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Abstract: 

The present paper aims to investigate the effect of various operational parameters on the 

degradation efficiency of the toxic dye “Brilliant Green (BG)” using temperature-activated 

persulfate (T/SP). The study was carried out by varying the concentration of Brilliant Green 

(BG) from 5 to 50 mg/L, the concentration of persulfate from 0.42 to 4.2 mM, and the agitation 

speed from 250 to 350 rpm under a temperature range from 25 to 50°C. Statistical approaches, 

such as Plackett-Burman Design (PBD) and Response Surface Methodology (RSM), were used 

in the optimization process. The Plackett-Burman design was carried out using twelve trials, 

identifying significant parameters such as the Brilliant Green (BG) concentration, the persulfate 

concentration [SP], and the temperature T. The RSM was used to determine the optimal 

parameters for degradation. The maximum degradation efficiency (100%) was achieved under 

the following optimal conditions: T = 25 °C, [SP] = 3.7165 mM, and [BG] = 50 mg/L. Despite 

a strong correlation between theoretical and practical returns (R² = 93.89%). Finally, a 

confirmatory study using optimized parameter levels showed a good response to the predicted 

model. The results revealed that the T/SP oxidation system is an effective and promising 

process for the degradation of BG at room temperature. 

Keywords: Brilliant Green (BG) dye, thermally activated persulfate, design of experiments, 

Plackett-Burman screening, and Box-Behnken design. 

1. Introduction 

The critical scarcity of potable water sources and high levels of water resource pollution 

exacerbate the problem. The textile, leather, beverage, food processing, paper, and cosmetics 



industries, as well as other sectors, discharge toxic synthetic dyes into surface water, which is 

one of the main organic pollutants among water pollutants. Dyes are the only organic 

compounds that lend color to water due to their ability to absorb visible light. This property is 

attributable to their chromophore, which consists of an associated system, as well as to 

electronic resonance, giving them remarkable thermal, visual, and chemical stability (Zhang et 

al. 2011). A cationic dye, Brilliant Green (BG), is widely used as a biological dye, 

dermatological treatment, and veterinary medicine, as well as in poultry feeding to prevent the 

growth of mold, intestinal parasites, and fungi (Nandi et al. 2009). Furthermore, this substance 

is utilized in the rubber and paper industries, as well as in the formulation of disinfectant 

products, due to its effectiveness in inhibiting the reproduction of gram-positive bacteria. 

However, due to its confirmed carcinogenic nature and harmful effects on the respiratory tract, 

the  BG dye must be disposed of from industrial liquid waste before being released into aquatic 

environments (Bose et al. 2021; Mukhopadhyay et al. 2021). 

A number of methods, such as coagulation–flocculation (Obiora-Okafo and Onukwuli 2018), 

chemical treatment (Gao et al. 2007), oxidation (Ahmadi et al. 2018), adsorption (Igwegbe et 

al. 2016, 2017, 2018), and photocatalytic degradation (Saravanan et al. 2015, 2016a, b), have 

been used to remove dyes from contaminated waters. Adsorption is the most used method due 

to its ease of use, affordability, and ability to collect pollutants (Ahmadi et al. 2017). In order 

to remove dyes, adsorption is often carried out using an adsorbent, such as activated carbon; 

however, this method just moves contaminants from one phase to another (Ikehata et al. 2008). 

Over the years, various treatment techniques have been considered for the removal of BG dye 

from wastewater, in particular adsorption, electrocoagulation, advanced oxidation processes 

(AOPs) such as UV/TiO₂, sonolysis, and microwave (MW)-persulfate (PS) oxidation 

(Aleboyeh et al. 2008; Sohrabi and Ghavami 2008; Tripathy et al. 2020; Yadav et al. 2021). 

An effective, promising, and cost-effective wastewater treatment technique  involves 

alternative persulfate-based AOPs. This method is advantageous for being more 

"environmentally friendly" compared to other physical, chemical, and biological processes, 

since persulfate-based AOPs do not transfer pollutants from one phase to another or create a 

large amount of hazardous sludge (Habache and Bechiri 2024). 

Persulfate (S₂O₈²⁻) activation can be achieved by heat, UV light, transition metals, and severe 

alkaline conditions, leading to the production of sulfate radicals (Chen et al. 2017; Dong et al. 



2017; He et al. 2014; Ji et al. 2015; Lu et al. 2015; Manz and Carter 2017; Waldemer et al. 

