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Abstract 
This work focuses on optimizing of operating conditions of the electro-Fenton process
for a clean and efficient elimination of sulfamethazine, a persistent antibiotic 
frequently detected in wastewater. The study examined the effects of experimental 
parameters, including current intensity, electrolysis duration and ferrous ion
concentration, as well as their interactions, using response surface methodology based
on a Doehlert experimental design. The results indicated that under specific conditions
(0.5 mM ferrous ions, 0.5 A, 50 mM sodium sulfate, at pH 3), a 90% mineralization of
0.2 mM sulfamethazine was achieved. A statistically significant quadratic polynomial
model was developed and validated through an analysis of variance (ANOVA). 
Statistical evaluation yielded a determination coefficient (R2) of 0.986, alongside a p-
value of p < 0.001. These metrics establish the statistical significance of the regression,
thereby validating its predictive accuracy within the defined experimental domain. The
energy consumption of this system was determined to be 1.2 kilowatt-hours per gram 
of total organic carbon (TOC) removed. Additionally, the short-chain carboxylic acids
and inorganic ions produced were quantified and monitored throughout the treatment 
process. Due to its high durability and efficiency, the electro-Fenton method is
regarded as a promising technology for wastewater treatment.

Keywords: Electro-Fenton; Sulfamethazine; Doehlert matrix; Mineralization kinetics; 

Response surface methodology. 
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1. Introduction 

A notable increase in the concentration of pharmaceutical 
compounds has been observed in surface water, 
groundwater, and partially treated wastewater over the 
last decade (Fallah et al. 2021; Latif et al. 2023; Hrkal and 

Pastuszek 2023; Yin et al. 2023). According to the World 
Health Organization (WHO) in 2012 (World Health 

Organization 2012), these substances are typically found at 
low concentrations in wastewater, generally below 0.1 
μg·L-1, while treated water contains even lower levels, 
usually below 0.05 μg·L-1. The main pathways of water 
contamination by antibiotic residues include direct 
emissions from pharmaceutical manufacturing facilities, 
the excretion of metabolized drugs by humans and animals, 
effluents from aquaculture operations, and improper 
disposal of unused or expired pharmaceuticals (Gałązka et 

al. 2023; Pereira et al. 2023; Oad et al. 2023).  

Pharmaceutical pollutants must be removed from 
wastewater before being discharged into the environment; 
however, due to design limitations, conventional 
wastewater treatment plants often struggle to eliminate 
these residues (Moreira et al. 2022; Sigonya et al. 2023; 

Oad et al. 2023). As a result, over 90% of antibiotic 
substances persist, leading to their accumulation in 
domestic and urban wastewater (Becze et al. 2022; Oad et 

al. 2023), which poses a significant threat to both aquatic 
and terrestrial fauna and flora (Ripanda et al. 2021; Oad et 

al. 2023).  

Indeed, when pharmaceuticals and residues enter human 
and animal bodies through various water sources, they can 
lead to adverse effects such as drug resistance and 
metabolic disturbances (Fallah et al. 2021). Additionally, 
these substances can be transferred through the food 
chain, impacting non-aquatic animals and humans who 

consume contaminated fish or other seafood (Fehrenbach 

et al. 2022; Nikoo et al. 2023). Therefore, the urgent 
necessity for eliminating pharmaceutical compounds from 
wastewater is evident. 

To achieve this goal, several conventional treatment 
techniques were tested, including coagulation-flocculation, 
adsorption on activated carbon, and biological processes 
(De Melo Franco Domingos et al. 2023; Samir et al. 2023; 

Suleiman et al. 2023). While these methods demonstrate 
effective decontamination, they also generate secondary 
non-recoverable waste and necessitate further treatment. 
Additionally, recalcitrant pollutants are not degraded; 
instead, they are merely  transferred from one medium to 
another (Mansour et al. 2021; Fang et al. 2023).  

Advanced oxidation processes (AOPs), have emerged as a 
promising solution for the removal of refractory organic 
compounds from wastewater (Jiad and Abbar 2023). The 
effectiveness of these technologies relies on the in-situ 
generation of powerful oxidizing agents, specifically 
hydroxyl radicals (•OH). AOPs encompass a wide range of 
established methods, including the Fenton process, 
Fenton-like processes, high-pH ozonation, wet air 
oxidation, and photocatalysis whether homogeneous or 
heterogeneous. Additionally, AOPs cover more complex 
processes such as peroxide/ozone coupling and 
ultrasound, as well as advanced electrochemical 
techniques, notably anodic oxidation and electro-Fenton 
(Oturan and Aaron 2014; Akpotu et al. 2019; Liu et al. 

2018; Rashmishree et al. 2023; Gasmi et al. 2023; Mansour 

et al. 2015a; Ljubas et al. 2023). 

