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A B S T R A C T   

This study explores efficient Sicomet Green (SG) dye degradation using Fe(III)/Lig and Fe(II)/Lig complexes in 
modified photo-Fenton processes under UV, LED, and sunlight. Sunlight irradiation showed rapid kinetics with 
over 70% degradation efficiency. Multi-objective grey wolf optimization achieved 98% degradation and 96% 
mineralization yield using Fe(III)/Lig without pH adjustment. Inorganic ions inhibited the modified photo- 
Fenton process. A user-friendly app aided predictions and optimal parameters selection, emphasizing natural 
light sources and pH-neutral medium for dye removal through photo-Fenton.   

1. Introduction 

The food industry sector consumes a significant amount of water, 
resulting in a considerable level of pollution in the aquatic environment 
due to its discharged wastewater, which is heavily contaminated with 
colors [1]. Moreover, these discharges pose a major health hazard as 
most dyes are harmful to humans and environment. The treatment of 
such wastewater presents a significant challenge, particularly for 
developing countries that lack the necessary tools to incorporate sus-
tainable development concepts effectively [2]. Dyes, with their complex 
chemical structures and the presence of aromatic rings with inorganic 
ions, are resistant to biodegradation under aerobic conditions [3]. 
Consequently, their aqueous effluents require special treatment due to 
their unique impact on the natural environment, including toxicity from 
the parent product and potential by-products [4]. These harmful con-
taminants need to be removed, and numerous biological, chemical and 

physical processes are employed for this purpose. However, traditional 
treatments such as adsorption on activated carbon or natural bio-
sorbents, membrane processes, coagulation-flocculation, and chemical 
oxidations have disadvantages. For example, they transfer and concen-
trate the pollutants in one aqueous phase, leading to the formation of 
concentrated sludge [5]. Consequently, this creates a secondary waste 
problem. Among all the approaches that can be used, the photo-Fenton 
as a part of the advanced oxidation processes (AOPs) appears to be the 
process of choosing among all the possible treatment approaches for 
decontaminating aqueous organic effluents since they allow for total 
pollutant degradation with producing water and carbon dioxide while 
also lowering the effluent’s overall toxicity [6,7]. 

Among the other advantages that encourage the choice of a water 
treatment process is: effectiveness and simplicity of operation with the 
possibility of using a wide range of light wavelengths (UV–Vis regions), 
in order to achieve this objective, natural sunlight is a prejudicial choice 
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and represents a cheap source of energy [8]. 
Comparing the photo Fenton system with other water treatment 

processes, it has been shown that the use of photo Fenton has the 
advantage of not forming sludge, being very safe and easy to implement. 
In addition, it has the advantage of fast reaction. 

The photo-Fenton reactions are non-selective reactive oxidizing 
species-based technologies that enable the oxidation of a wide variety of 
organic contaminants with pH ranging from 2 to 4. However, a draw-
back of the photo-Fenton process is the precipitation of ferric oxy-
hydroxide [9]. The hydroxyl radical is the most often utilized oxidant 
due to its high reactivity (EÂ◦ = 2.73 V). In both the homogeneous and 
heterogeneous phases, POAs exhibit a diversity of oxidation types [10]. 

Additionally, in the photo-Fenton process, the regeneration of Fe2+

ions is best promoted in the presence of certain organic acids chelates 
such as carboxylates, hydroxy carboxylates of amino polycarboxylates 
and natural organic acids. The main role of these chelates is integrated 
into the coordination with Fe3+ ions, thus inducing a photochemical 
reduction of Fe3+ to Fe2+ through ligand-to-metal charge transfer to 
generate Fe2+ ions [11]. 

These characteristics have stimulated the use of ferrioxalate in the 
photo-Fenton reaction with important advantages of reducing operating 
costs and making the photo-Fenton process very attractive for various 
water treatment applications. This is because the ferric-oxalate complex 
absorbs light energy strongly between 250 and 550 nm and limits the 
consumption of chemical products, providing a high quantum yield and 
ensuring the regeneration of ferrous iron and additional production of 
HO radicals [12]. 

On the other hand, ferrioxalate complexes allow the formation of 
stable complexes between ferric ions and organic species in the 
contaminated solution. In addition, iron precipitation is inhibited even 
at near-neutral pH in the presence of the ferrioxalate complex. This last 
point is of great interest when treating industrial effluents loaded with 
coloring pollutants, where the pH is generally close to neutral or alkaline 
[13,14]. 

In this work, we were interested in the removal of SG detergent dye, 
which poses a serious problem of water contamination due to the ac-
tivity of local industry, and in our knowledge, no research has been 
found for the SG dye degradation by photo-Fenton process before. 

However, in the study of the oxidation of the SG dye with the 
modified photo-Fenton homogeneous system, the reaction is done be-
tween the complex Fe(III) and a ligand under a sunlight source of irra-
diation as follows [9]: 

Fe3+ (C2O4)n
(3− 2n)

+ hv→Fe2+ + (n − 1) C2O4
2− +C2O4

2− (1) 

While the second process of the modified photo Fenton oxidation 
reaction is based on the complex consisting of Fe(II), the organic ligand 
and the oxidant H2O2, the mixture is irradiated with a sunlight source, 
according to the following reaction: 

Fe2+C2O4 +H2O2 + hv→Fe3+I(C2O4)
+
+OH• +OH (2) 

In this way, the strategy focused in this study shows that SG organic 
dye widely used in the food industry, iron ligands and sunlight can 
potentially be used in the modified photo-Fenton treatment process to 
prevent iron precipitation at a neutral pH range. 

A study of the parameters influencing the photo Fenton process was 
undertaken as well as the influence of the addition of inorganic ions and 
scavengers in order to approach the real effluent and to obtain a com-
plete SG degradation and mineralization. 

Moreover, a Box-Behnken statistical experiment design based on 
response surface analysis was applied for this context, by considering the 
operating parameters as the independent variables and the rate of 
photodegradation and mineralization as dependent variables [15]. The 
kinetics of photodegradation and mineralization are also investigated. 

We were interested in textile dyes because they pose a real problem 
of water contamination due to the activity of local industry, and their 

degradation has received scant attention in the literature. Among all the 
approaches that can be used in advanced oxidation processes (AOPs), 
photo-Fenton appears to be the process of choice among all the possible 
treatment approaches for contaminated aqueous effluents since they 
allow for total pollutant degradation while also lowering the effluent’s 
overall toxicity. The creation of active and non-specific species such as 
hydroxyl radicals is at the heart of AOPs. Photocatalysis looks to be one 
of the most cost-effective methods for achieving organic compound 
mineralization. 

Additionally, this study aims to investigate the utilization of statis-
tical analysis tools and response surface methodology for the optimi-
zation of the SG degradation process. The developed model is used to 
identify the optimal parameters that enhance the degradation process 
efficiency and yield valuable insights, despite the complexities associ-
ated with the modified photo-Fenton degradation system. The obtained 
optimal parameters are validated through experiments. 

The paper is organized as follows. Section 2 introduces the materials 
and methods. Detailed results are given and discussed in Section 3. Some 
concluding remarks are drawn in Section 4. 

2. Materials and methods 

2.1. Chemicals 

The chemicals reagents used in this study are Sodium bicarbonate 
NaHCO3 (>99%, Sigma Aldrich), Sodium chloride NaCl (>99.5%, 
Fluka), Oxalic acid C2H2O4 (≥99%, Merk), Isopropanol C3H8O (>98%, 
Merck), Hydrogen peroxide H2O2 (30% w/v, Sigma-Aldric), 1.10 
Phenolphthalein C12H8O2 (99%, Biochem), Sodium acetate C2H3NaO2 
(99.99%, Merck), Iron sulfate FeSO4⋅7 H2O (>99, Merck), Potassium 
fluoride KF (98%, Fichersci), Hydrochloric acid HCl (37%, Sigma- 
Aldrich), Sulfuric acid H2SO4 (98%, Merck), Humic acid C9H8Na2O4 
(>98%, Thermo Scientific), Chloroform CHCl3 (Merck), Sodium sulfite 
Na2SO3 (98%, Sigma Aldrich), Potassium nitrate KNO3 (>98%, Sigma 
Aldrich), and Potassium permanganate KMnO4 (99%, Sigma Aldrich). 
Ultra-pure water was used to prepare solutions with high-purity. The 
dye is provided by an industrial food company, and a stock solution of 
initial SG dye concentration was prepared and used during all the 
experimental runs. A known concentration of H2O2 solution was pre-
pared with distilled water by dilution of 30% w/v of stock solution and 
stored in amber-colored light-resistant glass bottles. All chemical sub-
stances are used without modification as received from the supplier. 

