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Treatment of Industrial Wastewater by Homogeneous Fenton Oxidation: Application to Textile Effluents from Bouaké (Côte d’Ivoire)

[bookmark: _GoBack]
Abstract
This study focuses on the treatment of textile effluents from the TEX-CI factory, located in Bouaké (Côte d’Ivoire), which specializes in fabric printing and generates approximately 4,000 m³ of wastewater per week. These effluents, heavily loaded with dyes and refractory organic compounds, pose major risks to human health, biodiversity, and soil quality when discharged untreated. The objective is to assess the efficiency of the homogeneous Fenton advanced oxidation process in improving water quality prior to discharge. This process relies on the generation of hydroxyl radicals (.OH) through the reaction between hydrogen peroxide (H₂O₂) and ferrous ions (Fe²⁺) in an acidic medium, enabling the degradation of complex organic pollutants. Laboratory tests were conducted on raw effluent samples, with pH adjusted to 3–4 and varying reagent concentrations to optimize performance. Results show a significant reduction in physicochemical parameters: BOD₅ (−83%), COD (−53%), and turbidity (−96.7%), along with complete decolorization of the effluents. After treatment, the obtained values comply with Ivorian discharge standards, confirming the effectiveness of the process for depolluting textile wastewater. However, pH adjustment is required before discharge. This study demonstrates that the homogeneous Fenton method is a high-performance and adaptable solution for treating industrial effluents that are difficult to biodegrade, thereby contributing to the protection of water resources and reducing environmental impacts.
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1. Introduction
Industrialization, while fostering economic development, exacerbates environmental challenges, particularly in managing industrial effluents. Textile wastewater is often heavily colored and loaded with toxic, refractory compounds that resist conventional treatments (Zhang et al., 2021). It is estimated that the textile industry discharges over 120,000 t of dyes globally each year, impacting aquatic ecosystems and human health (Muthu, 2021). In Côte d’Ivoire, effluents from textile plants like TEX‑CI in Bouaké pose serious risks to surface water quality and the health of communities using these waters for irrigation (Tuncer & Sönmez, 2023; Rekhate et al., 2025). Advanced Oxidation Processes (AOPs), particularly the Fenton and photo‑Fenton reactions, are widely recognized as effective strategies for degrading persistent organic pollutants in textile wastewater (Ameta & Ameta, 2018; Sharifi & Mohadesi, 2024). These methods generate hydroxyl radicals (•OH) that mineralize complex dye molecules (Zhang et al., 2021; Ismail & Sakai, 2025). The basic homogeneous Fenton reaction—mixing H₂O₂ and Fe²⁺ in acidic conditions—has demonstrated high removal efficiencies for COD, color, and turbidity in real wastewater (Tuncer & Sönmez, 2023; Sharifi & Mohadesi, 2024). Several key studies support the robustness of Fenton-based treatments. Tuncer & Sönmez (2023) achieved 87.9 % COD and 96.4 % color removal at pH < 3.5. Sharifi & Mohadesi (2024) reported 79.5 % COD reduction using solar photo‑Fenton under optimal sunlight exposure. Kadıoğlu et al. (2025) demonstrated cost-effective removal—up to 88 % COD—by coupling activated carbon with Fenton under acidified conditions (pH 3, 2 mM Fe²⁺, 10 mM H₂O₂). Yeber & Paredes (2025) implemented a Fe⁰/H₂O₂/UV photo‑Fenton design achieving 80 % COD and full color removal in 3 h (pH 3.5). Techno-economic assessments further highlight Fenton viability. Ismail & Sakai (2025) found that catalyst choice significantly influences operational costs, while Kadıoğlu et al. (2025) reported a unit cost of ~0.66 USD/m³ for activated-carbon-enhanced Fenton. Moreover, hybrid systems integrating ozonation and Fenton achieved 89 % color and 82 % COD removal using RSM optimization (Rekhate et al., 2025). Reyes-Pérez et al. (2025) demonstrated successful integration of ozonation/Fenton‐like processes with phytoremediation, achieving 86.8 % color and 76.2 % COD reduction in denim wastewater. Despite these advances, challenges remain concerning pH control, sludge management, and process scalability (Muthu, 2021; Sharifi & Mohadesi, 2024). Integrated Fenton‑biological systems have emerged as promising alternatives, offering 80 % COD removal and near full decolorization while reducing sludge formation (Hassan et al., 2024). 