As an indirect oxidation technique, electro-Fenton utilizes 
the Fenton reaction to generate hydroxyl radicals. A 
notable aspect of this process is the electrochemical 
production of both hydrogen peroxide (H2O2) and ferrous 
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ions (Fe2+) during the reaction (Mansour et al. 2014; Puga 

et al. 2021; Mahmoudi et al. 2022; Mansour et al. 2024a). 
The supplied oxygen is reduced at the cathode to form 
H2O2, which then reacts with the introduced Fe2+ ions in 
acidic conditions, resulting in the formation of hydroxyl 
radicals (•OH) (Mansour et al. 2012; Mansour et al. 2015b; 

Chi et al. 2023). Due to its high oxidation potential, •OH 
can rapidly hydroxylate or dehydrate nearly all organic 
pollutants, leading to the production of inorganic ions, CO2 
and H2O (Oturan 2021; García-Espinoza et al. 2021; Jiad 

and Abbar 2023). 

Sulfamethazine (SMT) is a widely used sulfonamide 
antibiotic in veterinary medicine for treating bacterial 
infections in animals. However, it poses potential threats to 
human health and aquatic ecosystems. Even at low 
environmental concentrations (<1 mg·L-1), frequent use of 
SMT can lead to the development of antibiotic resistance 
in bacteria (Mansour et al. 2015b; Raj et al. 2024). The 
persistent presence of SMT residues in treated animals, 
groundwater, surface water, and sediment raises serious 
concerns. This persistence enhances the potential for 
bioaccumulation throughout the food chain, ultimately 
threatening  human health (Lin and Huang 2024; Raj et al. 

2024). 

An authoritative critical review by Brillas (Brillas 2025) 
assessed  the performance of advanced oxidation 
processes for the removal of sulfamethazine across various 
environmental matrices, including agricultural runoff and 
wastewater effluents. The evaluation  compared Fenton, 
anodic oxidation, and electro-Fenton systems, with an 
emphasis on mineralization yields, the generation of 
reactive oxygen species, and the formation of intermediate 
by-product. To ensure the environmental safety of the 
treated effluents, the study also tracked the changes in 
solution toxicity during the oxidation process. Importantly, 
this analysis underscores that implementing these 
technologies on a large-scale still necessitates significant 
engineering and catalytic advancements. 

Given these operational barriers, previous studies -
including our own (Mansour et al. 2014)- have applied 
electro-Fenton as a pre-treatment to convert 
sulfamethazine (SMT) into more biodegradable 
intermediates for subsequent biological processing. The 
current study advances electro-Fenton into an 
independent mineralization system. To this end, this work 
aims to achieve two main objectives: first, to determine the 
optimal operational conditions for the mineralization of 
synthetic sulfamethazine effluent using the electro-Fenton 
process, employing a Doehlert design combined with 
Response Surface Methodology (RSM). A quadratic model 
was applied within the Doehlert experimental design to 
simultaneously examine several parameters at varying 
levels. This strategy reduces the number of required 
experiments while maintaining the quality of results, 
thereby providing an effective method for variable 
optimization (El Faroudi et al. 2023). This approach allows 
the simultaneous examination of several factors and offers 
insights into individual impacts as well as their interactions, 
representing a significant advancement over the traditional 

univariate strategy (El Faroudi et al. 2023). To achieve this 
goal, the mineralization rate of sulfamethazine was 
evaluated by monitoring the decrease in total organic 
carbon (TOC) during electrolysis. The second objective is to 
quantify and monitor the evolution of concentrations of 
aliphatic acids and ionic species generated during 
remediation. In summary, this project aims to enhance  
sustainable wastewater treatment methods, thereby 
reducing the discharge of organic pollutants into 
ecosystems. 

2. Materials and Methods 

 Chemicals 

Sulfamethazine (99% purity) was purchased from Sigma 
Aldrich (Saint-Quentin-Fallavier, France). FeSO4.7H2O (99% 
purity) and Na2SO4 (99% purity), used as reactant and 
electrolyte support respectively, were provided by Acros 
Organics (Thermo Fisher Scientific, Illkirch, France). The pH 
of treated solutions was adjusted using analytical grade 
sulfuric acid (H2SO4) obtained from Acros Organics. All 
solutions were prepared using ultrapure water. Sigma 
Aldrich and Acros Organics supplied all analytical grade 
chemicals. 

 Analytical determinations 

2.2.1. Total Organic Carbon (TOC) measurements 

To quantify the mineralization of the pollutant, total 
organic carbon (TOC) analysis was exclusively utilized. 
Compared to standard chemical oxygen demand (COD) 
measurements, which are susceptible to overestimation 
due to interferences from residual hydrogen peroxide and 
other inorganic species common in advanced oxidation 
processes, TOC provides a fundamentally more accurate 
and direct assessment of organic carbon removal (Al-

Qodah et al. 2024; Al-Qodah et al. 2025). 

