 9(a), it appears that the best efficiency is obtained at 0.25 mmol. L− 1. The initial rate of reaction 
deduced from the curves show that the rate of disappearance is about 3 times greater by going from 10− 4 to 5 × 10− 4 mmol. L− 1. It is 
well known that when oxalic acid is added to the photo-Fenton reaction, oxalate acts both as an electron donor and as a surface 
complexing agent for iron ions Fe(II) or Fe(III), forming iron-oxalate complexes that promote the detachment of metal centers from the 
surface and expanding the solar radiation spectrum range absorption [86].

In addition, oxalic acid also functions as a chelating agent, which keeps iron ions in solution and stops them from forming iron 
hydroxides as a result of precipitation above of pH 2.8. This suppresses the oxalic acid/H2O2 combination. As a result of improved 

Fig. 9. Evolution of modified heterogeneous photo Fenton process as a function of different oxalic acid concentrations, m catalyst = 0.075 g L− 1, [P]o 
= 10 mg L− 1 and pHi not adjusted. a) rate of degradation, b) rate of mineralization of SG dye.
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interaction between the catalyst and the organic contaminants and the maintenance of a uniform reaction mixture, degradation ef-
ficiency is increased [87,88]. The optimal mass of oxalic acid chosen for the rest of the study is 0.25 mM.

3.4.3. Effect of the concentration of sodium sulfite
Overall, the studies suggest that the effect of Na2SO3 concentration on the degradation photo Fenton reaction may vary depending 

on the reaction conditions. However, low concentrations of Na2SO3 can be used to promote the degradation of organic compounds.
To enhance the photodegradation of 10 mg L− 1 of SG dye, the study of the effect was performed with different values of Na2SO3 

concentration during solar irradiation at free solution pH, a catalyst mass of 0.075 g L− 1 and an oxalic acid concentration of 0.25 mM. 
The results are given in Fig. 10.

In the case of SG dye degradation, when the sodium sulfate concentration is increased from 0.3 to 0.75 mM, the degradation rate 
increases slightly as shown in Fig. 10(a). The rate of degradation increases with increasing sodium sulfate concentration up to 0.3 mM. 
An excess sulfate ions react with water molecules, resulting in the generation of hydroxyl radicals, as shown in Fig. 10.

The results presented in Fig. 10 (a, b) show that the increase in the oxidizing agent concentration is accompanied by a slight ac-
celeration of the rate of discoloration. This demonstrates that, in order to accomplish the electro-transfer process, the decomposition of 
SO3

2− ions serves as a hole scavenger that leads to the production of *SO3
− radicals [89]. Iron mining waste (hematite phase α-Fe2O3) 

can produce photogenerated electrons (e− ) in the conduction band and holes (h+) in the valence band when it is exposed to radiation. 
The (e− ) reacts with O2 to make *O2

− , which then produces *HO2 and OH*. The (h+) mixes with H2O to give *OH. Furthermore, (e− ) 
can participate in the *OH formation by reacting with H2O2 to produce OH*, which in turn reduces Fe+3 to Fe2+ on the hematite 
surface.

Additionally, carboxylic acid (oxalic acid) Fe3+—oxalate can be rapidly reduced to Fe2+—oxalate under radiation, forming *C2O4
−

radicals. Moreover, OH* can be produced via the reaction of Fe2+—oxalate with H2O2. This explains why adding oxalic acid increased 
the degrading efficiency of the photo-Fenton system.

In contrast to the mineralization where their rate exhibits a gradual and minimal rate of change, the addition of the oxidant sulfite 
does not attribute any case on the significant improvement of the photodegradation process that can be due to the fact that the ligand 
reacts more quickly with the catalyst than the catalyst with the sulfite, then the sulfite remains in solution serving as an inhibiting agent 

Fig. 10. Evolution of modified heterogeneous photo Fenton process as a function of different concentrations of Na2SO3, at unadjusted pH, [P]o =
10 mg L− 1, mcatalyst = 0.015 g L− 1 and [Lig]o = 0.25 mM. a) rate of degradation, b) rate of mineralization of SG dye.
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and allowing competition between the pollutant and the sulfite with the radicals released in solution [90].

3.4.4. Effect of the pH
Given the substantial impact on the degradation of organic compounds employing photo Fenton methods, the pH parameter must 

be considered while optimizing photodegradation reactions.
Further studies have shown that the pH variations affect the reactivity of the reactants (Fe2+, Fe3+, oxidant). Hence, this parameter 

significantly influences the concentration of species in the solution, leading to the formation of iron complexes and affecting the re-
action of photo Fenton [91]. At lower pH between 1 and 2, oxalic acid exists mainly in the H2C2O4 form, while HC2O4

− is the most 
predominant species at pH 2.5–3.0. However, with pH above 4, C2O4

− 2 is the dominant species [89]. Therefore, the effect of pH was 
investigated through a series of experiments with pH values changing from 2 to 8, the initial concentration solution of the SG dye fixed 
at 10 mg L− 1, the concentration of ligand at 0.25 mM, and the mass of catalyst at 0.075 g L− 1. The obtained results of this study are 
given in Fig. 11(a and b).