2006; Wang et al. 2017; Zhou et al. 2017; Zrinyi and Pham 2017). 

In situ thermal activation of persulfate was one of the earliest techniques developed. Despite 

requiring a lot of energy, it is better than a number of alternatives since it does not require costly 

or unusual catalysts or be constrained by radiation-related size scaling. Furthermore, the 

procedure is straightforward to use and apply, requiring minimal supplies. This characteristic 

makes it highly suitable for industrial applications requiring the utilization of steam or 

combined heat and power. Moreover, integrating this approach with renewable energy sources 

has the potential to significantly reduce energy consumption and minimize environmental 

impact throughout the treatment process (Arvaniti et al. 2022). 

The main objective of this study was to evaluate the effectiveness of the temperature-activated 

persulfate system (T/SP) in the degradation of Brilliant Green (BG) and to examine the effects 

of key operational parameters such as temperature (T), stirring speed (SS), persulfate 

concentration ([SP]), and Brilliant Green concentration ([BG]) using a fractional Plackett-

Burman factorial design. The secondary objective was to use the response surface methodology 

(RSM) to improve the most important parameters found during the preliminary selection. A 

Box-Behnken plan was then used to establish the best circumstances and improve the 

effectiveness of the degradation.  

2. Materials and methods 

2.1. Chemicals 

The Brilliant green (BG) (C27H33N2.HO4S) and Sodium Persulphate (Na2S2O8) were purchased 

from Sigma-Aldrich (USA) and were used as receivers at Biochem-Chimopharma (France). 

The molecular structure of BG is shown in Fig. 1. All  reagents used in the present study were 

purchased from high purity (analytical grade) products. All the experiments were carried out 

using distilled water.

2.2 Experimental procedures  

A batch reactor with  a capacity of 500 mL was employed to oxidizie BG using heat-

activated persulfate. As a starting point for each manipulation, a BG solution with  

concentrations ranging from (5–50 mg/L) was prepared by diluting a stock solution (100 

mg/L). For all experiments, a volume of 100 mL of this solution was used. ¨Persulfate was 



added at concentrations between (0.42– 4.2 mM). The reaction mixture was homogenized 

using a magnetic stirrer at a speed between (250 - 350 rpm). The treatment was carried out 

at temperatures of 25 and 50 ° C  for 120 minutes under neutral pH. Sample analyses were 

performed by a UV-visible spectrophotometer at 𝜆௠௔௫  = 625 ݊݉ (Soltani-nezhad et al. 

2020). The degradation efficiency (DE ) was calculated  according to  Equation 1(Burgot 

and Burgot 2011). 

(%)ܧܦ =
௜ܥ − ௜ܥ௙ܥ  × 100                                                                                                            (1)

Where DE is the degradation efficiency, Ci is the initial dye concentration, and Cf is the 

final dye concentration.  

3. Results and discussion  

3.1. Screening design PBD  

The statisticians R.L. Plackett and J.P. Burman, aiming at providing information mainly on 

the individual effect of factors without taking into account their interactions (Plackett and 

Burman 1946), developed a screening plan in 1946. A two-level fractional factorial design, 

allowing the analysis of N-1 factors (where N is a multiple of 4), is designated as the 

Plackett-Burman (P-B) plan. The Plackett-Burman Design (PBD) is thus a two-level 

experimental design. It is widely used due to its effectiveness and low cost, despite certain 

limitations, in particular the lack of consideration of interactions between factors

(Narenderan et al. 2019). According to the PBD methodology, each parameter is considered 

independent and follows a first-order model: 

ܻ = 0ߚ + ௜ߚ∑ + ܺ௜                                                                                                                      (2)

Where Y is the predicted target response, β₀ is the model intercept, βᵢ is the regression 

coefficient, and Xᵢ is an independent parameter. 

The BG degradation was accomplished by simultaneously varying four parameters, as 

indicated in Table 1. Following an exhaustive review of the literature and the carrying out 

of preliminary tests, the minimum and maximum levels of each parameter have been 

defined. The various operating conditions for the degradation by thermal activation of 

persulfate, established according to an experimental Plackett-Burman design, are presented 

in Table 2. Moreover, the experimental results relating to the efficiency of the degradation 



are presented. During the twelve tests carried out, the degradation efficiency varied between 

2% and 100% at temperatures of 25°C and 50 °C, respectively. These experimental data 

form the basis for all subsequent statistical analyses. 