2.2. Analytical methods 

To determine the SG dye concentration of each sample throughout 
the photo-Fenton reaction time, a Shimadzu spectrophotometer 
analyzer (UV − 1800, Japan) at a maximum wavelength of λ = 520 nm 
was used and a HANNA pH meter is used to measure the pH levels of the 
solution. 

In addition, the COD of samples at different operating conditions was 
also analyzed by the closed reflux titrimetric method to estimate the 
mineralization of SG dye [16]. The following formula (3 &nd 4)are used 
to calculate the dye removal yield by degradation and mineralization: 

R% =

(
Co − Ct

Co

)

x 100 (3) 

Where; 
Co and Ct are the SG dye concentrations (mg/L) in the aqueous so-

lutions before and after the reaction, respectively. 

COD% =

(
CODo − CODt

CODo

)

x 100 (4) 

Where; 
CODo and CODt are the initial and at time (t) chemical oxygen 
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demand of liquid SG dye (mg O2/ L), respectively. 

2.3. Box-Benhken design 

The Box-Behnken design (BBD), introduced by Box and Behnken in 
1960, is a procedure to establish a statistical model within the frame-
work of response surface methodology (RSM). This empirical model, in 
the form of a quadratic model, establishes a relationship between 
experimental factors and the resulting outcomes. Several studies, 
including those by Ferreira et al. in 2007, Witek-Krowiak et al. in 2014, 
and Sadhukhan et al. in 2016, have utilized BBD to analyze and interpret 
experimental data [17]. 

To determine the number of experiments (N) required for BBD, the 
following formula is employed: N = 2 K⋅(K − 1) + Co. Here, K represents 
the number of factors, as discussed by Ferreira et al. in 2007 and Co 
signifies the number of repetitions of the center point. It is important to 
note that all factors are assigned three coded levels: low (− 1), medium 
(0), and high (+1). To fit the experimental data to a second-order 
polynomial eq. (5) and identify the relevant model terms, a non-linear 
regression analysis is conducted. 

Y = Вo +
∑k

i
Вixi +

∑k

i
Вiix2 +

∑k

ij
Вijxixj +E (5) 

In the above equation, Y represents the dependent variable, which 
denotes the SG uptake. The number of independent variables, or factors, 
is represented by k. Each independent variable is denoted by xi, corre-
sponding to its coded level. The regression coefficient at the center point 
is denoted as βo, Bi represents the linear coefficient for the ith inde-
pendent variable, Bii represents the quadratic coefficients for the ith 
variable, and Bij signifies the second-order interaction coefficient be-
tween the ith and the jth independent variables. The term E denotes the 
error component within the model. The works by Das and Das in 2014 
and Shahbazi et al. in 2020 provide further insight into these variables 
and coefficients [17]. In order to examine the effect of independent 
parameters Xi and their interactions on a quantity of interest of the 
process Y (yield), called response on the rate of photodegradation in (%) 
and mineralization (%) of the SG dye and to optimize the operating 
conditions, the response surface methodology (RSM) was employed. 
Coded values of factors are usually used and the relationship between 
the actual values and the coded values is defined as: 

xi =
Xi − X0

ΔXi
(6) 

Where Xi is the actual value of the ith variable; xi is the coded value of 
Xi; Xo is the actual value of Xi at the center point, and Δ Xi is the step 
change [17]. 

In this study, the BBD technique was used for two distinct processes. 
In the first process, the efficiency of the complex (Fe(III)/Lig) for the 
degradation of food colorings was tested. For this purpose, three inde-
pendent parameters were chosen and they are: the Fe(III) concentration 
(X1), the molar ratio between ligand and iron (Lig/Fe(III)) (X2), and the 
dye concentration (X3). The second process was used to evaluate the 
efficiency of the complex (Fe(II)/Lig) in the degradation of food color-
ings. In this case, four independent factors were selected: X1: the con-
centration of Fe(II), X2: the molar ratio between the ligand and the iron 
(R = Lig/Fe(III)), X3: the concentration of the dye and X4: the H2O2 
concentration. In both experimental designs, the rate of degradation (R 
%) and the yield of mineralization (COD%) were used as response var-
iables (Y). Table 1 summarizes the factors with their delimited study 
ranges for the two processes. The intervals of each parameter were fixed 
after preliminary tests. The JMP program (JMP® Pro 13.0.0) was used to 
perform the statistical analysis. 

In order to evaluate the efficiency of the BBD models of each output 
for the two processes, statistical criteria were used to evaluate the per-
formance of the models with a confidence level of 95%. An analysis of 

variance (ANOVA) was conducted to determine the statistical capabil-
ities of the generated models. Several variables and tools were consid-
ered to assess model fit, including probability (P-value), Fisher-test (F- 
value), Coefficient of Variance (C.V), Coefficient of Determination (R2), 
Adjusted Coefficient of Determination (Radj

2 ), and Root Mean Square 
Error (RMSE) for the BBD models [18–27]. The F value indicates the 
variation in responses, which can be assessed by a regression equation. 
Meanwhile, the P value determines the statistical significance of the 
developed models. A P value <5% is considered significant and the 
model fits the modified photo-Fenton reaction, while a P value >5% 
indicates model inadequacy [17,28–31]. 

3. Results 

3.1. Homogeneous photo-Fenton system 

Before approaching the study of the removal of the SG dye in ho-
mogeneous modified photo-Fenton, operative information and conclu-
sions are necessary to be obtained from the photodegradation study of 
the SG dye with a reference to the homogeneous system that uses dis-
solved iron. 

3.2. Photo-Fenton evalution of possible reactions 

It is known that the photo-Fenton reaction occurs with different 
reactive radicals such as OH*, O2*, H2O2* HO2* and iron (Fe(II), Fe(III)), 
meanwhile other reactions can occur simultaneously, and quickly 
inhibiting the photo-Fenton reaction [32]. 

In order to check possible undesirable parasitic reactions during the 
aforementioned processes, preliminary tests were carried out for SG dye 
with Fe(III), SG dye with Fe(II) and SG dye with a ligand. For this pur-
pose, 20 mg/L of SG dye concentration was taken. The photolysis re-
action experiment of the SG dye solution was also examined, followed by 
other tests in the dark in the presence of P/Fe(II), P/Lig and P/Fe(III). 
The results obtained are presented in terms of reduced concentration 
and are shown in Fig. 1. 

The evolution of SG dye reduced concentration with time is shown in 
Fig. 1. It can be seen that the reduced concentration value for different 
reactions and transformation of the SG dye under sunlight irradiation 
remained constant during all the experiments. These results revealed 
that no reaction could take place and influence the photo-Fenton 
oxidation process of the SG dye [33]. Moreover, the fixed concentra-
tion of SG dye demonstrates high stability against the photolysis reac-
tion and confirms their resistance to degradation in natural wastewater. 

3.3. Influence of light sources nature 

Light energy or irradiation is an important factor affecting water 
treatment efficiency. Thus, using a clean, sustainable energy and 
considering environmental and economic factors is crucial. 

To better evaluate the contribution of the type of light sources in 
modified photo-Fenton oxidation mechanisms, UVA and LED as artificial 
light sources and sunlight as natural radiation were tested as excitation 
energy sources for both systems of photo-Fenton reaction Fe(III)/Lig and 
Fe(II)/Lig. The obtained results of the SG dye yield photo-Fenten 
degradation for different light sources are shown Fig. 2a and b. 

Table 1 
Factors and study area for both processes (Fe(III)/Lig) and (Fe(II)/Lig).   