Prior to analysis, samples from the electro-Fenton 
treatment were filtered through 0.40 μm GF filters 
(Sartorius Stedim Minisart, Göttingen, Germany). Their 
TOC content was then determined using a TOC-VCPH/CPN 
analyzer (Shimadzu Corporation, Kyoto, Japan). In this 
process, the organic matter is oxidized to form CO2, which 
is subsequently detected by a non-dispersive infrared 
(NDIR) sensor. The standard NPOC (Non-Purgeable Organic 
Carbon) method was employed, and all measurements 
were performed in triplicate to ensure reproducibility 
(Mansour et al. 2015b). 

2.2.2. Ion chromatography 

The by-products of sulfamethazine mineralization, 
specifically carboxylic acids, nitrate, and sulfate ions, were 
analyzed by ion chromatography using a Dionex DX120 
system equipped with conductivity detection. The analysis 
process was carried out as follows: the separation was 
performed using a Dionex AS19 analytical column (4 × 250 
mm), equipped with a Dionex AG19 guard column (4 × 50 
mm), and an ASRS suppressor; and a KOH gradient 
generated by a Dionex ECG-KOH EluGen II cartridge, 
flowing at a rate of 1 mL·min-1, was used as mobile phase. 
The elution profile was programmed as follows: an initial 
isocratic hold at 10 mM (0-10 min), followed by a linear 
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gradient from 10 to 45 mM (10-25 min), and concluding 
with an isocratic step at 45 mM (25-35 min). Data 
acquisition and system control were performed using 
Chromeleon software.  

2.2.3. Ammonium quantification 

The ammonium (NH4
+) concentration was determined 

using Nanocolor® tests Ammonium 3 (Ref 985 003) from 
Macherey-Nagel (Germany). All measurements were made 
using a photometer type Nanocolor®. 

 Experimental Procedure 

The sulfamethazine mineralization was performed via the 
electro-Fenton process in a 1-liter undivided glass cell fitted 
with two electrodes (Figure 1). The cathode was a carbon 
felt electrode (Le Carbone Lorraine RVG 4000, Mersen, 
Paris, France), characterized by dimensions of 260 mm × 80 
mm, a specific area of 0.7 m² g⁻¹, a thickness of 12 mm, a 
density of 0.088 g cm⁻³, and a 99.9% carbon yield, and was 
placed along the inner wall of the cell. A cylindrical 
platinum anode (50 mm × 20 mm) was placed at the center 
of the electrochemical reactor to ensure an even potential 
distribution. A peristaltic pump was used to continuously 
circulate the electrolyte solution at a rate of 2 L min−1. 
Na2SO4 was added to the medium in order to keep the ionic 
strength at 0.05 M. To reach oxygen saturation, 
compressed air was bubbled through the solution for ten 
minutes at a flow rate of 450 cm3 min−1. Sulfuric acid 
(H2SO4) was used to adjust the pH of sulfamethazine 
solutions to 3. Finally, just prior to the treatment, a catalytic 
amount of FeSO4.7H2O was added to the cell. In order to 
maintain a constant current, electrolysis was carried out 
under galvanostatic control using a DC power supply 
(Model AX 322, Metrix, Annecy, France) 

 

Figure 1. Schematic diagram of the electro-Fenton apparatus 

employed for the mineralization of sulfamethazine. 

 Doehlert experimental design 

In order to maximize the mineralization of sulfamethazine, 
a Doehlert design was implemented. Three important 
experimental parameters were studied, namely: current 
intensity (U1), electrolysis time (U2), and initial 
concentration of Fe2+ (U3). The response variable (Y) was 
defined as the TOC removal efficiency. 

The formula N = k2 + k + 1 (where k is the number of 
parameters) was used to construct the experimental set 
and determine the number of trials. Accordingly, for k=3, 
the matrix consisted of 13 experiments, uniformly 
distributed throughout the coded experimental region. The 

measurement at the central point was performed in 
triplicate (experiments 13 to 15), and included in the design 
to estimate the experimental error. Natural variables (Ui) 
were converted to coded variables (Xi) according to 
equation 1 (Hammami et al. 2009): 

 0
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In this equation, Ui (0) is the central value of the 
experimental domain and ΔUi is the variation step. The 
parameter α represents the maximum coded value for each 
variable, set at 1 for X1, 0.866 for X2, and 0.816 for X3. 
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The experimental domains for the Doehlert design were 
established based on preliminary trials (data not shown): 
0.1 < U1 (A) < 0.5; 2 < U2 (h) < 18; and 0.1 < U3 (mM) < 0.9). 

The experimental response was fitted to a quadratic 
polynomial equation based on the Doehlert matrix. 

Y = b0 + b1X1 + b2X2 + b3X3 + b11X1
2 + b22X2

2 + b33X3
2 

+ b12X1X2 + b13X1X3 + b23X2X3 

(4) 

In this equation, Y represents the experimental response 
and b0 is the model intercept.  

bi, bii, and bij are the estimated regression coefficients 
corresponding to the linear, quadratic, and interaction 
terms. 

The coefficients were determined using the least squares 
method according to the equation (5): 

B = (XT X)-1 XT Y 
 

(5) 

B is the vector of estimated coefficients, X is the design 
matrix (where XT is its transpose), and Y represents the 
measured response vector. 