3.1.1. Pareto chart and half-normal plots  

The most crucial elements can be found using the Pareto effects diagram. For easier 

comparison, the effects are standardized using the value (F-value). More precisely, the effect 

of each factor is divided by the error associated with the estimation of this factor to obtain a 

standardized value (Habache et al. 2021). 

According to Fig. 2, when the value F of a factor is greater than 2.365 and for a confidence 

interval fixed at 95%, the effect is considered significant. The increase in the production of 

sulfate radicals as a function of the persulfate concentration ([SP]), the temperature (T), and the 

Brilliant Green concentration ([BG]) clearly indicates that the persulfate concentration 

constitutes the most influential factor. On the other hand, the stirring speed was considered not 

significant for the two degradation responses (DE) because its effect does not exceed the 

reference line drawn on the graph. 

Moreover, since the factors furthest from the noise line ([SP], T, and [BG]) are the most 

significant, the graph of standardized effects (Fig. 3) confirms the observations obtained from 

the Pareto diagrams. 

3.1.2 Main effects    

The variation in the reaction response induced by a modification in the amount of a factor is 

designated by the term “effect.” The main effects of the various variables on the degradation 

efficiency of brilliant green (BG) are illustrated in Fig. 4. It clearly appears that, while the 

pollutant concentration and the stirring speed exert a negative impact on the degradation 

efficiency, the persulfate concentration as well as the temperature have a positive effect on the 

reaction. Therefore, an increase in these two parameters is likely to significantly improve the 

degradation efficiency of the BG. 

When using activated persulfate for the degradation of contaminants, temperature is a 

determining factor. The results obtained are in agreement with previous work, indicating that 

the degradation efficiency of BG increases with increasing temperature. This improvement is 

attributed to the increase in the fission of O–O bonds in persulfates (SPS) under the effect of 

temperature, which leads to an acceleration of the degradation rate of AB92 (Luo 2014; 

Rahmani et al. 2016). The high temperature favors the elimination of pollutants by providing 



the energy necessary for the rupture of the O–O bonds within the persulfate, thus generating 

active species such asOH�and ܵ 4ܱ.− (Gao et al. 2015). In addition, it is important to note that 

high temperatures also facilitate the degradation of non-organic chemical compounds through 

activated SPS. 

The sodium persulfate concentration is considered a critical and determining factor in the 

thermally activated oxidation of persulfate since it directly influences the balance of sulfate 

radicals. Therefore, the effect of the sodium persulfate concentration on the degradation of the 

dye has been thoroughly studied. Increasing the SP concentration from 0.42 to 4.2 mM resulted 

in a significant degree of BG elimination, as shown in Fig. 4. In comparison to the persulfate 

anion, the sulfate radical exhibited enhanced reduction and oxidation capabilities and had the 

capacity to break down a significant quantity of organic compounds. Higher concentrations of 

persulfate favor the formation of an increased number of sulfate radicals, which act as reactive 

species that effectively degrade contaminants, following the reactions described in equations 3 

and 4 (Pokhalekar and Chakraborty 2016). Moreover, the persulfate ions can be regenerated by 

the reaction of these sulfate radicals (Soubh and Mokhtarani 2016). ܵ8ܱ22− + ܵ 4ܱ.− → ܵ2ܱ8− + ܵ 4ܱ2−                                                                                                           (3)ܵ 4ܱ. + ܵ 4ܱ. → ܵ2ܱ82−                                                                                                                               (4)

Degradation efficiency decreases with the increase in the pollutant concentration, which is 

explained by the substantial and adverse impact of BG concentration on the degradation 

process. This phenomenon can be attributed to the fact that  the number of persulfate radicals 

remains constant. In contrast, the number of BG molecules increases in proportion to the dye's 

initial concentration. Consequently, both the degradation efficiency and the kinetics of the 

degradation response are reduced (Habache and Bechiri 2024). 

3.1.3. Analysis of variance 

In order to definitively examine the impact of the factors on the variations of a given response, 

the analysis of variance (ANOVA) is used to compare the variances of the values determined 

by the model with the variances of the residuals. The probability that an effect is statistically 

significant is considered high when the confidence level reaches 95%, 99% or 99.9% (Loukas 

2001; Ryan 1989).The P-value (Table 3) is a statistical metric that can be used to identify the 

most significant elements. This value is compared with a threshold α, representing the risk of 

model error, generally set at 5%. Table 4 shows the coefficients relating to the various 

parameters studied. The average amplitude of the variation in the efficiency of the degradation, 



when the parameters evolve from the level (-1) to the level (+1), is quantified by the algebraic 

values of these coefficients. 

