UFSM
R E G E T/ U F S M REGET, Santa Maria v.24, e22 2020

Revista Eletronica em Gestio, DO https://doi.org/10.5902/2236117040800
Educacao e Tecnologia Ambiental ISSN 2236-1170

Environmental Tecnology Submissdo: 27/10/19 Aprovacao: 21/11/19 Publicacao: 15/04/20

Decolorization and degradation of methylene blue by
photo-Fenton reaction under visible light using an iron-rich
clay as catalyst: CCD-RSM design and LC-MS technique

Descoloracao e degradacao do azul de metileno por reacao foto—Fenton sob
luz visivel utilizando uma argila rica em ferro como catalisador: planejamento
DCCR e técnica CLEM

Barbara Machado Zimmermann'
Enrique Chaves Peres'
Guilherme Luiz Dotto""

Edson Luiz Foletto'’

Abstract

In this work, an iron-rich bentonite was thermally modified at 200 °C and posteriorly used as a heterogeneous
catalyst in the decolorization and degradation of methylene blue dye (MB) by photo-Fenton reaction under
visible irradiation. The variables catalyst mass and pH were investigated in the reaction system, in order to
detect the optimal decolorization conditions using the response surface methodology (RSM) coupled with
Central Composite Design (CCD). Photodegradation of MB was analyzed by LC-MS technique. The results
indicated that the optimal conditions to obtain 94% of MB decolorization efficiency were pH of 2.4 and catalyst
mass of 0.02 g. It was also possible verify that the simultaneous combination of catalyst, hydrogen peroxide
and visible light in the reaction medium was primordial for the increasing MB decolorization efficiency. MB
degradation occurred partially at 180 min of photo—-Fenton reaction, since the presence of dye in the solution
was reduced, leading to its transformation into different intermediate products. Therefore, the catalyst used in
this work has demonstrated a great potential for the degradation of cationic dye, allowing its use in advanced
oxidation processes.
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Resumo

Neste trabalho, uma bentonita rica em ferro foi modificada termicamente a 200 °C e posteriormente utilizada
como catalisador heterogéneo na descoloracdo e degradacdo do corante azul de metileno (MB) pela reacéo
foto—-Fenton sob irradiacdo visivel. As variaveis massa do catalisador e pH foram investigadas no sistema de
reacao para detectar as condicOes ideais de descoloracdo usando a metodologia da superficie de resposta
(RSM) acoplada ao Delineamento Composto Central Rotacional (CCD). A fotodegradacao do MB foi analisada
pela técnica LC-MS. Os resultados indicaram que as condi¢des ideais para obter 94% de eficiéncia de
descoloracdo do MB foram pH de 2,4 e massa de catalisador de 0,02 g. Também foi possivel verificar que a
combinacao simultanea de catalisador, peroxido de hidrogénio e luz visivel no meio de reagado foi primordial
para o aumento da eficiéncia da descoloracdo. A degradacdo do MB ocorreu parcialmente aos 180 minutos de
reacao foto-Fenton, uma vez que a presenca de corante na solucao foi reduzida, levando a sua transformacgao
em diferentes produtos intermediarios. Portanto, o catalisador utilizado neste trabalho demonstrou um grande
potencial para a degradacao do corante cationico, permitindo seu uso em processos avancados de oxidacao.

Palavras-chave: Bentonita; Planejamento composto central; Superficie de resposta ; Azul de Metileno;
Fotodegradagdo; Foto—-Fenton
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1 Introduction

Organic dyes are considered potential contaminants in natural waters due its high
toxicity and recalcitrant character (NGUYEN and JUANG, 2013). The treatment of
wastewaters containing these contaminants by conventional techniques may be inefficient,
causing serious environmental problems (YONAR and KURT, 2017). Thus, novel methods are
being employed to control the wastewater contamination (MESQUITA et al.,, 2016). In this
context, advanced oxidation processes (AOPs) are attractive, since generate the hydroxyl
radical («OH), which is highly reactive and capable of degrading resistant organic pollutants
(WU et al.,, 2016; FRAIESE et al., 2019; GHOSH et al,, 2019; WAYHUNI et al., 2019). Among
these, the Fenton process has the low-operating cost and low toxicity of the reagents
(CINER, 2018). In Fenton processes, the *OH radicals are generated by the decomposition of
hydrogen peroxide on the surface of heterogeneous catalyst under acidic media (GUPTA
and GARG, 2018; WANG et al., 2014; MESQUITA et al., 2016; WANG et al., 2016). The «OH
radical has a high oxidation potential (E°= + 2.8 V) and it is produced according to the
following reactions (CASBEER et al., 2012):

