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APRESENTAÇÃO

A coleção “A Diversidade de Debates na Pesquisa em Química 2” é uma obra 
que tem um conjunto fundamental de conhecimentos direcionados a industriais, 
pesquisadores, engenheiros, técnicos, acadêmicos e, é claro, estudantes. A coleção 
abordará de forma categorizada pesquisas que transitam nos vários caminhos 
da química de forma aplicada, inovadora, contextualizada e didática objetivando 
a divulgação científica por meio de trabalhos com diferentes funcionalidades que 
compõem seus capítulos.

O objetivo central foi apresentar de forma categorizada e clara estudos 
relacionados a revestimentos inteligentes – smart coatings; técnicas eletroquímicas; 
modificação de superfície; processo foto-Fenton; dessulfurização adsortiva de diesel; 
otimização de sensores; contaminantes orgânicos; degradação de compostos; 
nanotubos de carbono hidrofílicos; oxidação parcial do metano; produção de etanol; 
tratamento de efluente aquoso; produção de biogás; processo oxidativo avançado; 
partição de íons metálicos; ensino de polímeros; reutilização de óleo industrial; 
análise complexométrica de alumínio e modelagem molecular. Em todos esses 
trabalhos a linha condutora foi o aspecto relacionado à caracterização, aplicação, 
otimização de procedimentos e metodologias, entre outras abordagens importantes 
na área de química, ensino e engenharia química. A diversidade de Debates na 
pesquisa em Química tem sido um fator importante para a contribuição em diferentes 
áreas.

Temas diversos e interessantes são, deste modo, discutidos aqui com a 
proposta de fundamentar o conhecimento de acadêmicos, mestres e todos aqueles 
que de alguma forma se interessam pela área de química tecnológica, bacharel e 
licenciatura. Possuir um material que demonstre evolução de diferentes metodologias, 
abordagens, aplicações de processos, caracterização com diferentes técnicas 
(eletroquímica, microscopia, espectroscopia no infravermelho por transformada de 
Fourier e raios-X) substanciais é muito relevante, assim como abordar temas atuais 
e de interesse tanto no meio acadêmico como social.

Portanto, esta obra é oportuna e visa fornecer uma infinidade de estudos 
fundamentados nos resultados experimentais obtidos pelos diversos pesquisadores, 
professores e acadêmicos que desenvolveram seus trabalhos que aqui serão 
apresentados de maneira concisa e didática. 

Jéssica Verger Nardeli
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ABSTRACT: This work aimed to investigate the 
removal efficiency of tartrazine dye from aqueous 
solution using Cu2FeSnS4 as a heterogeneous 
catalyst in the photo-Fenton process. In order 
to evaluate the effects of independent variables 
on the dye decolorization and determining 
the optimum conditions, a 23 CCRD (Central 
Composite Rotatable Design) followed by RSM 
(Response Surface Methodology) approach 
was employed. Experiments were carried 
out as a function of pH (from 2 to 4), catalyst 
concentration (from 0.05 to 0.35 g L-1) and H2O2 
concentration (from 3 to 13 mmol L-1). The results 
revealed a good agreement between the model 
predicted and the experimental values. Under the 
optimized conditions, tartrazine decolorization 
efficiency was 99.59%. Therefore, the photo-
Fenton process using Cu2FeSnS4 as a catalyst 
was proved to be feasible for the decolorization 
of tartrazine dye.
KEYWORDS: Experimental design, tartrazine, 
decolorization, photo-Fenton, Cu2FeSnS4.
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1 |  INTRODUCTION

The treatment of water pollutants has become an important step in industrial 
production, agriculture and municipal water worldwide (Pouran et al., 2015). Advanced 
oxidation processes (AOPs) have been considered as a promising technology for 
water purification, since the generated •OH radicals have an oxidation capacity to 
degrade most organic contaminants rapidly and in a non-selective way (Mirzaei 
et al., 2017). Among them, the photo-Fenton process is one of the best known, 
and it can be homogeneous or heterogeneous (Zhang et al., 2019). However, the 
homogeneous photo-Fenton reaction was limited by a large amount of iron sludge, 
which can cause secondary pollution, and a strict control of pH around 2-3 for a 
good catalytic performance (Huang et al., 2016). Therefore, the heterogeneous 
photo-Fenton process was chosen to overcome this drawback (Xiao et al., 2018).

A promising class of iron-based catalysts that has being investigated for the 
photo-Fenton process are the chalcogenides materials, due to their interesting 
physical and chemical properties and their potential applications in energy-storage 
technologies (Li et al., 2013; Tabata et al., 2010). Following this trend, Cu2FeSnS4 is 
a semiconductor with high photocatalytic efficacy due to its high optical absorption 
coefficient (>104 cm−1) and suitable band gap (~1.5 eV) (Dong et al., 2017). In 
previously studies, Cu2FeSnS4 has been demonstrated to be an efficient catalyst for 
wastewater treatment (Salla et al., 2018). However, it is still a new material with an 
unexplored capability in the field of AOPs expertise.