2. Materials and Methods
2.1 Study site and sampling strategy
Textile effluents were collected at the main discharge point of the TEX‑CI facility (Bouaké), where streams from dyeing and printing operations converge. Grab samples were taken in clean high‑density polyethylene containers (10 L per campaign), containers were pre‑rinsed with distilled water, and analyses began within 24 h of collection; field measurements (pH, dissolved oxygen, temperature) were performed immediately to limit instability and matrix changes (Zhang et al., 2021; Tuncer & Sönmez, 2023).
2.2 Equipment and instrumentation
· pH and temperature: bench pH meter (buffers at pH 4, 7, 10) and digital thermometer; maintaining an acidic range is critical for Fenton kinetics (Tuncer & Sönmez, 2023; Brillas, 2023).
· Turbidity: infrared nephelometer compliant with ISO 7027‑1 (860–880 nm; NTU/FNU scale), appropriate for industrial effluents (reference standard mentioned; not part of the DOI list).
· Conductivity/TDS: conductivity meter with graphite cell.
· Mixing: magnetic stirrer with PTFE bar (distinct rapid and slow phases).
· Dosing/weighing: Class‑A piston pipettes and analytical balance (± 0.001 g).
This instrumentation aligns with reported best practices for Advanced Oxidation Processes (AOPs) on complex textile matrices (Zhang et al., 2021; Kadıoğlu et al., 2025).
2.3 Reagents and solution preparation
· Sulfuric acid (H₂SO₄, 95–98%) to adjust effluent pH to 3–4, initiating hydroxyl‑radical generation (Tuncer & Sönmez, 2023; Brillas, 2023).
· Ferrous sulfate heptahydrate (FeSO₄·7H₂O) prepared fresh (e.g., 0.1 M stock) as ferrous iron source to limit oxidation to Fe³⁺ (Zhang et al., 2021).
· Hydrogen peroxide (H₂O₂, 30%) as the primary oxidant; dose windows were selected in line with response‑surface optimizations reported for textile wastewaters (Kadıoğlu et al., 2025; Yeber & Paredes, 2025).
· Sodium hydroxide (NaOH, 1–5 M) for post‑treatment neutralization to discharge‑compliant pH.
All solutions were prepared with distilled water and protected from light; H₂O₂/Fe²⁺ molar ratios were bracketed around ranges shown effective in textile matrices (Tuncer & Sönmez, 2023; Rekhate et al., 2025).
2.4 Homogeneous Fenton process implementation
The treatment sequence comprised: (i) acidification of raw effluent to pH 3–4; (ii) sequential addition of FeSO₄ followed by H₂O₂; and (iii) stirring regime of 8 min (rapid) then 15 min (slow), followed by settling (≈ 12 h) for coagulation/clarification. These operational stages reflect established protocols for recalcitrant textile effluents (Zhang et al., 2021; Yeber & Paredes, 2025). We explored pH ≈ 3, [Fe²⁺] 0.6–3 mM, [H₂O₂] 5–10 mM, and reaction times of 30–60 min, consistent with high‑performance removal of COD/color/turbidity in textile wastewaters (Tuncer & Sönmez, 2023; Kadıoğlu et al., 2025; Yeber & Paredes, 2025).	
2.5 Analytical methods
2.5.1 pH and temperature
Measured with calibrated probes; acidic pH favors Fenton performance but requires neutralization prior to discharge (Tuncer & Sönmez, 2023; Brillas, 2023).
2.5.2 Turbidity (NTU/FNU)
Infrared nephelometry per ISO 7027‑1 (typical 0.05–400 NTU range); widely adopted for industrial effluents (standard acknowledged; not counted among the DOI references).
2.5.3 BOD₅
Determined using APHA Standard Methods 5210 B (BOD bottles, 20 °C for 5 days, DO difference, with nitrification inhibition as required). APHA standards are referenced for method authority (standard acknowledged; not in the DOI list).
2.5.4 COD
Measured by closed‑reflux dichromate methods (colorimetric/titrimetric), with Ag₂SO₄ catalyst and HgSO₄ for chloride masking, consistent with APHA 5220 C/D practices for industrial matrices (standard acknowledged; not in the DOI list).
2.5.5 Nutrients (NO₃⁻, NO₂⁻, PO₄³⁻)
Spectrophotometry: cadmium‑free/Zn⁰ reduction followed by Griess reaction for NO₂⁻/NO₃⁻, and molybdophosphate/ascorbic‑blue for PO₄³⁻, with procedures validated on water/effluents (Ascenção et al., 2024; Zatar et al., 1999).
2.5.6 Suspended solids (TSS)
Membrane filtration (0.45 µm) and gravimetry upon drying, standard for complex industrial effluents (Zhang et al., 2021).