The suitability and statistical significance of the model were 
verified using the analysis of variance (ANOVA). The two-
dimensional isoresponse curves and their corresponding 
three-dimensional response surfaces were used to 
illustrate the relationship between the experimental 
variables and the response. NEMRODW software was 
employed for all data processing (Mathieu et al. 2000). 

3. Results and Discussion 

 Optimization of process conditions for the 
sulfamethazine mineralization 

Several parameters, such as the intensity of applied 
current, the electrolysis time, and the initial concentration 
of Fe2+, influence the efficiency of the electro-Fenton 
process. Therefore, a Doehlert matrix was utilized to 
identify the optimal conditions that yield  the highest 
mineralization rate. Table 1 displays the experimental 
design 
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Table 1. Doehlert matrix experiments and experimental results. 

Experiment 
number 

Coded variables Real variables Results 

 X1 X2 X3 
Current 

intensity: 

Electrolysis 

time: 

Fe2+ 

concentration: 
Y (%) 

    U1 (A) U2 (h) U3 (mM)  

1 1 0 0 0.5 10 0.5 79.1 

2 -1 0 0 0.1 10 0.5 57.7 

3 
1

2
 

3

2


 0 0.4 18 0.5 81.5 

4 
1

2
  3

2


  0 0.2 2 0.5 35.9 

5 
1

2
 3

2


  0 0.4 2 0.5 43.3 

6 
1

2
  

3

2


 0 0.2 18 0.5 73.8 

7 
1

2
 3

6


 

6

3


 0.4 13 0.9 74.5 

8 
1

2
  3

6


  

6

3


  0.2 7 0.1 48.2 

9 
1

2
 3

6


  

6

3


  0.4 7 0.1 61.5 

10 0 
3

3


  

6

3


  0.3 15 0.1 70.2 

11 
1

2
  3

6


 

6

3


 0.2 13 0.9 65.1 

12 0 
3

3


  

6

3


 0.3 5 0.9 54.7 

13 0 0 0 0.3 10 0.5 69.0 

14 0 0 0 0.3 10 0.5 71.5 

15 0 0 0 0.3 10 0.5 74.0 

 

The model equation presented in equation (6) was derived 
by calculating the coefficients of the polynomial regression 
based on the experimental results shown in Table 1. 

Y = 71.5 + 10.1 X1 + 20.9 X2 + 2.9 X3 – 3.1 X1
2 – 

16.1 X2
2 – 8.9 X3

2 + 0.2 X1X2 – 2.5 X1X3 – 4.8 X2X3 
 

(6) 

Table 2. Result of variance analysis for the removal of TOC. 

Source of variation Sum of squares Degrees of freedom Mean square F-ratio p-value 

Regression 2525.88 9 280.65 39.27 <0.001 

Residual 35.74 5 7.15   

Lack of Fit 23.24 3 7.75 1.24 0.474 

Pure Error 12.50 2 6.25   

Total 2561.62 14    

Note: R² = 0.986; R²adj = 0.961. 

 

Analysis of variance (ANOVA) was conducted  to evaluate 
the quadratic model (equation 6). As indicated in Table 2, 
the regression is significant (p < 0.001), while the lack-of-fit 
is non-significant (p = 0.474), suggesting that the model fits 
the experimental data adequately. The determination 
coefficients (R2 = 0.986; R2

adj = 0.961) indicate that the 
model explains 98.6% of the response variation. Diagnostic 
plots (Figure 2) reinforce the statistical assumptions. The 
normal probability plot (Figure 2a) confirms that the 

residuals follow a normal distribution. The Studentized 
residuals versus predicted values (Figure 2b) display a 

random, homogeneous dispersion within the 2  interval, 
demonstrating the absence of systematic error during the 
experiments. 

The isoresponse curves and 3D response surfaces 
illustrating the variation of TOC removal are presented in 
Figure 4. These results clearly demonstrate a positive 
correlation between current intensity and TOC removal 
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efficiency. Under constant conditions of [Fe2+] = 0.5 mM 
and an electrolysis time of 10 h, increasing the current 
intensity from 0.1 A to 0.5 A resulted in an increase of the 
TOC removal rate from 58.4% to 78.5%. This indicates that 
enhancing the electrical power supplied to the reactor 
improves treatment efficiency (Figure 4a-b). 

 

Figure 2. Diagnostic plots for the response surface model of 

sulfamethazine mineralization: (a) normal probability plot of 

residuals and (b) residuals versus fitted values. 

 

Figure 3. Parity plot of the experimental versus predicted values 

for TOC removal efficiency. 