Fig. 11(a, b) shows that SG dye degradation is related to different pH values after 90 min of irradiation under sunlight and it can be 
noticed that the best degradation and mineralization rates are 82 % and 78.5 %, respectively, and are obtained at fixed pH values. This 
behavior is due to the reactivity of the ligand in the acid medium. For pH values below neutrality, oxalate ions predominate. The latter 
form surface complexes on the iron ore, which decompose under the effect of light by generating radical species, leading to a better 
efficiency of the modified photo Fenton process [92].

The rate of degradation and mineralization removal efficiency are lower for acidic pH = 2 and this can be due to the iron leached at 
low pH or because of the interaction of hydroxyl radicals and H2O2 with H+ and also the reduced concentration of hydroxyl radicals 
[93].

Moreover, the low rates of degradation and mineralization obtained at high pH values up to 6 can be attributed to the low pho-
toactivity of those soluble iron-organic pollution complexes, which lead to highly alkaline conditions for the inhibition of active species 
[94,95]. Finally, these results suggest that the choice of catalyst, which in our case is calcined mine waste products, has enabled us to 
use the heterogeneous photo Fenton reaction over a wide range of pH values for the efficient catalytic degradation of contaminants.

Fig. 11. Evolution of modified heterogeneous photo Fenton process as a function of different pH, [P]o = 10 mg L− 1, mcatalyst = 0.015 g L− 1 and [Lig] 
o = 0.25 mM. a) rate of degradation, b) rate of mineralization of SG dye.
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3.4.5. Effect of scavengers
The photo-Fenton degradation of various aquatic organic pollutants is carried out by primary reactive radical species generated in 

the hematite α-Fe2O3-based photo-Fenton System. These can be identified separately by introducing radical scavengers. To understand 
the scavenging mechanism, the photo-Fenton degradation of SG was performed utilizing isopropanol and chloroform with a con-
centration of 1 M for quenching hydroxyl radicals *OH and superoxide radicals *O2

− , respectively. The obtained results are given in 
Fig. 12.

From Fig. 12, it can be observed that the degradation efficiency is significantly impacted by adding scavengers and the obtained 
values are reduced in the presence of this later separately or in the mixture (90.40 %). This phenomenon can be explained by the role of 
scavengers at quenching the reactive species [96,97]. In particular, the dye degradation removal efficiency in the presence of iso-
propanol decreased to 41.82 %, indicating that the *OH could be the most prevalent active oxygen. Furthermore, the chloroform gives 
a degradation efficiency of 68.5 % suggesting that *O2 contributes minimally to the degradation of SG dye. However, adding a mixture 
of isopropanol and chloroform gives a degradation efficiency of 46.6 %, which is higher than that achieved with isopropanol alone. 
Additionally, the role of oxalate and (h+) produced in the valence band of hematite should not be ignored [98].

3.5. Kinetic study of degradation and mineralization

The kinetic study of the modified heterogeneous photo-Fenton as a complex mechanism involves evaluating and characterizing 
reaction rates and understanding the reaction mechanisms that occur during the pollutant degradation reaction. For this purpose, 
experimental data can be analyzed using appropriate models that describe the modified photo-Fenton reaction to determine kinetic 
constants and the reaction to study reaction mechanisms.

Moreover, in most cases, the kinetics of degradation of many organic molecules by photo Fenton, are defined as first-order kinetics 
[99] or second-order kinetics reactions. The first-order kinetics is given by the following equation: 

dCt

dt
= − k1Ct (11) 

And thus, 

− ln
Ct

Co
= k1 t (12) 

Here, t is time (min), k1 is the first-order kinetic constant (min− 1), and Ct and Co are the concentrations of SG dye at time t and the initial 
time (min).

For second-order reaction kinetics, the following can be obtained. 

1
Ct

=
1
Co

− k2 t (13) 

Where k2 is the kinetic rate constant of second-order reaction kinetic (L.mg− 1 min− 1).
The half-time of SG photo-Fenton degradation for the first and second order reactions can be given by the following equations, 

respectively [100]: 

t1/2 =
0.693

k1
(14) 

t1/2 =
1

k2*Co
(15) 

The degradation and mineralization kinetics most appropriate for SG dye elimination were assessed by plotting the linear form of 
the first and second-order model equations (12) and (13). The parameters of kinetic, as well as the regression coefficients (R2) and the 
half-life t1/2 for each reaction order were investigated. The obtained results are given in Table 3.

In order to determine the order of the degradation reaction of the modified photo Fenton process, the first and second-order kinetic 
models were fitted to data from experiments carried out with 0.25 mM in ligand and 0.075 g L− 1 in catalyst mass and an unadjusted pH.

The results are summarized in Table 3.
Examining the results in Table 3 reveals that the kinetic study of the reaction is well-fitted to a first-order reaction. We note that the 

R2 of 0.9862 and a rate constant k = 0.0233 L mol− 1.S − 1 for the degradation and R2 of 0.8603 and a K = 0.0326 L mol− 1.S − 1 for the 
mineralization, these results indicate that the first order kinetic model is more adequate for the description of our experimental results 
[53].