3.1.4. Polynomial regression  

By using a mathematical model that considers all the variables using polynomial equations, the 

experimental design method maximizes the system's response, namely the efficiency of the 

degradation. The regression equations are presented in the forms (5) and (6), corresponding 

respectively to the parameters expressed in non-coded and coded values: 

Uncoded Units ܧܦ = 15.5 − [ܩܤ]0.633 + 13.47[ܵܲ] − 0.030ܵܵ + 1.302 ܶ                                                  (5)  

Coded Unit  ܧܦ = 69.05 − [ܩܤ]14.24 + 25.46[ܵܲ] − 1.49ܵܵ + 16.27 ܶ                                      (6)

Furthermore, the comparison of the measured and calculated responses presented in 

Table 5 reveals a high coefficient of determination (ܴ2 =  84.10%). The adjusted R-

squared value (ܴ௔ௗ௝2 =  75.01%) confirms that it shows a good connection. 

3.2. Optimization of factors using Box-Behnken Design (BBD)  

The concentrations of persulfate [SP] and Brilliant Green [BG], along with the temperature T, 

were determined to be significant for the dye degradation based on the results of screening 

various parameters using the Plackett-Burman design. Meanwhile, the stirring speed was fixed 

at a minimum of 250 rpm. Following the PB screening design, the three significant variables 

were further optimized and validated using the Box–Behnken Design (BBD) (Table 6), 

comprising 12 experimental runs and 3 center points (Table 7). This approach allowed for the 

evaluation of the main, interaction, and quadratic effects of the significant factors on the 

selected response (degradation efficiency). Furthermore, Box–Behnken has been shown to be 

among the most effective response surface designs compared to other designs (Ferreira et al. 

2007).The following quadratic equation described the system's behavior: ܻ =  ܾ0  + ∑ ܾ௜ ܺ௜  + ∑ ܾ௜௝ ܺ௜ ௝ܺ  + ∑ ܾ௜௜ ܺ௜2                                                                                     (7)

Where ܻ was the predicted response (degradation efficiency); ܾ 0was the offset term; ܾ௜was the 

linear effect; ܾ ௜௜was the squared effect, and ܾ ௜௝was the interaction effect. The coded 

independent variables are denoted by ܺ ௜ and ௝ܺ. The coefficients of second-order polynomials 

were computed and examined  using Minitab 19. To assess the analysis of variance (ANOVA), 

a statistical study of the model was conducted.  



The Response Surface Methodology (RSM), a set of statistical and mathematical methods, was 

used to optimize degradation efficiency using experimental Box-Behnken (BBD) designs (El-

Naggar et al. 2018; Jabeen et al. 2015). Specifically, the effects of temperature T and persulfate 

[SP] and Brilliant Green  [BG] concentrations were investigated through this approach (Tables 

6 and 7). 

3.2.1 Main effects plot and interactions for DE (%) 

The impact of the factors studied in the selected field on the degradation efficiency of Brilliant 

Green (BG) is illustrated in Fig. 5. According to the latter, the degradation efficiency of the BG 

increases with the increase in the persulfate concentration ([SP]), the maximum efficiency being 

reached for [SP] = 4.2 mM after one minute of reaction time. Since the generation of sulfate 

radicals ܵ 4ܱ.− in the oxidation system comes exclusively from the persulfate anion; the increase 

in the SP concentration strengthens the oxidizing capacity of the system to degrade organic 

substances (Liu et al. 2018). 

From a practical point of view, it was essential to determine the optimal temperature for the 

oxidation process in order to maximize the efficiency of degradation of the pollutant by 

activation of the persulfate. Moreover, the persulfate can be thermally activated to produce ܵ 4ܱ�− (Hu et al. 2018), therefore making the rise in temperature, from 25°C to 50°C, particularly 

beneficial. 

An interaction diagram illustrates the influence of variation in one factor on another. It is 

generally used as a complement to an analysis of variance (ANOVA) and is particularly useful 

for assessing the existence of interactions between factors. When the lines of an interaction 

diagram are parallel, this indicates the absence of interaction. Conversely, the more the lines 

deviate from parallelism, the more significant the degree of interaction between the factors 

(Habache et al. 2021). 