The observed improvement in TOC removal rates can be 
attributed to the efficient regeneration of the Fe2+ ions 
(equation (7)) and the continuous production of hydrogen 
peroxide H2O2 at the cathode (equation (8)). This process 
promotes the production of hydroxyl radicals (equation 
(9)), thereby enhancing treatment efficiency (Atmaca 

2009; Mansour et al. 2015a; Mansour et al. 2026) 

Fe3+ + e− → Fe2+ 
 

(7) 

O2 + 2e− + 2H+ → H2O2  (8) 

Fe2+ + H2O2 → OH− + Fe3+ + •OH  (9) 

2H2O → O2 + 4H+ + 4e− (10) 

2H2O + 2e− → H2 + 2OH− (11) 

Within the context of electrochemical advanced oxidation, 
it is essential to clearly distinguish between primary 
degradation and ultimate mineralization. Primary 
degradation refers to the rapid initial attack by hydroxyl 
radicals, which leads to the cleavage of the sulfamethazine 
(SMT) aromatic ring and the swift disappearance of the 
parent molecule. In contrast, ultimate mineralization 
signifies the complete electrochemical conversion of the 
resulting organic matrix into CO2, H2O, and inorganic 
heteroatoms. As assessed in this study, mineralization is 

quantitatively measured by total organic carbon (TOC) 
removal. This ultimate conversion occurs at a slower kinetic 
rate than primary degradation, primarily due to the 
formation and transient accumulation of refractory short-
chain aliphatic intermediates, which necessitate prolonged 
electrolysis to achieve complete oxidation. 

Figure 4. (a) TOC removal efficiency contours versus the intensity 

of current (A) and the Fe2+ concentration (mM); (b) The 3D 

surface plot that corresponds; (c) TOC removal efficiency 

contours versus the time of reaction (h) and the intensity of 

current (A); (d) The 3D surface plot that corresponds; (e) TOC 

removal efficiency contours versus the Fe2+ concentration (mM) 

and the time of reaction (h); (f) The 3D surface plot that 

corresponds. Data collected through the matrix of Doehlert 

(Table 1). Operating conditions: [SMT] = 0.2 mM, pH=3, [Na2SO4] 

= 50 mM, V = 1 L. 

Furthermore, the graphic analysis of Figures 4c and 4d 
shows that the TOC removal efficiency increased with 
longer electrolysis times. Specifically, for [Fe2+] = 0.5 mM 
and I = 0.3 A, extending the treatment duration from 2 to 
16 hours raised the TOC removal rate from 34.8% to 78.3%. 
However, increasing the electrolysis time from 16 to 18 
hours resulted in a decline in the mineralization rate, 
dropping from 78.3% to 76.8%. This decrease is attributed 
to the occurrence of parasitic reactions and the scavenging 
of hydroxyl radicals (•OH) by stable by-products that 
accumulate during prolonged treatment periods. The 
optimum current intensity was determined  at the upper 
limit of the experimental domain (0.5 A). Higher currents 
were excluded to avoid excessive Joule heating, anodic 
oxygen evolution (equation (10)), and a subsequent 
decrease in faradaic efficiency. 
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On the other hand, when the initial concentration of 
ferrous ions ([Fe2+]) was increased from 0.1 to 0.5 mM, the 
TOC removal rate improved from 59.7% to 71.6%. The best 
results were achieved within a concentration range of 0.4 
to 0.6 mM (Figure 4e and f). This increase in efficiency can 
be attributed to the enhanced production of •OH, which is 
favored by the higher availability of Fe2+ ions in the medium 
(Panizza and Cerisola 2009). However, increasing the initial 
Fe2+ ions concentration from 0.6 to 0.9 mM led to a 
decrease in mineralization rate from 71.4% to 65.6%. This 
reduction occurred because the excess ferrous ions acted 
as scavengers for •OH (equation (12)), thereby decreasing 
the concentration of these radicals and reducing the 
oxidizing capacity of the system (Panizza and Cerisola 2009; 
Brillas et al. 2009). 

Fe2+ + •OH → Fe3+ + OH− 
 

(12) 

A confirmatory electrolysis trial was conducted under the 
established optimal conditions ([Fe2+] = 0.5 mM, t = 16 h, I 
= 0.5 A). The quadratic model predicted a TOC removal 
efficiency of 85.3% with a 95% confidence interval of 
[82.0% - 88.6%]. As shown by the kinetic study (Figure 5), 
the empirical measurement yielded a 90.0% reduction with 

a standard deviation of 3.0% , establishing an 

experimental range of [87.0% - 93.0%]. The relative error 
between the predicted and experimental values is 5.5%. 
The overlap between the predicted and experimental 
intervals indicates  statistical agreement. 

 

Figure 5. Time evolution of TOC removal rate (%). Operating 

conditions: [SMT] = 0.2 mM, pH=3, [Na2SO4] = 50 mM, [Fe2+] = 

0.5 mM, V = 1L, I = 0.5 A. 

Figure 5 illustrates a rapid initial increase in the TOC 
removal efficiency, reaching 77.2% within the first 9 hours 
of electrolysis. Following this initial phase, the rate of 
mineralization significantly slows down. Nevertheless, the 
TOC level continues to decrease slightly over time, leading 
to a 90% reduction by the end of the treatment. This 
behavior occurs because the electro-Fenton degradation of 
sulfamethazine generates aromatic intermediates, which 
are subsequently oxidized by hydroxyl radicals into short-
chain carboxylic acids through ring cleavage (Mansour et al. 