Several parameters can influence the photo-Fenton process efficiency, in 
particular, the solution pH, the catalyst concentration and the H2O2 concentration 
are examples of fundamental factors. Thus, a factorial design can optimize all the 
effecting parameters together and at once and can be employed to achieve the best 
overall optimization of a process (Elhalil et al., 2016).

Therefore, in the present work, Cu2FeSnS4 was prepared by a solvothermal 
method and was applied as a photo-Fenton catalyst for tartrazine removal under 
visible light irradiation. The optimization of the tartrazine decolorization by the photo-
Fenton process using a 23 factorial experimental design was performed according 
to central composite rotational design (CCRD) coupled with response surface 
methodology (RSM) approach. The effects of the factors in the process and the 
compatibility of the chosen model with the response have been studied.
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2 |  MATERIALS AND METHODS

2.1 Synthesis and characterization of Cu2FeSnS4

Cu2FeSnS4 particles were synthetized by a solvothermal route. Therefore, 1 
mmol of trimethylamine, 0.1 mmol of Cu(NO3)2·3H2O, 0.05 mmol of FeSO4·7H2O, 
0.05 mmol of SnCl4·5H2O and 0.25 mmol of thiourea were dissolved in 20 mL of 
ethanol under magnetic stirring and then sonicated for 30 min at 30 Hz. The final 
mixture was charged into a PTFE-lined stainless autoclave and treated at 180 ºC for 
24 h. The autoclave was left to naturally cool off. The precipitate were filtered, washed 
with ethanol and dried under vacuum at room temperature. The characterization 
results of Cu2FeSnS4 particles were published by Salla et al. (2018).

2.2 Catalytic assays

The photo-Fenton assays were performed in a 250 mL batch glass under 
continuous stirring and equipped with an economic lamp of visible light. In a typical 
experiment, 100 mL of tartrazine aqueous solution (100 mg L-1) and different 
concentrations of Cu2FeSnS4 (according to Table 1) were placed into the reactor 
at 25 ºC. The pH of the aqueous suspension was adjusted to different values 
(according to Table 1) using H2SO4 (0.1 mol L-1). The aqueous suspension was 
continuously stirred for 30 min in the dark to reach the adsorption equilibrium. The 
visible light was switched on and different concentrations of H2O2 (according to Table 
1) were added to the reactor. Then, aliquots were collected followed by filtration and 
submitted to analysis in a spectrophotometer (Kasuaki IL-226-NM-BI) to determine 
the concentration of tartrazine.

2.3  Experimental design

A 23 CCRD (with eight factorials, six axial and three central points) followed by 
RSM approach was used to investigate the effects of pH (X1), catalyst concentration 
(X2) and H2O2 concentration (X3) on tartrazine decolorization efficiency (E). The 
alpha for rotatability (±α) was ±1.68 and was defined by α = (2n)¼, were n is the 
number of independent variables (n = 3) [18]. The variables and their respective 
levels were based on preliminary experiments (Salla et al., 2018). The real and 
coded values of the variables are presented in Table 1. The statistical significance of 
the non-linear regression was determined by Student’s test and analysis of variance 
(ANOVA), the model equation was evaluated by Fischer’s test and the proportion of 
variance explained by the model was given by the coefficient of determination (R²). 
The results were analyzed using Statistica 9.1 software (StatSoft Inc., USA).
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3 |  RESULTS AND DISC USSION

3.1  CCRD and RSM

To optimize the tartrazine decolorization effi ciency, the reaction kinetics were 
investigated using a CCRD coupled with RSM. The considered parameters were pH, 
catalyst concentration and H2O2 concentration, and the results obtained after 40 min 
of reaction are shown in Table 1.

Table 1 – Tartrazine decolorization effi ciency (E) as a function of pH, catalyst concentration and 
H2O2 concentration.

As seen in Figure 1, Pareto chart was used in order to verify the signifi cance 
and the effect of the independents variables on tartrazine decolorization effi ciency.
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Figure 1 – Pareto chart for tartrazine decolorization efficiency.

The results from Figure 1 indicated that the linear effects of catalyst and H2O2 

concentrations had a significant effect on tartrazine decolorization. The interaction 
between these variables and the quadratic effect of the catalyst concentration were 
also significant. Based on the signs of the standardized effects, it can be noticed that 
a higher tartrazine decolorization efficiency was favored by the increase of catalyst 
and H2O2 concentrations. On the other hand, the pH value, within the range studied 
in this work, showed no influence on the process. All effects that were not significant 
were removed from the analysis.

Once the variables were significant, a mathematical model was proposed, based 
on the statistical analysis of the experimental data, to represent the relationship 
between tartrazine decolorization efficiency (E) and the process significant variables 
(catalyst concentration (X2), H2O2 concentration (X3) and its interactions). The model 
is presented in Equation 1.