In Figure 6, the adjusted mean degradation efficiency is plotted against different combinations 

of persulfate concentration ([SP]), temperature (T) and Brilliant Green concentration (BG). 

Observation of this figure reveals that the lines drawn are not all parallel, indicating that the 

relationship between each factor and degradation efficiency depends on the value of the other 

factors. This highlights the existence of significant interaction effects. 

3.2.2. Analysis of variance and polynomial regression 



Table 8 presents the results of the statistical analysis. Variance analysis (ANOVA) is a method 

for designing experiments to refine the definition of objective function by evaluating the 

influence of each parameter studied. Indeed, it should be stressed that not all factors have an 

equivalent influence; some have a significant effect while others are negligible (Habache et al. 

2021). 

The value of ܲ =  0.015 obtained for the global model indicates that it is statistically 

significant. Furthermore, the linear effects taken individually, with a value of p = 0.005 (< 0.05), 

also demonstrate the existence of significant linear effects for the main factors studied, namely 

the persulfate concentration [SP],  Brilliant Green [BG], and temperature (T). 

Persulphate concentration [SP], temperature T, and Brilliant Green concentration [BG] are the 

three quadratic terms included in the model. All the interactions and quadratic effects associated 

with these parameters have p-values greater than 0.05. Consequently, no significant variation 

in degradation efficiency is observed when the quadratic and interaction effects of these three 

factors are modified, suggesting that there is no significant curvature in the response surfaces. 

The regression coefficients were calculated from the coded data using MINITAB version 19 

software, as shown in Table 9. By using a mathematical model incorporating all the variables, 

the experimental design method makes it possible to optimize the system response, in this case 

the degradation efficiency. Polynomial equations (8) and (9), for the coded and uncoded 

parameters, respectively, formalize the regression models obtained. ܧܦ = −46.5 − [ܩܤ] 0.54 + 52.1 [ܵܲ] + 3.26 ܶ − [ܩܤ] 0.0034 ∗ [ܩܤ] − 5.07[ܵܲ] ∗ [ܵܲ]− 0.0088 ܶ ∗ ܶ + [ܩܤ]0.258 ∗ [ܵܲ] − [ܩܤ] 0.0032 ∗ ܶ − 0.661 [ܵܲ] ∗ ܧܦ(8) ܶ = 95 − [ܩܤ] 5.69 + 20.74 [ܵܲ] + 12.3 ܶ − [ܩܤ] 1.77 ∗ [ܩܤ] − 18.11 [ܵܲ] ∗ [ܵܲ]− 1.37 ܶ ∗ ܶ + [ܩܤ] 10.96 ∗ [ܵܲ] − [ܩܤ] 0.90 ∗ ܶ − 15.62 [ܵܲ] ∗ ܶ          (9)

The results of the analysis of variance (ANOVA) presented in Table 9 indicate that the model 

is predictable with a confidence interval of 95%, associated with a coefficient of determination 

(R²) of 0.9389. These results attest to the reliability of the equation obtained, thus confirming 

the suitability of the model for prediction within the range of the variables studied. Therefore, 

the model can be considered of satisfactory quality, insofar as it explains 93.89% of the 

observed variations in the response. The studied phenomenon is correctly described by the 

established model. The results from the modeled equations, expressed in terms of theoretical 

degradation efficiency, are compared with the experimental degradation efficiency in Table 7. 



3.2.3. Response surface and contour 

The three-dimensional representation of the response surface from the regression model is a 

valuable tool for clarifying and interpreting the results of statistical and mathematical analyses 

(Li et al. 2022). To test experimental data from the Box–Behnken design, response surface plots 

and contour plots were created. These plots allow the relationship between two variables to be 

studied simultaneously, while the other variables are held constant. These plots graphically 

represent the response over a range of relevant factor levels, illustrating the magnitude of factor 

interactions and the sensitivity of the response to changes in the levels of each factor. 

Furthermore, these plots made it possible to determine optimal response values and the expected 

operating conditions. In addition, it was observed that the orientation of the response surface 

varied depending on the operational parameters studied, namely persulfate ([SP]) and Brilliant 

Green ([BG]) concentrations, as well as temperature (T). At the conditions of T = 50 °C (Fig. 

7), [SP] = 4.2 mM (Fig. 8) and [BG] = 50 mg/L (Fig. 9), the maximum degradation efficiency 

was achieved. 