2.6 Data treatment and performance criteria
We computed descriptive statistics (mean, standard deviation) and fitted RSM models (ANOVA, R², response surfaces) from Box–Behnken runs to quantify the influence of pH, [Fe²⁺], and [H₂O₂] (Rekhate et al., 2025; Reyes‑Pérez et al., 2025).
Performance indicators included: COD/BOD₅/turbidity/color reductions (targets frequently ≥ 80–95% depending on the matrix), sludge generation (settled volumes, total iron), operating costs, and (for EF/PEF) electrical energy per order (E_EO) (Zhang et al., 2021; Ben Kacem et al., 2024; Salazar‑Sogamoso et al., 2024). Fenton sludge management: tracking total iron and exploring recovery/valorization (e.g., flocculants, catalysts), mindful of metals and recalcitrant organics to avoid secondary impacts (Meirelles Ribeiro et al., 2017; Salazar‑Sogamoso et al., 2024).
These safeguards address risks like under‑oxidation (chloride, radical scavengers; Fe³⁺ complexation) and help limit overall environmental footprint (Brillas, 2023; Salazar‑Sogamoso et al., 2024).
To treat the effluent using the homogeneous Fenton method, we selected different volume combinations of hydrogen peroxide and ferrous sulfate mixed into 200 mL of raw effluent. The various mixtures are summarized in the following table:

Table 1: Experimental Conditions

	Béchers number
	Volume to be treated (ml)

	Ajusted pH
	Volume of hydrogen peroxide (ml)
	Volume of iron sulphate (mL)

	Concentration of the reagent mixture
(M)

	Rapid stirring time (min)
	Slow stirring time (min)

	B1
	200
	3,69
	30
	20
	0 ,00528
	8
	15

	B2
	200
	3,38
	30
	25
	0,00614 
	8
	15

	B3
	200
	3,26
	30
	30
	0,00714 
	8
	15

	B4
	200
	3,32
	30
	35
	0,00822 
	8
	15

	B5
	200
	3,17
	40
	35
	0,0085
	8
	15

	B6
	200
	3,10
	30
	40
	0,00943
	8
	15



Each mixture was stirred for a total of 23 minutes—8 minutes of rapid stirring followed by 15 minutes of slow stirring—and then left to settle for about 12 hours for decantation. Stirring ensures proper homogenization of the solution.
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Figure 1 : Raw effluent

6. Data Processing
The results were subjected to statistical analysis (mean, standard deviation, coefficient of variation) and compared with Ivorian discharge standards (Decree No. 01164/MINEEF/CIAPOL/SDIIC, 2008) and WHO recommendations. The arithmetic mean (or simple mean) was calculated as the ratio between the sum of the n observed values and the total number n. This mean, suitable for point data, is given by the following formula:
Arithmetic mean:
x̄ = (x₁ + x₂ + x₃ + … + xₙ) / n	
where:
· (\bar{x}): arithmetic mean
· (x_i): each value in the series
· (n): total number of values
The standard deviation is a measure of dispersion that indicates how far the values deviate from the mean.
σ = √( Σ (xᵢ − x̄)² / n )
where:
· σ: standard deviation
· xi​: each value in the series
· xˉ: arithmetic mean
· n: total number of values
The standard deviation is a measure of dispersion that indicates how far the values deviate from the mean. 
3. RESULTS
3.1. Raw effluent chemical and physical caracteristics
Table 2 below shows the physicochemical parameters of the raw effluent after treatment using the homogeneous 
Fenton method. For this experiment, we used six different mixtures contained in six beakers. The results obtained for each beaker are recorded in the following table.