Fe?* + H,0, > Fe3" + OH™
+ "OH )
Fe3* + H,0,
- Fe?* + H*
+ *00H 2
H,0, + *OH
- H,0
+ *00H 3)
Fe3* + "OOH
- Fe?* + H*
+ 0, 4)
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The combination of Fenton reaction with light (called photo-Fenton reaction)
produces a greater amount of «OH radicals (ALJUBOURY et al., 2017), according to the below

reactions, and consequently, it accelerates the reaction rate (SEVERO et al., 2016).

Fe3* + H,0, + hv

- Fe?t +*00H

+ H* (5)
Fe?* + H,0, + hv
— Fe3* 4+ °0H + OH™ (6)

Methylene blue (MB) has been chosen as model substrate in this work because this
cationic dye has been widely used in textile, pharmaceutical, leather, plastics, food and paper
industries, and also, in the medicine field (PANG et al., 2017; UYAR et al,, 2016; WU et al.,
2016). However, this dye is responsible for causing harmful effects to human health and
environment (ANFAR et al., 2017). It can cause eye permanent injury of humans and animals,
nausea, diarrhea, vomiting, respiratory distress and mental confusion (FAYAZI et al., 2016;
WU et al., 2016).

Bentonite clay is ubiquitous presence in most soils, and can present iron in its
composition, being that quartz and feldspar are frequent (ANDRINI et al., 2017; BELBACHIR
and MAKHOUKHI, 2017). This clay can exhibit excellent properties, as large specific surface
area, high cation exchange capacity (CEC) and low permeability, which gives it a wide
application as adsorbents and catalysts (BELBACHIR and MAKHOUKHI, 2017; ZONG et al.,
2015). The work of Zimmermann et al. (2019) showed an increase of the specific surface area
of these clays when subjected to thermal treatment at 200 °C.

In this work, thermally treated iron-rich clay was evaluated as heterogeneous catalyst
for the decolorization and degradation of methylene blue (MB) by photo-Fenton under
visible light. Effects of variables such as pH and catalyst mass on the decolorization of MB
were studied using Response Surface Methodology (RSM) based on Central Composite

Design (CCD) 2%, The evaluation of the photodegradation was by LC-MS under the same
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optimal condition found on the experimental design. The characterization of the catalyst was

investigated by techniques of XRD, BET, FTIR, XRF and SEM.

2 Material and methods

2.1 Thermal treatment of bentonite
A sample (5 g) of comminuted raw bentonite from Lages city (Santa Catarina State,

Brazil) was exposed at 200 °C for 24 h in air atmosphere.

2.2 Characterization techniques

X-ray diffraction (XRD) analysis of sample was carried out using a Rigaku—Miniflex 300
diffractometer, operated with CuKa (A= 1.54051 A), 30 kV, 10 mA, step size 0.03°, acquisition
time of 0.9 s by step and scan range of 26= 5 to 30°. N> adsorption—desorption isotherm of
the catalyst was obtained by Micromeritics ASAP 2020 equipment at 77 K. The specific
surface area and pore-size distribution of treated bentonite was analyzed by Brunauer—
Emmett-Teller (BET) and Barrett-Joyner—-Halenda (BJH) methods. Fourier transform infrared
(FTIR) spectroscopy was performed by the Shimadzu-IR Prestige 21 equipment.
Morphological characteristics of the sample were examined using scanning electron
microscopy (SEM; Jeol, JSM 6010LV). The chemical composition of the sample was obtained
by X-ray fluorescence spectrometry (XRF). X-ray fluorescence measurements were carried
out in a spectrometer (Bruker, S8 Tiger) with a Pd X-ray tube (maximum power 50 W).
Bentonite (50% wt.) was mixed with KBr (50% wt.) to form a pellet and this pellet was
submitted to the analysis. Blank test with only KBr was performed. The spectrum evaluation

was performed by Spectra EDX (Bruker AXS) software.