Fe(III)/Lig Fe(II)/Lig 

Level − 1 0 1 − 1 0 1 

X1 (mM) 0.15 0.2 0.25 0.15 0.2 0.25 
X2 (Fe2+/Oxy) 1 2 3 1 2 3 

X3 (mg/L) 10 15 20 10 15 20 
X4 (mM)    0.05 0.1 0.15  
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From Fig. 2, it can clearly be observed that the rate of photo-Fenton 
degradation kinetics and the yield rate change from one light source to 
another. Regarding the process involving the complex of (Fe(III)/Lig) 
the UV light source has a 20% photo-Fenton degradation yield followed 
by 78% of LED light. However, the sunlight source gives interesting 
kinetics and a high yield record of 98%. 

For other processes involving the complex (Fe(II)/Lig), we noticed 
the same trend in the (Fe(III)/Lig) system, with a marginal increase in 
the case of using UV light at the beginning of the reaction [34,35], the 
kinetics is faster than LED light but a degradation rate is 32%, for LED 
light the kinetics is slower at the beginning compared to UV light. After 
1 h:30 min of reaction, the degradation yield under LED light is 50% 
becoming higher than that under UV light. The comparison of these 
results shows that sunlight is better and gives a very fast kinetics and a 
yield higher than 70%. This finding is a powerful motivation for 
encouraging to exploit sunlight source as a renewable energy during all 
our work for both (Fe(III)/Lig) and (Fe(II)/Lig) systems [35]. 

The primary factor contributing to the enhanced degradation and 
mineralization rate observed in sunlight-exposed experiments, as 
opposed to those irradiated with UV or visible light, can be attributed to 
the photoreduction of Fe(III)/complexes, resulting in the fast production 
of Fe(II) and *OH. Therefore, the generation of O2*− throughout several 
reactions from the O2 present contributes in the yielding of degradation 
rate [14]. Additionally, the photodecarboxylation of Fe(III) by-product 
complexes formed during the degradation of SG also plays a role in 
this process. Moreover, Ferrioxalate is a photosensitive complex that is 
able to absorb light in wide solar spectrum range up to 550 nm with high 
quantum yield [13]. 

3.4. The BBD analysis 

The main objective of the experimental design is to determine, with a 
minimum number of experiments, the effects of different parameters or 
factors Xi and their interactions on a process variable of interest Y 
(yield), called the response. In this work, the optimization of SG food dye 
degradation was performed on two complexes, namely (Fe(III)/Lig) and 
(Fe(II)/Lig), using the BBD approach. In both cases, the impacts of 
various factors, including the initial concentration of iron (0.15–0.25 
mM), the molar ratio between the ligand and iron (1–3), and the dye 
concentration (10–20 mg/L), were investigated. In the case of the (Fe 
(II)/Lig) complex, an additional independent parameter, the H2O2 

concentration (0.05–0.15 mM), was incorporated. Statistical analysis of 
the data was conducted using the JMP software (version 13 pro). The 
experimental trials’ results, along with the corresponding experimental 
of the percentage of contribution of each factor and predicted values, are 
presented in Tables 2 and 3, where R% and COD% represent the rate of 
degradation and the rate of mineralization, respectively. 

The photo-Fenton process for the system (Fe(III)/Lig) shows a high 
percentage of response in terms of degradation or mineralization rate for 
all the three factors. The best results as optimization presented in Table 2 
are 0.25 mM of Fe(III), molar ratio R = (Fe(III)/Oxydant) =2 and SG 
concentration 10 mg/L. In addition, Table 2 shows that the predicted 
values are close to those observed in all the experiments, for both 
degradation and mineralization. 

The values of the SG degradation rate (R%) ranged from 77.95% to 
99.64% and the values of mineralization (COD%) change from 72.89 to 
98.02%, respectively as mentioned in Table 2 for the process Fe(II)/Lig 
and process Fe(III)/Lig. 

Additionally, according to Table 3, the experimental values for the 
efficiencies of mineralization and degradation were 99.68% and 
98.66%, respectively, whereas the corresponding predicted values were 
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Fig. 1. Degradation rate of SG dye during photolysis and (P + Lig), (P+ Fe(II)) 
and (P + Fe(III)) without light. [P]o = 20 mg./L, [Lig]o = 0.3 mM, [Fe(II)]o =
0.1 mM, [Fe(III)]o = 0.1 mM. 
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Fig. 2. Photo-Fenton degradation of SG under different light sources for a). 
Case of process (Fe(III)/Lig), b). Case of process (Fe(II)/Lig/H2O2) under 
experimental conditions [P]o = 10 mg. L− 1, [Fe(II)]o = 0.1 mM, [Fe(III)]o =
0.05 mM, R = 1, [H2O2]o = 0.1 mM. 
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101.80% and 99.23%, respectively. 
The estimated equations consider the independent variables, their 

mutual interactions, and their quadratic influence are given by eqs. 7 
and 8 for the (Fe(III)/Lig) and (Fe(II)/Lig) complexes, respectively.  

Subsequently, the parameters with high explanatory power (PR <
5%) were selected and indicated in Table 4 with an asterisk symbol ‘*’. 
Conversely, the remaining parameters with PR > 5% were eliminated 
[17,28,30], and the models are represented by the equations provided in 
Table 5. 

In the case of (Fe(III)/Lig) complex, the parameters that are not 

considered statistically significant (Prob >5%) are the interaction be-
tween X1 and X3, the quadratic effect of X1, and the quadratic effect of 

X3 in the dye degradation model (Table.4.1.1). In the COD model, the 
parameters X3, the interaction between X1 and X3, the quadratic effect 
of X1, and the quadratic effect of X3 are found to be non-significant 
(Table.4.1.2). 

Meanwhile, in the (Fe(II)/Lig) complex, certain parameters are 
found to be statistically non-significant (Prob >5%). Specifically, in the 
R model, the non-significant parameters include the interaction between 
X1 and X3, the interaction between X2 and X3, and the interaction be-
tween X2 and X4 (Table.4.2.1). On the other hand, in the COD model, 
the non-significant parameters are X3 and X4, along with the following 
interactions: X1X3, X2X3, X1X4, X2X4, and X3*X4 (Table.4.2.2).  

1. (Fe(III)/Lig) 

Photodegradation.   

Mineralization.    

2. (Fe(II)/Lig) 

Photodegradation.   

Mineralization.   

After eliminating the variables with low explanatory power, there 
was a slight decrease in the coefficients of determination, but the 
equation became more simplified. 

The plotting of the experimental values against the predicted data 
derived from the model equation would also show if the regression 
models fit with the data. Fig. 3 shows a straight correlation line between 
the observed data and the model predictions with high agreement be-
tween them. As a result, we may say that the quadratic polynomial 
model accurately depicts the relationship between the predictor and 
response variables. Moreover, these coefficients indicate moderately 
positive correlations within the model (Fig. 3). The probability was 
determined to be strictly below 0.5%, confirming that the model is 

extremely significant. Additionally, the significance level of P-value and 
F Ratio values, which assess the statistical significance of the regression 

Y = βo + β1X1 + β2X2 + β3X3 + β4X1X2 + β5X1X3 + β6X2X3 + β7X2
1 + β8X2

2 + β9X2
3 (7)  

Y = βo + β1X1 + β2X2 + β3X3 + β4X4 + β5X1X2 + β6X1X3 + β7X2X3 + β8X1X4 + β9X2X4 + β10X3X4 + β11X2
1 + β12X2

2 + β13X2
3 + β14X2

4 (8)   

R = 97.1266+ 1.6350× 1+ 6.4837× 2–2.8587× 3–2.4075 X1X2+ 3.3400 X2X3–5.3283 X2X2 (9)   

DOC = 96.6733+ 2.6500× 1+ 6.4000× 2–4.8875 X1X2+ 5.3525 X2X3–6.9204 X2X2 (10)   

DOC = 81.1800+ 1.2575× 1+ 6.2083× 2+ 1.3525 X1X2+ 3.1229 X1X1+ 6.1116 X2X2+ 4.0204 X3X3+ 2.0116 X4X4 (12)   

R =97.6250+ 6.4080× 1–1.3973× 2+ 1.4647× 3+ 1.1710× 4+ 2.0140 X1X2–3.8437 X1X4–3.7187 X3X4–5.2199 X1X1+ 2.3751 X2X2–3.9919
X3X3–3.0849 X4X4

(11)   
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models, were calculated. A high F value coupled with a low P-value 
indicates the statistical significance of the model [36]. 