2015a). Aromatic compounds, due to their delocalized 
electrons, can stabilize the intermediates formed during 
reactions with •OH radicals (Haidar et al. 2013; Mansour et 

al. 2014). According to Haidar et al. (Haidar et al. 2013), 
hydroxyl radicals preferentially attack aromatic 
intermediates rather than carboxylic acids, which show 

significant resistance to oxidation by •OH radicals. 
Additionally,, this behavior may arise from the formation of 
Fe (III) complexes with carboxylic acids during the process 
(Mansour et al. 2024b). The stability of these species and 
their limited reactivity toward hydroxyl radicals lead to a 
decrease in mineralization efficiency compared to the 
initial treatment phase. 

 Mineralization monitoring: Evolution of terminal by-
products 

In order to characterize the overall electro-Fenton 
oxidation process, the identification of the main initial 
aromatic intermediates has been previously conducted by 
LC-MS/MS analysis (Mansour et al. 2014). Concomitantly to 
these initial fragmentation steps, the current analytical 
monitoring strictly focuses on the terminal mineralization 
phase. Generated short-chain carboxylic acids and released 
inorganic ions were tracked to quantitatively confirm the 
mineralization of SMT. 

3.2.1. Short-chain carboxylic acids’ evolution 

Successive attacks by •OH radicals progressively destabilize 
aromatic compounds, ultimately leading to the breakdown 
of the aromatic ring structure. This process results in the 
production of hydrocarbons containing carboxyl functional 
groups, as well as aldehydes, ketones or alcohols. Due to 
the highly oxidizing nature of the medium, it facilitates the 
sequential conversion of alcohols into aldehydes and, 
subsequently, into carboxylic acids (Chou et al. 1999). 

Glyoxylic, succinic, and oxalic acids were identified as 
oxidation products derived from the aromatic 
intermediates of sulfamethazine during the electro-Fenton 
treatment. The evolution of their concentration 
throughout electrolysis was monitored, and the resulting 
data are illustrated in Figure 6. 

Figure 6. Carboxylic acids concentration versus reaction time. 

Operating conditions: [SMT] = 0.2 mM, pH=3, [Na2SO4] = 50 mM, 

[Fe2+] = 0.5 mM, V = 1L, I = 0.5 A. 

The obtained results indicate that the carboxylic acids 
detected during the SMT treatment are formed at the 
beginning of electrolysis. A rapid accumulation of glyoxylic 
acid was observed, reaching a maximum concentration of 
0.076 mM after 1 hour of reaction time, after which it was 
degraded until total disappearance. In addition, the 
concentration of succinic acid increased during the 
treatment, attaining a maximum concentration of 0.056 
mM after 4 hours, before subsequently decreasing.  
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On the other hand, oxalic acid accumulated in small 
amount, peaking at 0.02 mM, and its concentration 
decreased slightly after 9 hours of electrolysis. Notably, 
these last two acids are very recalcitrant. Indeed, even 
after 16 hours electrolysis, small amounts of oxalic and 
succinic acid persisted in the SMT solutions. This behavior 
can be attributed first to their low reactivity towards 
hydroxyl radicals, and second to the formation of stable 
ferric-carboxylate complexes, which are difficult to oxidize 
by hydroxyl radicals (Özcan et al. 2013; El-Ghenymy et al. 

2013). 

3.2.2. Inorganic ions’ evolution 

The heteroatoms present in the SMT molecule were 
formed during the mineralization process as inorganic ions. 
The presence of sulfate, nitrate, and ammonium ions, 
resulting from the sulfur and nitrogen atoms  in the SMT 
structure, has been previously verified (Mansour et al. 

2014). Furthermore, no traces of nitrite ions were 
detected. To examine the evolution of inorganic ions 
during the mineralization of SMT, quantitative analysis of 
these ions was conducted, and their concentration changes 
during electrolysis were analyzed. The obtained data are 
illustrated in Figure 7.  

During the electro-Fenton process, the sulfur and nitrogen 
heteroatoms within the SMT structure were released as 
inorganic ions. Figure 6 presents the kinetic evolution of 

these species. The formation of sulfate was rapid during 
the first hour, attributed to the high reactivity of •OH 
radicals towards the –SO2– group (Hammami et al. 2007). 
Following this initial phase, the rate of sulfate formation 
gradually decreased. Ammonium ions were produced 
immediately upon the onset of electrolysis. Nitrate 
formation exhibited a 2-hour induction period before 
increasing and exceeding the NH4

+ concentration. This 
observation suggests the anodic oxidation of NH4

+ to NO3
- 

on the platinum electrode (Özcan et al. 2013). 

 

Figure 7. Inorganic ions concentration versus reaction time. 