Equation 1

In order to verify the significance, prediction and reliability of the proposed 
model, the analysis of variance (ANOVA) was performed and is presented in Table 
2.
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Factor Sum of squares Degrees of 
freedom

Mean of 
squares Fcalc p-value

Regression 1331.449 4 332.862 21.02 < 0.05
Residue 190.062 12 15.838

Total 1521.511 16

Table 2 – Analysis of variance (ANOVA).

Variance explained (R2) = 0.8751; Fstd (4; 12; 0.05) = 3.26

The legitimacy and quality of the model were evaluated by the regression 
coefficient (R2). Ideally, the complete agreement between the experimental and 
predicted values is achieved when R2 is equal to 1 (Asfaram et al., 2016). In this 
work, R² was 0.8751, indicating that 87.51% of the experimental responses could 
be explained by the model. This value can be considered suitable for this type of 
experimental process (Chen et al., 2016; Bagheri et al., 2017), confirming the high 
validity of the proposed model (Fahimirad et al., 2017).

Furthermore, when the p-value is lower than 0.05, it means that the parameters 
presented statistically significant influence on the response (Gilpavas et al., 2015). 
It was verified that the calculated F-value (Fcalc = 21.02) was more than six times 
higher than the standard F-value (Fstd = 3.26), considering 4 and 16 degrees of 
freedom for the regression and residues, respectively. Thus, demonstrating that the 
model is predictive.

The model reliability was evaluated by the plot of observed vs. predicted values, 
as presented in Figure 2. The results showed a good concordance between the 
experimental and the predicted values of the model. Based on this, it was verified 
that the model was able to predict the experimental data for tartrazine decolorization 
efficiency by the photo-Fenton process catalyzed by Cu2FeSnS4.

Figure 2 – Observed vs. Predicted values for tartrazine decolorization efficiency.
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Since the model was predictive and reliable, the response surface could be 
generated to explore the optimal decolorization conditions. The response surface, 
which represent the tartrazine decolorization efficiency as a function of the catalyst 
and H2O2 concentrations, is shown in Figure 3.

Figure 3 – Response surface of tartrazine decolorization efficiency (E) as a function of catalyst 
and H2O2 concentration.

The result presented in Figure 3 suggested that the catalyst concentration 
and the H2O2 dosage played an important role in the removal of tartrazine by the 
photo-Fenton process. The removal efficiency is influenced by the amount of iron-
based catalyst that can provide more exposed active Fe sites on the surface to 
generate more •OH radicals from the catalytic decomposition of H2O2 (Trovó and 
Nogueira, 2011; Trovó et al., 2013). Also, the removal efficiency usually increases 
with increasing the initial H2O2 concentration, which results in more 

•OH radicals 
generated from the decomposition of H2O2 by iron species (Zhu et al., 2018). In 
this study, according to Figure 3, the best results were obtained with the catalyst 
concentration higher than 0.2 g L-1 and the H2O2 concentration higher than 11 mmol 
L-1.

In contrast, heterogeneous catalysts were proposed to deal with an extend 
range of pH, since iron is stable on the catalyst surface, the reaction does not have 
to occur in acid pH to present good efficiency (He et al., 2017). Therefore, as the 
heterogeneous photo-Fenton process allows to work with pH close to neutrality, this 
variable was not significant in this work.
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3.2  Process optimization and model validation

The optimization of the process variables was performed to maximize the 
decolorization efficiency of tartrazine by the photo-Fenton process catalyzed by 
Cu2FeSnS4. Within the optimum range established from Figure 3 and, according to 
Table 1, it was observed that the maximum tartrazine decolorization was 99.33% at 
pH 3.6, with a catalyst concentration of 0.3 g L-1 and a H2O2 concentration of 11 mmol 

L
-1.

In order to confirm the validity of the model, an experiment was conducted 
under the optimal predicted conditions, but with values of the independent variables 
different from those already tested. The confirmatory experiments reached a 
decolorization efficiency of 99.59%, in accordance with the model, indicating its the 
suitability and accuracy. The results are presented in Table 3.

Factors pH Catalyst concentration 
(g L-1)

H2O2 concentration 
(mmol L-1)

Decolorization 
efficiency (%)

Model 
projections 3.6 0.3 11 99.33

Model 
validation 4.0 0.35 13 99.59

Table 3 – Model validation.

4 |  CONCLUSIONS

A 23 CCRD followed by RSM approach was employed to explore the effect of pH, 
catalyst concentration and H2O2 concentration on the tartrazine dye decolorization 
by the photo-Fenton process catalyzed by Cu2FeSnS4. Catalyst concentration and 
H2O2 dosage showed a positive effect on tartrazine decolorization. The analysis of 
variance (ANOVA) revealed a consistent and reliable model with a good adjustment 
between the observed and predicted responses. The optimum experimental 
conditions achieved were tested in pH 4.0, with a catalyst concentration of 0.35 g L–1 
and a H2O2 concentration of 13 mmol L–1, that resulted in a decolorization of 99.59% 
of tartrazine. Therefore, Cu2FeSnS4 was proved to be a promising catalyst for the 
photo-Fenton process.
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