The significance of the determination coefficient (R2) comes in its 
ability to indicate the level of adequacy of a generated model, as it 
corresponds to the ratio of the explained variation by the model to the 
overall variance [37]. Moreover, the adequacy of the model in accu-
rately representing the experimental data may be determined by 
assessing the proximity of the R2 value to the unity, as stated by Garba 
et al. (2014) [38]. It is observed that the R2 values for eq. 7, and eq. 8 
were higher than 0.96, as shown in Table 5. These findings suggested 
that the experimental factors examined account for about 96% of the 
degradation and mineralization rate of the SG dye. The R2 coefficient 
values demonstrate a strong and satisfactory level of concordance with 
the modified R2 values, hence substantiating the statistical significance 
of the model. 

The developed models through BBD have the capability to analyze 
the influence of predictors, their interactions, and their terms on the 
response variable simultaneously as presented in Table 4. Notably, the 

coefficients assigned to the individual factors within the model enable 
the assessment of their individual impact on the response. 

3.5. Response surface analysis 

The BBD was used to study the effect of the operating parameters for 
each complex on food dye degradation [39]. Response surface analysis is 
a set of mathematical and statistical techniques for improving and 
optimizing processes through the use of a large number of designed 
experiments [40]. Response surface analysis is a useful way to determine 
the effects, to investigate the relationship between multiple variables 
and the selected response variable. The individual effects and in-
teractions of the predictor variables of each process are discussed below. 

3.5.1. Effect of parameters on R% 

3.5.1.1. Complex (Fe(III)/Lig). In the context of complex (Fe(III)/Lig) 
analysis for SG dye degradation (R model), the results can be interpreted 
based on the following points. Each parameter corresponds to a βi value 
given in Table 4. Generally, where a negative βi value indicates a 
negative effect of such parameter on the SG degradation and represents 
an antagonistic effect. Thus, when the parameter increases, the degra-
dation rate decreases, and conversely, when the parameter decreases, 
the degradation rate increases. On the other hand, a positive value of βi 
indicating their positive effect of the parameter on the SG degradation 
rate and represents a synergistic effect. Also, this means that when the 
parameter increases, the degradation rate also increases, and when the 
parameter decreases, the rate efficiency of degradation decreases. First, 
the probability values (Prob) must be taken into account to assess the 
significance of the parameters. When the value of Prob is >0.05, this 
indicates a non-significant effect of the parameter on SG dye removal 
degradation. On the other hand, when the value of Prob is <0.05, this 
confirms that the parameter is statistically significant. 

On the basis of static data, this study demonstrates that the signifi-
cant parameters influencing the elimination of SG by photo-Fenton 
degradation using the (Fe(III)/Lig) complex are X1 (Fe(III) concentra-
tion), X2 (ratio = Lig/Fe(III)), X3 (P: SG dye concentration), X1X2 (the 
interaction between X1 and X2), X2X3 (the interaction between X2 and 
X3) and X2^2 (the quadratic effect of X2) (Table 4). These parameters 
exert a significant positive effects on SG degradation. It is important to 
note that the other parameters are not considered significant in this 
model, which suggests that they do not have a major influence on the 
degradation of the SG dye. 

For the degradation rate, by examining the specific results of the 
significant parameters, it is observed that some parameters had positive 
“βi” values (Table 4), which revealed a significant and positive effect on 
SG degradation rate. The parameters X1 and X2 present a βi values of 

Table 3 
Experimental and predicted response for SG degradation and mineralization 
under Box–Benhken design of experiments for the process Fer(II)/Lig.  

N X1 X2 X3 X4 R% Predicted 
R% 

COD 
% 

Predicted COD 
% 

1 − 1 − 1 0 0 93.37 91.78 84.66 84.30 
2 − 1 0 − 1 0 81.88 82.13 87.33 86.316 
3 − 1 0 0 − 1 76.63 77.89 85.33 85.10 
4 − 1 0 0 1 88.75 87.93 85.33 85.01 
5 − 1 0 1 0 80.5 81.87 86.66 87.82 
6 − 1 1 0 0 85.46 84.96 93.25 94.03 
7 0 − 1 − 1 0 96.35 96.55 84 84.02 
8 0 − 1 0 − 1 97.5 96.04 84 84.21 
9 0 − 1 0 1 99.12 100.59 81.16 81.98 
10 0 − 1 1 0 97.92 98.26 86.33 86.18 
11 0 0 − 1 − 1 82.88 84.19 87.33 88.70 
12 0 0 − 1 1 93.5 93.97 84.88 85.72 
13 0 0 0 0 97.63 97.63 81.33 81.18 
14 0 0 0 0 97.63 97.63 79.88 81.18 
15 0 0 0 0 97.63 97.63 82.33 81.18 
16 0 0 1 − 1 94.5 94.56 87.44 86.81 
17 0 0 1 1 90.25 89.47 88.77 87.61 
18 0 1 − 1 0 93.43 92.54 99.16 98.60 
19 0 1 0 -1 96.92 95.45 95.83 95.49 
20 0 1 0 1 94.10 95.58 95.25 95.53 
21 0 1 1 0 97.43 96.68 97.16 96.44 
22 1 -1 0 0 99.54 100.57 84.66 84.11 
23 1 0 -1 0 93.13 91.76 91 90.33 
24 1 0 0 -1 98.13 98.40 89 88.63 
25 1 0 0 1 94.88 93.06 87 86.53 
26 1 0 1 0 98.13 97.88 87.33 88.83 
27 1 1 0 0 99.67 101.80 98.66 99.23  

Table 2 
Experimental and predicted response for SG degradation and mineralization under Box-Benhken design with (Fe(III)/Lig) complex.  

N X1 X2 X3 R% Predicted 
R% 

COD% Predicted COD% 

1 − 1 0 1 93.63 91.77 90.92 90.88 
2 − 1 0 − 1 98.75 99.44 95.83 96.45 
3 0 1 − 1 99.47 101.13 94.17 98.05 
4 0 1 1 98.25 98.05 97.33 92.96 
5 0 0 0 97.25 81.32 96.00 74.23 
6 1 0 − 1 99.64 89.41 95.50 89.31 
7 0 0 0 97.25 97.13 96.00 96.67 
8 − 1 − 1 0 81.25 97.13 72.89 96.67 
9 0 − 1 − 1 92.53 97.13 92.83 96.67 
10 1 0 1 97.69 99.10 98.00 96.81 
11 0 0 0 96.88 97.56 98.02 92.33 
12 1 − 1 0 90.13 79.37 89.89 75.79 
13 − 1 1 0 98.38 92.14 96.22 88.37 
14 0 − 1 1 77.95 96.99 74.58 97.38 
15 1 1 0 97.63 99.06 93.67 99.29  
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1.635 and 6.48375 (Table 4), respectively, suggesting that an increase in 
X1 (Fe(III)) and X2 of Lig/Fe(III) would lead to an increase in the SG 
degradation rate (Fig. 4a). 

On the other hand, some parameters have negative βi values, which 
means that they had a negative effect on the SG degradation. For 
example, the parameter X3 corresponding to SG concentration has a βi 
value of − 2.85875 (Table 4), implying that an increase in X3 would lead 
to a decrease in the rate of SG dye degradation (Fig. 4b). Moreover, the 
interaction between X1 and X2 (parameter X1X2) shows a βi value of 
− 2.4075 (Table 4), indicating a strong negative effect on the degrada-
tion of the dye (Fig. 4a). It is important to note that the interaction 
between X2 and X3 (parameter X2X3) also has a significant positive 
effect (Fig. 4b), with a βi value of 3.34 (Table 4). 

From the obtained result shown in Table 4, the quadratic effect of X2 
(the parameter X2^2) was also observed through a βi value of − 5.328333 
(Table 4). This negative value indicates the adverse effect of this variable 
on the degradation process (Figs. 4a and b). As X2 increases, the rate of 
dye degradation decreases, Meanwhile, a further increase of X2, the SG 
rate degradation begins to increase again. This may indicate a syner-
gistic effect and an optimal point where X2 has the greatest impact on SG 
dye degradation. 