Operating conditions: [SMT] = 0.2 mM, pH=3, [Na2SO4] = 50 mM, 

[Fe2+] = 0.5 mM, V = 1L, I = 0.5 A. 

Table 3. Systematic mass-balance of inorganic ions at optimal conditions.  

Element Theoretical content (mM) Final recovered species (mM) Recovery (%) 

Sulfur (S) 0.20 SO4
2- : 0.18 90% 

Nitrogen (N) 0.80 NH4
+: 0.10  

NO3
-: 0.16 33%   

 

Table 3 presents  the mass balance at 16 hours. The 
recovery of sulfate reached 90.0% of the theoretical 
content. The final concentrations of NO3

- and NH4
+ were 

measured at 0.16 mM and 0.10 mM, respectively. 
However, the nitrogen mass balance reflects only 33% of 
the theoretical value, indicating a deficit.. This deficit may 
be attributed  to volatile species (N2, NxOy) or unidentified 
refractory organic nitrogen compounds associated with the 
residual TOC, though this remains a hypothesis. 
Consequently, the mechanistic interpretation of nitrogen 
cleavage is partial. 

 Cost analysis and comparative evaluation 

The total operating cost per gram of TOC removed (OCTOC) 
for the mineralization of SMT by the electro-Fenton 
process includes the costs of consumed electrical energy, 
chemicals, labor, and maintenance (Suhan et al. 2020). To 
determine this cost, the consumption of energy per gram 
of TOC removed (ENCTOC) and the consumption of 
chemicals per gram of TOC removed (CHCTOC) for 1 m3 of 
pharmaceutical wastewater were calculated using to the 
following equations (Mansour et al. 2014; Suhan et al. 

2020). 

 
 

3
1

TOC

10
  kWh·g  TOC  

TOC
exp

U I t
ENC

V


   




 

(13) 

Where, U: the applied cell voltage, empirically measured at 
a constant 3.5 V, I: the intensity of current (A), t: the 
electrolysis time (h), V: the wastewater volume (m3), and 
∆(TOC)exp: the experimental decay of total organic carbon 
(g·m-3). 

 
 

1
TOC   kg·g  TOC  

TOC

i

exp

CHC
 

  
(14) 

The obtained results indicate that under the optimal 
conditions (section 3.1), the electro-Fenton process 
required an electrical energy consumption of 1.2 kWh·g-1 
TOC. The consumptions of ferrous sulfate and sodium 

sulfate were 
36.1 10  kg·g-1 TOC and 

13.1 10  kg·g-1 

TOC, respectively. 

The total operating cost per gram of TOC removed (OCTOC) 
was calculated using the following equation (Bel Hadj 

Hmida et al. 2010; Suhan et al. 2020) 

2
TOC TOC TOC

TOC 2 4

   (Fe ) 

   (Na SO )    other

OC a ENC b CHC

c CHC Cost

   

    

(15) 

Where a is the electricity cost (0.05 USD/kWh), b is the 
ferrous sulfate cost (0.25 USD/kg), and c is the sodium 
sulfate cost (0.15 USD/kg), and Cost other represents the 

estimated maintenance and labor costs (6.310-5USD) 
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(Suhan et al. 2020). Based on these industrial bulk prices, 
the operating cost is 0.108 USD·g-1 TOC. 

Scale-up to 1 m3 assumes direct linear volumetric 
extrapolation from the 1 L bench-reactor. This preliminary 
estimation excludes industrial parameters such as capital 
expenditure (CAPEX) and sludge management. Economic 
benchmarking evaluates the specific cost (0.108 USD·g-1 

TOC) against literature values for the advanced oxidation of 
recalcitrant matrices (0.063 - 0.905 USD·g-1 TOC for anodic 
oxidation (Can et al. 2021)). This calculation confirms the 
published electro-Fenton benchmark (0.117 USD·g-1 TOC) 
and yields a lower operational cost compared to photo-
Fenton (0.174 USD·g-1 TOC) and ozonation (1.04 USD·g-1 
TOC) (Mousset et al. 2021). 

Table 4. Comparative performance of various electrochemical advanced oxidation processes for sulfamethazine (SMT) mineralization. 

Process Operating Conditions 
Mineralization (TOC 

Removal (%)) 
Energy 

Consumption 
Reference 

Homogeneous electro-

Fenton (BDD | GF) 

[SMT] = 0.2 mM, [Fe2+] = 0.2 

mM, [Na2SO4] = 50 mM, pH 3.0, 

t = 480 min, j = 20.83 mA·cm-2. 

90 2.8 kWh·g-1 TOC 
(Sopaj et al. 

2016) 

Dual-cathode electro-Fenton 

(DSA | NAD and MCF) 

[SMT] = 100 mg·L-1, [Fe3+] = 0.5 

mM, [Na2SO4] = 50 mM, pH 7.0, 

t = 60 min,jNAD = 40 mA·cm-2, 

jMCF = 10 mA·cm-2. 

47 0.141 kWh·g-1 TOC 
(Zhang et al. 