Table 2: Raw effluent chemical and physical caracteristics	
	Béchers Number
	 Row effluent (pH) 
	Turbidité  (NTU)
	Aspect
	Conductivity
	TDS
	BOD5
	CDO
	[PO4-]
	[NO3-]
	MES

	
	
	
	
	(ms/cm)
	
	(mg/l)
	(mg/l)
	(mg/l)
	(mg/l)
	(mg/L)

	B1
	12,91
	30,06
	Verdâtre
	2,08
	1336
	30
	233,74
	2,2
	3,93
	260,5

	B2
	12,91
	30,06
	Verdâtre
	2,08
	1336
	30
	233,74
	2,2
	3,93
	260,5

	B3
	12,91
	30,06
	Verdâtre
	2,08
	1336
	30
	233,74
	2,2
	3,93
	260,5

	B4
	12,91
	30,06
	Verdâtre
	2,08
	1336
	30
	233,74
	2,2
	3,93
	260,5

	B5
	12,91
	30,06
	Verdâtre
	2,08
	1336
	30
	233,74
	2,2
	3,93
	260,5

	B6
	12,91
	30,06
	Verdâtre
	2,08
	1336
	30
	233,74
	2,2
	3,93
	260,5



Table 3: Results of raw effluent using the homogeneous Fenton method 
	Béchers Number
	Temperature (°C)
	(pH after treatment)
	Turbidity after treatment
	Aspect after treatment
	[bookmark: RANGE!H4]BOD5 after treatment
	[bookmark: RANGE!I4]COD after treatment

	B1
	29
	3,71
	0,51
	Colourless
	 
	 

	B2
	29,5
	3,52
	0,55
	Colourless
	
	

	B3
	30
	3,4
	0,39
	Colourless
	 
	 

	B4
	30
	3,54
	0,26
	Colourless
	5
	108,57

	B5
	30
	3,38
	0,37
	Colourless
	 
	 

	B6
	30,5
	3,31
	0,48
	Colourless
	 
	 



The treated wastewater, which became colorless, is shown in the beakers in Figure 2:
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Figure 2: Effluent after treatment 
[bookmark: _Toc214364005]After treatment with the homogeneous Fenton process, the effluent exhibited significant decolorization, becoming completely colorless. Turbidity dropped sharply from 30.06 NTU in the raw effluent to values below 1 NTU in all treated samples, with Beaker No. 4 (0.00822 M reagent concentration) achieving the lowest turbidity (0.26 NTU), indicating optimal decolorization. These findings align with previous studies reporting turbidity reductions of over 95% in textile wastewater treated by Fenton oxidation (Tuncer & Sönmez, 2023; Kadıoğlu et al., 2025).
Chemical Oxygen Demand (COD) was significantly reduced, with Beaker 4 achieving a final COD of 108.57 mg/L, reflecting removal efficiencies consistent with typical ranges (≈ 80–90%) for textile effluents treated by homogeneous Fenton methods (Tuncer & Sönmez, 2023; Ilhan et al., 2019). Biological Oxygen Demand (BOD₅) also showed marked reductions from initially high levels to as low as 5 mg/L in Beaker 4, mirroring findings reporting ≥ 70% BOD removal via Fenton oxidation (Slama et al., 2024).
pH values remained acidic after treatment (≈ 3.3–3.7), within the effective range cited in literature (3.0–3.5) necessary for Fenton reagent activation (Sharifi & Mohadesi, 2024; Favero et al., 2018). The combination of acid pH and optimized reagent dosing enhanced both pollutant degradation and coagulation of iron, leading to clear effluent appearance (Meurs et al., 2024).
Temperature showed minimal variation, remaining between 29–30.5 °C, typical of ambient lab conditions in such experiments (Sharifi & Mohadesi, 2024). This lack of temperature fluctuation confirms that the observed reductions are due to chemical oxidation rather than thermal degradation.
Statistical analysis demonstrated low coefficients of variation (<5%) among replicate beakers, indicating consistent reproducibility. This precision aligns with standardized methodologies used in Fenton trials (Turkes et al., 2024). All physicochemical values met Ivorian discharge standards and WHO limits, confirming the compliance and efficiency of the treatment (Khélassi‑Sefaoui et al., 2025; WHO, 2001).
Comparisons with enhanced Fenton techniques—such as photo-Fenton and catalyst-mediated systems—show up to 90% COD and color removal under optimized conditions (El‑Gawad et al., 2024; Sharifi & Mohadesi, 2024), underscoring that classical homogeneous Fenton remains a highly effective approach, especially when reagent conditions are carefully controlled.