It may be concluded from this study which highlights several 
important parameters in the degradation of the SG dye with the complex 

(Fe(III)/Lig) had a significant positive effect among them X1, X2, X3 and 
X2^2. 

3.5.1.2. Complex (Fe(II)/Lig). This part evaluates the surface responses 
analysis in the case of (Fe(II)/Lig) complex used for the SG dye rate 
degradation (R model) on the photo-Fenton process to evaluate the 
significance of potential interactions between independent variables and 
model responses, to determine the significance of the effect of each in-
dependent variable based on the F values and the probability of accuracy 
of the results with prob. > F. From Table 4, the parameters with Prob 
results <0.05 demonstrate significant parameters influencing SG 
degradation rate. Among the significant parameters are X1 (Fe(II) 
Concentration), X2 (ratio = Lig/Fe(II)), X3 (P SG dye Concentration), X4 
(H2O2 Concentration), the interaction between X1 and X2 (X1X2), the 
interaction between X1 and X4 (X1X4), the interaction between X3 and 
X4 (X3X4), the quadratic effect of X1 (X1X1), the quadratic effect of X2 
(X2X2), the quadratic effect of X3 (X3X3) and the quadratic effect of X4 
(X4*X4) (Table 4). These parameters exert significant effects on SG 
degradation rate, whether positive or negative. The effect of each 
parameter can be evaluated by referring to the corresponding βi values 
(Table 4). 

Table 4 shows that X1 has a βi value of 6.4080218, suggesting that an 
increase in X1 would lead to enhancing the SG degradation rate (Fig. 5a 

Table 4 
Model parameters and analysis of the BBD models for the two complexes.  

i Term βi Std Error t Ratio Prob > |t| βi Std Error t Ratio Prob > |t| 

Response a. R% b. COD% 

Complex 1. (Fe(III)/Lig) 
0 Intercept 97.1266 0.8844 109.8200 <0.0001* 96.6733 1.4461 66.8500 <0.0001* 
1 X1 1.6350 0.5416 3.0200 0.0295* 2.6500 0.8855 2.9900 0.0304* 
2 X2 6.4837 0.5416 11.9700 <0.0001* 6.4000 0.8855 7.2300 0.0008* 
3 X3 − 2.8587 0.5416 − 5.2800 0.0032* − 2.1875 0.8855 − 2.4700 0.0565 
4 X1*X2 − 2.4075 0.7659 − 3.1400 0.0256* − 4.8875 1.2523 − 3.9000 0.0114* 
5 X1*X3 0.7925 0.7659 1.0300 0.3482 1.8525 1.2523 1.4800 0.1992 
6 X2*X3 3.3400 0.7659 4.3600 0.0073* 5.3525 1.2523 4.2700 0.0079* 
7 X1*X1 0.0491 0.7972 0.0600 0.9532 − 1.5854 1.3035 − 1.2200 0.2782 
8 X2*X2 − 5.3283 0.7972 − 6.6800 0.0011* − 6.9204 1.3035 − 5.3100 0.0032* 
9 X3*X3 0.2516 0.7972 0.3200 0.7650 − 0.0254 1.3035 − 0.0200 0.9852  

Complex 2. (Fe(II)/Lig) 
0 Intercept 97.6250 0.9221 105.8700 <0.0001* 81.1800 0.6679 121.5500 <0.0001* 
1 X1 6.4080 0.4610 13.9000 <0.0001* 1.2575 0.3339 3.7700 0.0027* 
2 X2 − 1.3973 0.4610 − 3.0300 0.0105* 6.2083 0.3339 18.5900 <0.0001* 
3 X3 1.4474 0.4610 3.1800 0.0080* − 0.0008 0.3339 − 0.0000 0.9980 
4 X4 1.1710 0.4610 2.5400 0.0259* − 0.5450 0.3339 − 1.6300 0.1286 
5 X1*X2 2.0140 0.7985 2.5200 0.0268* 1.3525 0.5784 2.3400 0.0375* 
6 X1*X3 1.5937 0.7985 2.0000 0.0692 − 0.7500 0.5784 − 1.3000 0.2191 
7 X2*X3 0.6057 0.7985 0.7600 0.4628 − 1.0825 0.5784 − 1.8700 0.0858 
8 X1*X4 − 3.8437 0.7985 − 4.8100 0.0004* − 0.5000 0.5784 − 0.8600 0.4043 
9 X2*X4 − 1.1069 0.7985 − 1.3900 0.1909 0.5650 0.5784 0.9800 0.3479 
10 X3*X4 − 3.7187 0.7985 − 4.6600 0.0006* 0.9450 0.5784 1.6300 0.1283 
11 X1*X1 − 5.2199 0.6916 − 7.5500 <0.0001* 3.1229 0.5009 6.2300 <0.0001* 
12 X2*X2 2.3751 0.6916 3.4300 0.0049* 6.1116 0.5009 12.2000 <0.0001* 
13 X3*X3 − 3.9919 0.6916 − 5.7700 <0.0001* 4.0204 0.5009 8.0300 <0.0001* 
14 X4*X4 − 3.0849 0.6916 − 4.4600 0.0008* 2.0116 0.5009 4.0200 0.0017*  

Table 5 
The final BBD model equations and performance measures for photo-Fenton degradation and mineralization by (Fe(III)/Lig) and (Fe(II)/Lig) complex.  

Responses Final equation in terms of code of independent variables P F R2 RMSE 
(Fe(III)/Lig) 

R% Y1 = β0 + β1X1 + β2X2 + β3X3 + β4X1X2 + β6X2X3 + β8X2
2 0.0116* 8.0415 0.98 1.5319 

COD % Y2 = β0 + β1X1 + β2X2 + β4X1X2 + β6X2X3 + β8X2
2 0.01272 7.0211 0.96 2.5848 

(Fe(II)/Lig) 

R% Y1 = β0 + β1X1 + β2X2 + β3X3 + β4X4 + β5X1X2 + β8X1X4

+β10X3X4 + β11X2
1 + β12X2

2 + β13X2
3 + β14X2

4 

0.001* 3.06125 0.97 1.5972 

COD% Y = β0 + β1X1 + β2X2 + β5X1X2 + β11X2
1 + β12X2

2 + β13X2
3

+β14X2
4 

0.0491* 0.8583 0.98 1.1568  
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and b). Similar tendence have been observed for X3 and X4, which 
exhibit a βi values of 1.4647436 and 1.1710871, respectively (Table 4), 
confirming its strong positive effect on dye degradation (Fig. 5c). 

On the other hand, the parameters exhbit negative βi values of 
− 1.397363 such as X2 (Table 4), which means that they have a negative 
effect on dye degradation and implying that an increase in X2 would 
lead to a decrease in the degradation rate of SG dye (Fig. 5a). Moreover, 
the interaction between X1 and X4 (X1*X4) has a significant negative 
effect (Fig. 5b), with a βi value of − 3.84375 (Table 4). 

Furthermore, the interactions X1X2 and X3X4 and the quadratic ef-
fects of X1X1, X2X2, X3X3 and X4X4 are also statistically significant. 
The interaction between X1 and X2 (X1X2) and between X3 and X4 
(X3X4) have a βi values of 2.0140452 and 1.59375, respectively 
(Table 4), indicating a significant positive effect of this interaction on SG 
degradation reaction (Fig. 5a, c). Meanwhile, the interaction between 
X1 and X4 (X1*X4) has a significant negative effect (Fig. 5b), with βi 
value of − 3.84375 (Table 4). 

The quadratic effect of X1 (X1X1) and X3 (X3X3) have a value of βi of 
− 5.219975 and − 3.084979, respectively (Table 4), suggesting a 
nonlinear relationship between X1, X3 and the SG degradation rate 
(Fig. 5a,5b and 5c). Also, this finding denoting that there is an optimal 
value of X3 to maximize the degradation rate. Similarly, the quadratic 

effect of X2 (X2X2) displays a βi value of 2.3751778 (Table 4), due to 
this fact it’s indicating a nonlinear relationship between X2 and SG 
degradation rate (Fig. 5a). Finally, the quadratic effect of X4 (X4X4) 
shows a value of βi of − 3.084979 (Table 4), also demonstrating a 
nonlinear relationship between X4 and SG degradation rate (Fig. 5b and 
c). Consequently, this was evidence to note that this quadratic effect 
inhibited the degradation rate of SG. 