3.2.4. Desirability Plots 

The primary goal of this research is to optimize the operating parameters to obtain the intended 

objective response. Utilizing the desirability function for multi-objective response optimization 

is a particularly suitable and effective approach for this purpose (Chaabouni et al. 2012). It 

should be emphasized that achieving a 100% degradation efficiency is particularly challenging 

when using costly reagents and greater pollutant concentrations. Therefore, this study aims to 

optimize the degradation efficiency (DE) by determining the ideal operating settings. The 

parameters subject to optimization include temperature T, Brilliant Green concentration [BG], 

and persulfate concentration [SP]. 

The optimal combination of factors was obtained  at a temperature of 25 °C, [SP] of 3.7165 

mM, and [BG] of 50 mg/L, as indicated by a desirability value of around 1.0000. The 

desirability plot for DE is presented in Fig. 10. With all parameters optimized, the degrading 

efficiency may be determined from the theoretical model with a value of 100%. To validate 

these optimal conditions, a double experimental verification was performed under identical 

settings, achieving 100% degradation efficiency of BG. Thus, the model proved adequate to 

depict the procedure.   

Conclusion 



This article focused on the study of the oxidation of the Brilliant Green dye (BG) by thermally 

activated persulfate. In order to identify the most decisive operational parameters for the 

degradation of the BG, an initial screening strategy was implemented. An experimental plan by 

Plackett-Burman made it possible to simultaneously modulate several operating variables, in 

particular the temperature, the stirring speed, the persulfate concentration, and the Brilliant 

Green concentration, in order to evaluate their influence on the degradation efficiency. An in-

depth statistical analysis was thus carried out to quantify the relative impact of each of these 

factors, leading to the identification of the optimal levels associated with the best performance. 

The results revealed that the three most significant variables for the efficiency of the 

degradation of BG were the temperature, the persulfate concentration, and the Brilliant Green 

concentration. These major effects were confirmed by a Box-Behnken plan, based on the 

response surface methodology (RSM), which made it possible to deepen the study of these 

parameters. The optimal conditions were established at 25°C and a persulfate concentration of 

3.7165 mM, leading to a complete degradation (100%) of the BG at an initial concentration of 

50 mg/L. 

Obtaining maximum efficiency with a minimum of consumables testifies to the high potential 

of the advanced oxidation process by thermally activated persulfate. These results strongly 

encourage the application of this technology in industrial and technological contexts, with a 

view to an efficient and economical treatment of effluents contaminated with synthetic dyes. 
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Table 1 : Parameters and levels 

Table 2: Results of experiments using the Plackett-Burman design 

Run [BG] [SP] SS T DE (%) 

1 5 0.42 250 25 35.03 

2 50 0.42 250 25 8.90 

3 50 0,42 350 25 2.76 

4 5 4.20 350 50 100 

5 5 4.20 250 50 90.18 

6 50 0.42 350 50 28.85 

7 5 0.42 250 50 92.06 

8 50 4.20 250 50 99.48 

9 50 4.20 350 25 91.25 

10 5 0.42 350 50 93.95 

11 50 4.20 250 50 97.58 

12 5 4.20 350 25 88.52 

           Factor Symbol Unit          Level

Low (-1) High (+1)

 Brilliant Green concentration   [BG] mg/L 5 50 

 Persulfate concentration   [SP] mM 0.42 4.2 

stirring speed  SS Rpm      250       350   

 Temperature   T °C 25 50 



Table 3: Analysis of Variance (ANOVA).

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 13414.5 3353.63 9.25 0.006 

Linear 4 13414.5 3353.63 9.25 0.006 

[BG] 1 2434.5 2434.47 6.72 0.036 

[SP] 1 7775.5 7775.48 21.45 0.002 

SS 1 26.7 26.70 0.07 0.794 

T 1 3177.9 3177.86 8.77 0.021 

Error 7 2537.0 362.43 

Lack-of-Fit 6 2535.2 422.53 234.09 0.050 

Pure Error 1 1.8 1.81 

Total 11 15951.5 

Table 4 : Effects and coefficients of the estimated efficiency (coded units) 

Term Effect Coef SE Coef T-Value P-Value 

Constant 69.05 5.50 12.56 0.000 

[BG] -28.49 -14.24 5.50 -2.59 0.036 

[SP] 50.91 25.46 5.50 4.63 0.002 

SS -2.98 -1.49 5.50 -0.27 0.794 

T 32.55 16.27 5.50 2.96 0.021 



                Table 5: Comparison between estimated and experimental efficiency 

Run DEexp (%) DEest (%) 

1 35.03 43.05

2 8.90 14.577

3 2.76 11.58

4 100 123.527

5 90.18 93.96

6 28.85 44.13

7 92.06 75.60

8 99.48 98.02

9 91.25 62.49

10 93.95 72.62

11 97.58 98.02

12 88.52 90.980

Table 6: Parameters and levels in the Box-Behnken design . 