2022) 

Anodic Oxidation(Sm-Ti4O7 | 

Ti) 

[SMT] = 10 mg·L-1, [Na2SO4] = 

50 mM,  pH 5.0, t = 60 min, j = 

20 mA·cm-2. 

80 
0.035 kWh·g-1 

COD* 

(Tao et al. 

2025) 

Heterogeneous  electro-

Fenton (Pt | CF-Fe) 

[SMT] = 30 mg·L-1, [Na2SO4] = 

50 mM,  pH 5.0, t = 120 min, I = 

50 mA. 

70 
0.0012 kWh·g-1 

COD* 

(Aissani et al. 

2023) 

Homogeneous  electro-

Fenton  (Pt | CF) 

[SMT] = 0.2 mM,  [Fe2+] = 0.5 

mM,  [Na2SO4] = 50 mM,  pH 

5.0, t = 16h, I = 0.5 A. 

90 1.2 kWh·g-1 TOC This Study 

BDD: Boron-Doped Diamond. GF: Graphite felt. CF: Carbon felt. DSA: Dimensionally Stable Anode. NAD: Natural Air-Diffusion. MCF: 

Modified Carbon Felt. 

* Note: Energy consumption values originally reported in kWh/kg COD were mathematically converted to kWh/g COD to provide a 

uniform scale comparison with the kWh/g TOC values obtained in this study 

 

Table 4 benchmarks the optimized electro-Fenton process 
against current literature. Achieving high mineralization of 
recalcitrant organic pollutants requires a compromise 
between kinetic efficiency and energy consumption. 
Certain advanced oxidation methods report minimal 
energy requirements, limiting TOC removal to 
approximately 47% (Zhang et al. 2022). Conventional 
homogeneous electro-Fenton reactors achieve a 90% 
mineralization yield, requiring an energy input of 2.8 
kWh·g-1 TOC (Sopaj et al. 2016). The Doehlert optimization 
in this study achieved a 90.0% TOC removal with a 
restricted energy demand of 1.2 kWh·g-1 TOC. 

 Process stability and operational limitations 

Electrode conductivity remains stable; however, sustained 
electrocatalytic performance is impeded by surface 
passivation and pH fluctuations. Platinum (Pt) anodes 
undergo rapid deactivation. During SMT mineralization, 
organic intermediates electropolymerize and chemisorb 
onto the Pt surface, forming a passivating film that 
deactivates electrochemically active sites. Unbalanced 
water electrolysis independently drives bulk pH drift. 
Exceeding a pH limit of 3.0 induces the precipitation of the 
homogeneous iron catalyst into inactive ferric hydroxide 
species. Preserving faradaic efficiency dictates active 
operational control. Essential interventions include 
periodic polarity reversal to electrochemically desorb the 
organic layer and in-line acid titration to stabilize the 
required acidic medium. 

Beyond the immediate constraints of the laboratory, the 
direct application of these findings to industrial wastewater 
treatment is limited by specific operational boundaries. 
The use of a synthetic solution prevents the assessment of 
matrix effects, particularly the radical scavenging 
interference from background inorganic species typical of 
real effluents. Operationally, the process requires 
adjustments to acidic conditions (pH 3) and prolonged 
electrolysis times. Furthermore, scaling up the process 
necessitates careful evaluation of capital expenditures 
(CAPEX), largely due to the high costs and rapid passivation 
associated with platinum anodes. Finally, although total 
organic carbon (TOC) removal indicates chemical 
mineralization, it does not automatically ensure 
environmental safety; thorough ecotoxicity assessments 
are essential before any real-world implementation. 

4. Conclusions 

The electrochemical advanced oxidation of sulfamethazine 
was effectively modeled and optimized using a Doehlert 
experimental design. By adjusting current intensity, 
reaction time, and Fe2+ dosage, a mineralization efficiency 
of 90% was achieved after 16 hours. The statistical analysis 
confirms that the obtained quadratic polynomial model 
accurately describes the experimental data. Furthermore, 
the energy consumption for the mineralization of SMT by 
the electro-Fenton process was evaluated at 1.2 kWh·g-1 
TOC. The quantification of short-chain carboxylic acids 
indicated their accumulation and subsequent slow 
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degradation, demonstrating their resistance to hydroxyl 
radical attack. Similarly, the monitoring of released 
inorganic ions confirmed the high but incomplete oxidation 
of the parent molecule. 

This study establishes optimal batch conditions for the 
electro-Fenton process. Industrial scaling up necessitates a 
shift to continuous-flow electrolysis to maintain high 
mineralization rates while ensuring energy efficiency. This 
operational approach requires automated in-line pH 
control, steady oxygen sparging, and the integration of 3D 
heterogeneous reactors to eliminate the need for 
continuous iron dosing. Beyond reactor design, the 
presence of degradation intermediates indicates that 
achieving chemical efficiency does not automatically 
ensure environmental safety. Future research should  
prioritize standardized ecotoxicity assays and long-term 
evaluations of electrode stability before any real-world 
applications.  
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