In summary, the present examination of the recently obtained data 
revealed the importance and the significance of certain factors in the 
degradation rate of SG dye for the system of (Fe(II)/Lig) complex. 

3.5.2. Effect of parameters on COD % 

3.5.2.1. Complex (Fe(III)/Lig). The response surface methodology was 
applied to reveal the effect of the independent variables and the inter-
action between them with aim to predict the SG mineralization rate COD 
% (COD model) in the case of using the complex (Fe(III)/Lig), the var-
iables considered are Fe(III) concentration (X1), molar ratio Lig/Fe(III) 
(X2) and SG dye concentration (X3). The analysis was conducted by 
preparing 3D response surface plot and the normal of probability “Prob” 
revealed the satisfactory with the significance of parameters that impact 
the SG mineralization rate. The obtained results indicated that the level 

Fig. 3. Relation between the observed values and those estimated by the BBD models For (Fe(III)/Lig) and (Fe(II)/Lig) complexes: (a) R% degradation and (b) COD 
% mineralization. 
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of statistical significance of parameters including: X1, X2, the interac-
tion between X1 and X2 (X1X2), the interaction between X2 and X3 
(X2X3), and the quadratic effect of X2 (X2X2) (Table 4). Therefore, these 
parameters exert significant effects on SG mineralization rate, whether 
positive or negative. The effect of each parameter can be evaluated by 
referring to the corresponding “βi” value (Table 4). 

By examining the specific results of the significant parameters, it is 
observed that certain parameters have positive “βi” values, indicating a 
significant factors and positive effect on the SG rate of mineralization. 
For example, X1 and X2 have a “βi” values of 2.65 and 6.4 (Table 4), 
suggesting that this parameters are promoting factor in the process of 
photo-Fenton, an increase in X1 and X2 would lead to enhanced the SG 
mineralization rate (Fig. 6a) confirming its significant positive effect on 
dye mineralization (Fig. 6a and b). 

It should be mentioned that the interactions between the parameters 
X1X2 and X2X3 are also significant. The interaction between X1 and X2 
(X1X2) and X2 (X2X2) have a “βi” value of − 4.8875 and − 6.920417 
(Table 4), demonstrating a significant effect of this interaction in SG 
mineralization rate (Fig. 6a) and suggesting a non-linear relationship 
between X2 and SG mineralization rate (Fig. 6a and b), the interaction 

between X2 and X3 (X2X3) presents a “βi” value of 5.3525 (Table 4), 
confirming its significant effect on the SG mineralization rate (Fig. 6b). 

Then, the quadratic effect of X2 (X2X2) is also significant, it gives a 
“βi” value of − 6.920417 (Table 4), this result. It is important to note that 

Fig. 4. Effects of operating factors and their interactions on the SG degradation 
rate by the (Fe(III)/Lig) complex: a) interaction between X1 and X2 and b) 
interaction between X2 and X3. 

Fig. 5. Effects of operating factors and their interactions on the degradation of 
the dye under Complex (Fe(II)/Lig): a) interaction between X1 and X2, b) 
interaction between X1 and X4, and c) interaction between X3 and X4. 
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this quadratic effect has a negative impact on the SG of mineralization 
rate. 

Finally, the analysis performed with response surface methodology 
for the reaction of mineralization of SG dye by the complex (Fe(III)/Lig), 
indicated its suitable analyzing the effect of various variables and 
confirmed the role of some factors in improving the SG mineralization. 

3.5.2.2. Complex (Fe(II)/Lig). The study of surface response modeling 
of the SG mineralization reaction with the complex (Fe(II)/Lig) (COD 
model), this technique was used to study and optimize the SG photo- 
Fenton degradation processes under sunlight irradiation. Therfore, the 
use of probability “Prob” value for comparing the significant parameters 
that could be influence positively or negatively the SG mineralization 
rate. 

The analysis of results showed that the significant parameters 
include X1, X2, the interaction between X1 and X2 (X1X2), the quadratic 
effect of X1 (X1X1), the quadratic effect of X2 (X2X2), the quadratic 
effect of X3 (X3X3) and the quadratic effect of X4 (X4X4) (Table 4). In 
addition, these parameters play significant effects on SG mineralization 
rate, whether positive or negative. The effect of each parameter can be 
evaluated by referring to the corresponding “βi” values (Table 4). 

Furthermore, X1, X2 exhbit a “βi” values of 1.2575 and 6.2083333, 
respectively (Table 4), suggesting that an increase in X1 and X2 would 
lead to an increase in the SG rate of mineralization (Fig. 7a) this 

confirming its significant positive effect on the SG mineralization rate 
(Fig. 7a). 

Also, it may be noticed, another significant effect, with a value of “βi” 
of 1.3525 (Table 4) for the interaction between X1 and X2 (X1X2) 
suggested that this interaction is associated with a positive effect on SG 
mineralization (Fig. 7a), and a simultaneous increase in X1 and X2 will 
further favours the mineralization rate of SG. 

Next, the SG mineralization (Fig. 7a), the quadratic effects of X1 
(X1X1), X2 (X2X2), X3 (X3X3) and X4 (X4X4) are also significant. For 
example, the quadratic effect of X1 (X1X1) had a “βi” value of 
3.1229167 indicated a nonlinear relationship between the varaibles X1 
and SG mineralization rate. Likewise, the quadratic effect of X2 (X2X2) 
exhibits a “βi” value of 6.1116667 (Table 4), also revealed a non-linear 
relationship between X2 and the SG mineralization rate (Fig. 7a). 
Similar, the quadratic effects of X3 (X3X3) and X4 (X4X4) also have 
significant values (Fig. 7b), with “βi” values of 4.0204167 and 
2.0116667, respectively (Table 4). 

Finally, the data analysis with surface response methodology for the 
modified homogeneous photo-Fenton mineralization reaction of SG dye 
by the complex (Fe(II)/Lig), demonstrated their validity, suitability and 
determined the significant parameters with positive effect and those 
with negative effect on the mineralization reaction. 

3.6. Multi-objective optimization and validation 

In this study, two primary objectives were defined for the optimi-
zation process. The first objective, labeled “Removal Efficiency,” mea-
sures the percentage of SG dye removed through the photo-Fenton 
process. The second objective, named “Chemical Oxygen Demand 
Reduction,” quantifies the percentage reduction in chemical oxygen 
demand, which serves as an indicator of the degradation of organic 

Fig. 7. Effects of operating factors and their interactions on the mineralization 
of the SG dye under Complex (Fe(II)/Lig): a) interaction between X1 and X2, 
and b) interaction between X3 and X4. 

Table 6 
The obtained optimum conditions and experimental validation.   

R (%) COD (%) (R (%) + COD (%))/2 

(Fe(III)/Lig)  
• X1 = 0.15 mM, X2 = 3, and X3 = 20 mg/L 

Experimental 98.73 99.87 99.30 
Predicted response 99.53 103.74 101.63 

Error 0.8 3.87 2.33 
(Fe(II)/Lig)  

• X1 = 0.25 mM, X2 = 3, and X3 = 20 mg/L and X4 = 0.05 mM 
Experimental 99.63 99.92 99.77 

Predicted response 102.58 105.26 103.92 
Error 2.95 5.34 4.14  

Fig. 6. Effects of operating factors and their interactions on the mineralization 
of the SG dye under Complex (Fe(III)/Lig): a) interaction between X1 and X2, 
and b) interaction between X2 and X3. 

M. Kebir et al.                                                                                                                                                                                                                                   



Catalysis Communications 183 (2023) 106780

11

pollutants in water. Both objectives were considered equally important, 
each receiving a weighting of 50% in the optimization process. Thus, the 
weighted sum of these objectives was used as a single guiding objective. 