Factor Symb

ol 

Unit                              Levels 

Low (-1) Medium (0) High (+1 ) 

 Brilliant Green 

concentration   

[BG] mg/L 5 27.5 50 

 Persulfate concentration   [SP] mM 0.42 2.31 4.2 

Temperature   T °C 25 37.5 50 



Table 7: Box-Behnken plan with experimental responses. 

Run 

order 

[BG] [SP] T DE exp (%) DE est (%) 

     1 5 0.42 37.5 47.77 39.11 

     2 5 4.2 37.5 88.63 76.82 

     3 50 0.42 37.5 5.11 16.92 

     4 50 4.2 37.5 27.55 36.20 

     5 27.5 0.42 25 2.82 1.53 

     6 27.5 4.2 25 5.48 7.34 

     7 27.5 0.42 50 48.28 46.42 

     8 27.5 4.2 50 96.27 97.85 

     9 5 2.31 25 26.53 36.48 

     10 50 2.31 25 4.89 -5.63 

     11 5 2.31 50 82.82 93.34 

     12 50 2.31 50 82.59 72.464 

     13 27.5 2.31 37.5 29.44 27.60 

     14 27.5 2.31 37.5 27.31 27.60 

     15 27.5 2.31 37.5 26.06 27.60 

Table 8: Analysis of Variance (ANOVA).

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 13414.5 3353.63 9.25 0.006 

Linear 4 13414.5 3353.63 9.25 0.006 

[BG] 1 2434.5 2434.47 6.72 0.036 

[SP] 1 7775.5 7775.48 21.45 0.002 

SS 1 26.7 26.70 0.07 0.794 

T 1 3177.9 3177.86 8.77 0.021 

Error 7 2537.0 362.43 

Lack-of-Fit 6 2535.2 422.53 234.09 0.050 

Pure Error 1 1.8 1.81 

Total 11 15951.5 



Table 9: Regression coefficients estimated for efficiency DE ( % ) of BG. 

𝑹૛ = ૢ૜.ૡૢ%          ,      𝑹࢐ࢊࢇ૛ = ૡ૛.ૢ૙%

Term Coef SE Coef T-Value P-Value VIF

Constant 95.00 5.73 16.57 0.000   

[BG] -5.69 3.51 -1.62 0.166 1.00

[SP] 20.74 3.51 5.91 0.002 1.00

T 12.30 3.51 3.50 0.017 1.00

[BG]*[BG] -1.73 5.17 -0.33 0.752 1.01

[SP]*[SP] -18.11 5.17 -3.50 0.017 1.01

T*T -1.37 5.17 -0.27 0.801 1.01

[BG]*[SP] 10.96 4.97 2.21 0.078 1.00

[BG]*T -0.90 4.97 -0.18 0.863 1.00

[SP]*T -15.62 4.97 -3.15 0.026 1.00



Figure 1: Molecular structure of BG. 

      Figure2: Pareto chart of the standardized effects for DE (%) as response 

(Alpha=0,05). 



Figure 3: Half-normal plots of the standardized effect for DE (%) . 

 Figure 4 : Main effects plot of parameters for DE (% ). 



     Figure 5 : Main effect plot for DE (%) . 

 Figure 6: Interaction plot for DE ( %). 



Figure 7: Contour plots (a) and Response surface (b) of the degradation efficiency 

according [BG] and [SP] High levels of T.

(a) 

(b)



Figure 8: Contour plots (a) and Response surface (b) of the degradation efficiency 

according [BG] and T at High levels of [SP]. 

(a)

(b)



Figure 9: Contour plots (a) and Response surface (b) of the degradation efficiency 

according [SP] and T at High levels of [BG]. 

(a)

(b)



Figure 10: Optimization response for degradation the BG at 50 mg/L. 
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