Moreover, another critical kinetic indication is t1/2 (the half-life of a process), which corresponds to the time taken for the dye 
concentration decreasing by half. The examination of their value in Table 3 revealed that the calculated t1/2 is a function of the nature 
of the photo Fenton reaction and it is significant in the case of Fe(III)/ligan complex.
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3.6. Proposed modified heterogeneous photo Fenton mechanism

The proposed mechanistic study is shown in Fig. 13, which illustrates degradation and mineralization with the classic and modified 
heterogeneous photo Fenton of the SG dye molecule in the presence of the catalyzer from heat-treated iron ore waste (Fe2O3) and under 
sunlight in the presence of the following reagents H2O2, Na2SO3, oxalic acid, sodium sulfite. Knowing that this is a very complex 
mechanism, Fig. 13 shows the intervention of several elements in the degradation and mineralization reaction such as electrons e− , 

Fig. 12. Effect of various scavengers on the degradation of SG dye in the modified heterogenous photo-Fenton reaction under sunlight, pH = 6, m 
catalyst = 0.015 mg L− 1, Ligo = 0.25 M, [P]o = 10 mg/L.

Table 3 
Analysis of the kinetic models applied for the two-process heterogeneous photo Fenton and modified heterogeneous photo-Fenton for SG Removal.

Concentration mM Degradation Mineralization

First order Second order First order Second order

k1 t1/2 (S) R2 k2 t1/2 (S) R2 k1 t1/2 (S) R2 k2 t1/2 (S) R2

0.1 0.0218 31.78 0.959 0.054 185.18 0.2096 0.0062 111.77 0.899 0.0105 952.38 0.5748
0.15 0.0094 73.72 0.964 0.0197 338.40 0.8409 0.0241 28.75 0.8581 0.0492 135.50 0.6696
0.2 0.0238 29.11 0.9982 0.0882 56.68 0.9341 0.0197 35.17 0.9854 0.0507 98.62 0.5496
0.25 0.0233 29.74 0.9862 0.1034 38.68 0.8393 0.0326 21.25 0.8603 0.0357 112.04 0.3174
0.3 0.0358 19.35 0.9791 0.1663 20.04 0.842 0.0168 41.25 0.9528 0.0508 65.62 0.6637

Fig. 13. Schematic illustration of the sunlight heterogeneous photo Fenton and the modified heterogeneous photo Fenton for the degradation and 
mineralization of SG dye.
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Fe3+ and various oxidizing radicals such as h+ holes, hydroxyl radicals *OH, H2O2
− *, HO2*, SO3*-, C2O4

− * superoxide radicals *O2
− , 

Ferri/ferrous-oxalate complexes Fe3+(C2O4)n
(3− 2n) and Fe2+(C2O4)n

(3− 2n).
These radicals are generated on the surface of the solid catalyst, with charge transfer from the Fe3+ based ligand of the iron oxide/ 

oxalate complex, and play a key role in the photo Fenton degradation and mineralization activity of SG dye [80]. This approach of 
using solid iron oxide provides an alternative source of iron and leads to good separation of photogenerated carriers.

4. Conclusion

This study pursued two principal objectives. Firstly, the successful mechanical and thermal preparation of a catalyst powder rich in 
α-Fe2O3 hematite through the valorization of the El Ouenza iron ore mine waste and their physicochemical characterizations. Sec-
ondly, the prepared catalyst was effectively used in advanced heterogeneous photo Fenton and modified heterogeneous photo Fenton 
oxidation processes for the degradation and mineralization of SG food dye under sunlight illumination. Notably, the results of the 
parametric study of the modified photo Fenton process revealed a maximum degradation and mineralization rate of 90 % and 77.5 %, 
respectively, obtained with a ligand concentration of 0.25 mM, a catalyst dose of 0.15 g L− 1 and an unadjusted pH. Additionally, 
because of the rapid reaction of the ligand with the α-Fe2O3 catalyst or the need for concentration prudence in the photodegradation 
process, the oxidant sulfite does not greatly improve the photodegradation efficiency. Also, kinetic studies revealed that the photo- 
Fenton degradation and mineralization process followed a first-order kinetic model. Moreover, the degradation mechanism of SG 
involved the formation of reactive oxygen species (ROS), such as hydroxyl radicals and superoxide radicals. Furthermore, holes (h+) 
generated after α-Fe2O3 irradiation and the C2O4*- ferrioxalate radical significantly contributed to the excellent photocatalytic per-
formances in the heterogenous photo-Fenton process. Consequently, the study reveals that a naturally prepared iron mining waste 
catalyst has low pH dependence, enabling near-neutral water treatment under sunlight irradiation as a sustainable green energy. This 
heterogeneous modified photo Fenton process eliminates acidification and chemical reagent consumption, reducing the salt load in 
treated water. This finding has great potential for use in efficient environmental wastewater cleanup applications.
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