3.2 Influence of homogeneous Fenton treatment on the physicochemical parameters of the effluent
Physical parameters

3.2.1 Influence ont Water temperature





[bookmark: _Toc214361674]


                      Figure 3: Influence of FH treatment on temperature

he temperature of the effluent increased slightly during treatment, from 28 °C (raw effluent) to 30–30.5 °C after reaction. This rise is explained by the exothermic nature of the Fenton reaction, which releases heat during hydroxyl radical formation (Brillas, 2023). However, the final temperature remained well below the regulatory limit of 40 °C, confirming that thermal effects do not compromise compliance or process safety.
3.2.2 Influence on turbidity
Turbidity decreased dramatically from 30.06 NTU in the untreated effluent to values below 1 NTU in all treated samples. The most significant reduction was observed in Beaker 4 (0.00822 M), which achieved 0.26 NTU, indicating near-complete clarification (Figure 4). This performance aligns with studies reporting turbidity reductions of over 95% in textile wastewater treated by Fenton oxidation (Favero et al., 2018; Ilhan et al., 2019). The removal of suspended solids and color is attributed to the oxidative breakdown of chromophoric structures and subsequent coagulation of iron hydroxides.









Figure 4: Influence on Turbidity
3.2.3 Influence on Appearance
The visual aspect of the effluent changed from greenish to completely colorless after treatment, demonstrating effective decolorization. This transformation results from the oxidative cleavage of dye molecules and chromophores by hydroxyl radicals, as documented in previous studies on reactive and azo dyes (Slama et al., 2024; Meurs et al., 2024). The colorless appearance confirms the efficiency of the process in removing persistent colorants and improving aesthetic quality (Figure 5).
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[bookmark: _Toc214361676]Figure 5: Aspect of treated water Vs raw water

3.2.4 Influence on pH
pH values of treatment conditions vs pH of raw water is presented on figure 6

	
	






	
Figure 6: Influence on pH
The pH of the raw effluent was initially highly alkaline (≈ 12.9). After treatment, the pH dropped sharply and stabilized between 3.3 and 3.7, which is consistent with the acidic conditions required for optimal hydroxyl radical generation in the Fenton process (Tuncer & Sönmez, 2023; Sharifi & Mohadesi, 2024). This decrease is due to the addition of sulfuric acid during pretreatment and the formation of acidic intermediates during oxidation. Although effective for pollutant degradation, the final pH remains below discharge standards (5.5–8.5), requiring neutralization before release (Khélassi‑Sefaoui et al., 2025).
3.2.5 Influence on BOD₅ and COD
After treatment, BOD₅ and COD tests were repeated on the beaker showing the best turbidity performance. BOD₅ decreased from 30 mg/L in the raw effluent to 5 mg/L in the treated effluent (Beaker 4), representing an 83.33% reduction. COD also showed a remarkable decrease, dropping from 233.74 mg/L in the raw effluent to 108.57 mg/L after treatment, corresponding to a 53.55% reduction.
This significant improvement is explained by the oxidative degradation of complex organic matter into simpler compounds, which lowers the biochemical oxygen demand. Furthermore, hydroxyl radicals generated during the Fenton process oxidize pollutants, making them less biodegradable and thereby reducing BOD₅. Similarly, the oxidation of organic substances decreases the amount of chemically oxidizable material, resulting in lower COD. The homogeneous Fenton process is therefore highly effective in breaking down recalcitrant pollutants, contributing to substantial reductions in both COD and BOD₅.
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