To determine the optimal parameters for the (Fe(II)/Lig) and (Fe 
(III)/Lig) complexes in the context of SG dye removal via homogeneous 
photo-Fenton reaction, a specific optimization method was employed. 
This method is known as “Multi-Objective Grey Wolf Optimizer” 
(MOGWO). MOGWO is an extension of the Grey Wolf Optimizer (GWO) 
algorithm tailored for solving optimization problems with multiple ob-
jectives [28,29,39]. Its primary aim is to find a set of efficient solutions 
known as “Pareto-optimal solutions,” which represent trade-offs be-
tween the different objectives. To achieve this, MOGWO employs search 
mechanisms inspired by the hunting behavior and social hierarchy of 
grey wolves. It explores the solution space to converge towards the 

Pareto front, where optimal solutions balancing the objectives are found 
[40,41]. What sets MOGWO apart is its ability to provide a diverse array 
of solutions within the objective space, offering decision-makers a range 
of options for decision-making. It also utilizes operators such as alpha, 
beta, and delta wolf movements to navigate the search space and select 
non-dominated solutions. 

A critical step following the acquisition of optimal parameter values 
through MOGWO was laboratory validation. This validation phase had 
two primary objectives. First, it aimed to confirm the efficiency and 
accuracy of the models obtained during the optimization, thus ensuring 
the relevance of theoretical results in practical settings. Additionally, the 
validation step played a crucial role in selecting the most effective 
complex among the available choices (Fe(II)/Lig or Fe(III)/Lig) for use 
in the SG dye removal process via the photo-Fenton reaction. It, 

Fig. 8. Application based on an interface of MATLAB for MOO (MOGWO), and prediction R%, COD % and processing efficiency using BBD by the two complexes.  
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Fig. 9. Influence of H2O2 concentration on SG dye photo-Fenton degradation, 
[p]o = 10 mg/L− 1, Fe(III) = 0.15 mM, R = 2 and pHi not adjusted. 
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Fig. 10. Production and consumption of H2O2 during the degradation of the SG 
pollutant, [P]o = 10 mg/L− 1, Fe(III) = 0.15 mM and R = 2. 
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therefore, had a significant impact on decision-making for the real- 
world application of the process. 

The obtained optimal parameter settings are given in Table 6, where 
their experimental validation results are also given. The experimental 
validation results show an exceptional degradation and mineralization 
case of the SG contaminant for both complexes, resulting in nearly 
perfect treatment efficiency (almost 100%). Furthermore, the obtained 
error was around 5%, affirming the effectiveness and robustness of the 
models developed through BBD. These findings underscore the 
remarkable performance and reliability of the optimized conditions, 
reinforcing their potential for successful implementation in real- 
industrial settings. 

3.7. Interface for optimization and prediction 

In pursuit of delivering a practical solution for the implementation of 

multi-objective optimization (MOO) and the prediction of key parame-
ters such as R%, COD%, and processing efficiency for various complexes, 
we have developed a user-friendly interface utilizing MATLAB’s guide 
framework. This interface, as illustrated in Fig. 8, has been further 
transformed into an executable application tailored for the Windows 
operating system. This versatile application presents a valuable and 
accessible means to forecast outcomes by allowing users to select input 
values corresponding to the specific type of complex defined by the BBD. 
It empowers users to discover a MOO solution by identifying the optimal 
input values for each complex, achieved through the utilization of the 
MOGWO algorithm. By virtue of this application, individuals seeking to 
anticipate results and fine-tune parameters for each complex can now do 
so in a highly customized manner, tailored to their distinct re-
quirements. The user-friendly interface simplifies the process, enabling 
users to obtain precise predictions and determine optimal parameters. 
This capability is invaluable for informed decision-making concerning 

Fig. 11. Scheme of the cycle of the Fe(III)-oxalate complex under the effect of light with the formation of H2O2 [43].  
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Fig. 12. Effect of inorganic ions intervening the two complexes (Fe(III)/Lig) and (Fe(II)/Lig). [P]o = 10 mg/L, [Fe(II)]o = [Fe(III)]o = 0.2 mM, R = 2, [H2O2]o =
0.15 mM and for 30 min. 
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the degradation of dyes, offering practical solutions and insights for a 
wide range of applications. 

3.8. nfluence of H2O2 concentration 

To better understand the effect of the initial concentration of H2O2 
on the kinetics of photo-Fenton oxidation of the SG dye degradation or 
mineralization, the production, as well as the consumption of hydrogen 
peroxide, were carried out according to different initial concentrations 
of H2O2 (0,15–0.3 and 0.45 mM.) while keeping the initial concentra-
tions of SG and Fe(III) constant at free pH. All these results obtained are 
represented in Figs. 9 and 10. 

From the results depicted in Fig. 9, it was observed that for a con-
centration of 0.15 mM a slightly fast kinetics occurred, with a similar 
yield of discoloration with the control reaction. However, for concen-
trations of 0.3 mM and 0.45 mM H2O2, it was noted that the yield 
decreased slightly when the degradation kinetics became slow, this 
indicated that above the concentration of 0.15 mM seemed to be 
inhibited. Moreover, the H2O2 in this case plays the role of an inhibiting 
agent at an excess of concentration and it can react with the hydroxyl 
radicals generated during the photo-Fenton reaction to compete with the 
oxidant, it may promote secondary reactions that consume H2O2 and 
therefore inhibit the SG degradation according to the following reaction 
[42]: 

H2O2 + − OH2 O2 + − OH ↔ HO2− +H2O k = 3× 1077 mol− 1.L.S− 1

(13) 

Hence 0.15 mM of H2O2 was noticed as an appropriate concentration 
with the optimal conditions: 0.15 mM of Fe(III) and a molar ratio of 2, 
with an initial SG dye pollutant concentration of 10 mg/L. H2O2 can be 
produced in solution, with the following pattern. We can see in Fig. 11 
that the consumption of H2O2 can be successful because of its in situ 
production. 

3.9. Effects of ions for the two processes involved (Fe(III)/Lig) and (Fe 
(II)/Lig) 

The composition of renal effluents is very complex and may contain a 
wide range of organic and inorganic ions in varying concentrations. The 
presence of these ions may affect the concentration of hydroxyl radicals 
during a photo-Fenton reaction and may retard or inhibit the degrada-
tion activity of the pollutant [44]. 

In this part of the work, we have evaluated the effect of some inor-
ganic and inorganic ions that existed in salts form on the photo-Fenton 
oxidation of SG dye, the salts used are sodium chlorides NaCl, sodium 
sulfates Na2SO4, sodium bicarbonates NaHCO3 and potassium nitrates 
KNO3 at different concentrations 10, 50 and 100 mM. However, the 
other operating conditions are kept fixed at 0.15 mM of Fe(III), 2 of 
molar ratio and 10 mg/L of SG dye pollutant concertation for both cases, 
the complex (Fe(III)/Lig) as well as, a Fe(II)/Lig concentration of 0.2 
mM, a molar ratio of 2, an H2O2 concentration of 0.15 mM and a 
pollutant concertation of 10 mg/L. The effect of ions on the rate of 
photo-Fenton efficiency is summarized in Fig. 12. 

The effect rate efficiency of sulfate, chloride, bicarbonate and nitrate 
ions with different concentrations on the photo-Fenton degradation of 
SG dye is presented in Fig. 12. As can be observed an overall effect of a 
decrease in the photo-Fenton activity for the degradation of GS dye in all 
added ions, this behavior can be explained by the reaction of ions with 
the formed hydroxyl radicals. In addition, chloride, sulfate and nitrate 
form a complex with Fe(II) and Fe(III) enabling to produce of hydroxyl 
radicals. 

According to Fig. 12, concerning the complex (Fe(III)/Lig), a non- 
significant effect was observed for the sulfates. However, for the other 
ions a rather important inhibition was reported especially for the bi-
carbonates, it was noticed a decrease in the photodegradation yield of 

86.29% for the concentration of 100 mM. On the other hand, for the 
chloride and the nitrate, a decrease of 22.32% and 15.12% respectively 
was noted for the same dye SG initial concentration (100 mM). 

Concerning the system of complex (Fe(II)/Lig), a slight inhibition of 
1.79% was marked for chlorides at a concentration of 100 mM. How-
ever, the same observations were noted for the first complex with the 
bicarbonate had a drastic inhibition with a decrease of 91% in photo-
degradation yield for 100 mM concentration. 

Moreover, the addition of chloride ions up to 100 mM tends to 
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Fig. 13. Photo-fenton degradation of SG in the presence of scavengers for both 
complexes, a: Case of the (Fe(III)/Lig) complex, b: Case of the (Fe(II)/Lig) 
complex for time = 30 min [VS]o = 10 mg/L, [Fe(II)]o = [Fe(III)]o = 0.2 mM, 
R = 2, [H2O2]o = 0.15 mM, [isop]o = [chlor]o = 1 M. 

Table 7 
The analyses of the kinetic models applied for the two complexes (Fe(III)/Lig) 
(Fe(II)/Lig).   

Complex Fe(III)/Lig Complex Fe(II)/Lig 

1st order 2nd order 1st order 2nd order 

R2 0.6854 0.9684 0.5306 0.972 

Rate kinetic 
k 

k1 = 0.4894 (1/ 
min) 

k2 =

0.1447 
(L./mg 
min) 

k1 = 0.1686 (1/ 
min) 

k2 = 0.126 
(L./mg 
min)  
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influence the photodegradation activity. In similar cases, when chloride 
ions are added to the solution, they act as a scavenger by trapping the 
hydroxyl radicals [45]. This trend can be explained by the reaction with 
radical hydroxyl as mentioned by the following reaction [46]: 

HO˙+Cl− →ClOH k = 4.3× 109 M− 1 s− 1 (14) 

The photo-Fenton degradation of the SG dye was considerably 
decreased in the presence of bicarbonate ion HCO3

− , this can be 
explained by the hydroxyl scavenging properties of carbonates ions. In 
addition, bicarbonate of sodium is a more stable ion that can play a role 
in changing pH medium. Hence, another produced radical CO3

●− in the 
scavenging reaction (15) in the hydroxyl radical (OH●) has lower pho-
tocatalytic reactivity than hydroxyl radical [47]. 

HO˙+HCO3− →CO3− ˙+H2O k = 8.5× 106 M− 1 s− 1 (15)  

3.10. Effect of scavengers 

The previous studies of photo-Fenton reaction investigated the effect 
of different scavengers as an important reagent in the reaction system to 
confirm the intervention of different active radicals. 

To study the influence of the presence of scavengers in the photo- 
Fenton oxidation of SG dye in the case of complex (Fe(III)/Lig and (Fe 
(II)/Lig complexes, we used isopropanol (Isop), chloroform (chlor) and 
their mixture. According to previous studies, isopropanol reacts with 
hydroxyl radicals with a reaction rate of 1.9 × 109 M-1 s− 1 [48]. For the 
superoxide radicals, the scavenger used is chloroform which reacts with 
O2
− with a reaction rate of 9.6 × 108 M− 1 s− 1, thereby it can also react 

with HO• with a reaction rate of 7 × 106 M− 1 s− 1 [49]. The obtained 
results are illustrated in Fig. 13a and b: 

The effect of isopropanol, chloride and the mixture isopro+ chlor on 
the photo-Fenton reaction of SG dye is investigated in Fig. 13 for both 
the complex (Fe(III)/Lig) and the complex (Fe(II)/Lig) cases. 

It is noted that with the addition of the two scavengers at the 
beginning of the reaction for a concentration of 1 mol a significant in-
hibition was noticed. This can be explained by the fact that the elimi-
nation of our SG dye is due on one hand to the production of hydroxyl 
radicals with a percentage of 40.2% and on the other hand to superoxide 
radicals with a percentage of 24.7%, for the first system of complex (Fe 
(III)/Lig) and a percentage of 80. 7% is reached with a production of 
14.7% of hydroxyl radicals and superoxide radicals with the second 
system of complex (Fe(II)/Lig). However, the remaining photo-Fenton 
degradation percentage can be due to the oxalate radicals produced in 
situ during the reaction in both processes [50]. 

3.11. Kinetic study of the degradation of GS dye with complex (Fe(III)/ 
Lig) and (Fe(II)/Lig) system 

In this part, to determine the degradation kinetics of SG dye by 
modified photo-Fenton oxidation for the system with complexes (Fe 
(III)/Lig) and (Fe(II)/Lig), respectively. Moreover, the first-order and 
second-order kinetics models given by the eqs. (11 and 12) are applied 
and analyzed using the coefficient of determination (R2) value [51]. 
Thereafter, the model with the best fit of experiment data was selected. 

For the complex (Fe(III)/Lig): SG dye concentration: 10 mg/L, Fe(III) 
concentration: 0.15 mM, Molar ratio: 2, For the complex (Fe(II)/Lig): SG 
dye concentration: 10 mg/L, Fe(II) concentration: 0.2 mM, Molar ratio: 
2 and H2O2: 0.15 mM. 

Ct = Co − ek1t (16)  

1
/

Ct =
1

Co
− k2t (17)  

Where; 
Ct is the concentration at time t, Co is the initial SG dye 

concentration, t is the reaction time, and k1, and k2 are the first and 
second-order reaction kinetic rate constants, respectively. The various 
obtained kinetic parameters and regression coefficients (R2) for each 
reaction model were analyzed, and the results are presented in Table 7. 

The photo-Fenton reaction rate constants are calculated from the 
slope of the kinetic model plots. Examining the data 7 and according to 
the comparison of the R2 values of the plots, it was revealed that the 
modified photo-Fenton reaction of the SG dye follows the second-order 
kinetic model for Fe(III)/Lig and Fe(II)/Lig complexes with an R2 of 
96.84% and 97.2% respectively. We can conclude that the decoloriza-
tion kinetics is well presented by the second-order model in the two 
studied processes. Further, the kinetics constant of second-order reac-
tion k2 was notably influenced by the nature of the complex. This 
investigation may associated with the generation of OH* radical which 
is highly produced with ferrioxalate complex (Fe(III)/Lig) [52]; Finally, 
several additional studies found in the literature corroborate our finding 
that the photo-Fenton reaction proceeds according to second-order 
kinetics. 

4. Conclusion 

This research study focused on the removal efficiency of SG food dye 
degradation by a modified homogenous photo-Fenton process under a 
sustainable natural light source. The influence of various operating 
conditions such as light source, Fe(II)/(III) concentrations, oxalic acid 
concentration as ligand, pH medium and hydrogen peroxide concen-
tration were investigated in detail. It was observed that the first 
important results obtained from preliminary tests confirmed the absence 
of undesirable reactions, while sunlight proved its efficiency for 
improving the degradation rate of SG dye which decreased the cost of 
energy consumption. 

It should be mentioned that the classical photo-Fenton reaction is 
favorable at an acidic medium (pH = 3). However, the addition of oxalic 
acid demonstrated that this reaction could be performed in a wide range 
of pH close to the neutrality and it depends only on the initial SG dye 
concentration, iron catalyst amount, ligand concentration and hydrogen 
peroxide concentration. In addition, the obtained results proved that 
both complexes of Fe(II)/lig and Fe(III)/Lig demonstrated their effi-
ciency for the SG degradation removal with a slight enhancement for Fe 
(III)/Lig complex. Under sunlight, the ferrioxalate complex can be 
photo-activated and lead to a reduction of the Fe(III) to Fe(II) initiating 
the generation of radicals through the reaction with hydrogen peroxide. 
The Box-Benhken experimental design (BBD) was applied for developing 
a mathematical model and optimizing the photo-Fenton process to get 
more insight information. BBD is combined with response surface 
methodology to reveal the effect of independent variables and their 
interactions on the response variables. The effect of ions such as chlo-
ride, nitrate and bicarbonate was also determined in the performed 
experiments. It was found that some ions exhibited an important inhi-
bition role in the degradation reaction and reduced the generating rate 
of hydroxyl radicals from photo-Fenton reagents. For the bicarbonates, 
it was noticed the SG degradation yield decreased by 9.76% and 3.96% 
for Fe(III)/lig and Fe(II)/lig complexes, respectively. On the other hand, 
for the chloride 73.73% and 93.17% reduction in the SG degradation 
yield was observed for Fe(III)/lig and Fe(II)/lig complexes, respectively, 
and the reductions under nitrate are 80.93% and 94.7% for Fe(III)/lig 
and Fe(II)/lig, respectively. The same behavior is obtained by adding 
isopropanol which plays the role of electron acceptors such as H2O2. 
These findings are highly encouraging for the use of the modified photo- 
Fenton process for the removal of organic pollutants from effluent to 
protect the aquatic environment. 
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