2.3 Reaction apparatus, experimental essays and analytical procedures

The experiments were conducted in a routine manner at ambient temperature (25 °C)
in batch mode. The solutions (V = 100 mL) of Methylene blue (Co = 50 mg L") were
magnetically stirred in the dark for 150 min until the establishment of adsorption equilibrium

between the catalyst and the dye solution. After, H,O> was added and the lamp
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(spiral compact fluorescent, Empalux/85 W) was turned on, keeping the solution under
stirring for 180 min. Finally, these samples were centrifuged and then analyzed using UV-vis
spectrophotometry. The photodegradation was evaluated to the optimum point of the
experimental design. The samples were centrifuged, filtered by syringe filter and had pH
adjusted to basic with 6 mol L' NaOH solution, to interrupt the reaction.

The decolorization of Methylene Blue (C16H1sN3SCl; 319.96 g mol™") was analyzed in
terms of absorbance reduction of the dye at Amax = 664 nm using an UV-visible
spectrophotometer (UVmini-1240, Shimadzu). The percentage of decolorization efficiency

(DE, %) was calculated through the Eq. (7):

DE, %

_ (1
- i) 100 (7)

Co
where: Cp is the initial concentration of MB and C is the concentration at a given time.
The photodegradation was determined by Liquid Chromatography coupled to Mass
Spectrometry (LC-MS) using an electrospray ionization mass spectrometer (Agilent
Technologies — 6460 Triple Quadrupole LC/MS) in order to verify the fragmentation of dye
molecules. The methodology of equipment operation and analytical conditions are

described by Zimmermann et al. (2019).

2.4 Experimental design

Two factors were chosen to observe its influence in the photo—-Fenton process (pH and
catalyst mass). The decolorization efficiency (DE,%) was chosen as response factor. A 2 CCD
was done, consisting of eleven experiments (in the case of kK = 2 variables more 3 at central
points). These variables were codified in five levels (-a, -1, 0, +1, +a), where o are the extreme
points with value of 1.41. The catalyst mass studied on experimental design varied from 0.01
to 0.02 g, and the pH, from 2.2 to 2.8. The initial concentrations of H.O, and MB were,

respectively, 7.2x103mol L™ and 50 mg L for all experimental assays.
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The pH values were stipulated according to the literature, i.e, between 2 and 3 (WANG
et al,, 2014), since that at a pH higher than 3 or below 2, the production of «OH radicals is
reduced (GUPTA and GARG, 2018; KWON et al., 1999; WANG et al,, 2016). The equilibrium
time was chosen from preliminary tests and the dye concentration, according to the
literature (MESQUITA et al, 2016; REDDY et al., 2013; ZHOU et al., 2015). The H.O:
concentration was calculated according to reaction stoichiometry (GOMEZ et al., 2016), since
at this way, the total conversion of MB to CO2 and H2O can occur. Table 1 demonstrates the

values of coded variables (pH and catalyst mass).

Table 1 — Experimental range and levels of process variables.

Independent Coded Levels
variables variables -1.41 -1 0 1 1.41
Catalyst mass (g) A 0.01 0.0115 0.015 0.0185 0.02
pH B 2.2 2.29 2.5 2.71 2.8

3 Results and discussion

3.1 Catalyst characterization

X-ray diffraction pattern (Fig. 1a) of catalyst sample shows a peak of the smectite at
20 = 5.6° and presence of quartz at 206 = 26°. The thermally treated bentonite presented a
surface area of 100 m? g~'. According to IUPAC classification, the isotherms shown in Fig. 1
(b) are of type IV, representing a predominantly mesoporous structure, confirmed by the
pore-size distribution (THOMMES et al., 2015). FTIR spectrum shown in Fig. 1c exhibits
absorption bands attributed to the stretching and bending vibrations of functional groups
of bentonite clay. These bands are located at 3450, 1650, 1030, 915, 795 and 520 cm™'. At
3450 and 1650 cm™, stretching and bending vibrations of the —~OH groups can be observed.
The Si—-O-Si bond stretching in the tetrahedral sheet of the material can be verified in 1030
cm™™. At 915 cm™, the AI-OH group can be also observed. According to Zimmermann et al.
(2019), bands at 795 and 520 cm™ are relative to the bending of Si-O (quartz) bonds and
Si—-O-Al bonds, respectively. Fig. 1d shows the SEM image of treated bentonite sample,

whose particles present irregular sizes and shapes. From XRF analysis, the chemical
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composition (wt.%) of sample was: 55.56 (SiO), 25.05 (Al203), 9.75 (Fe203), 1.37 (MgO), 1.55

(P20s), 1.08 (TiO2), 0.33 (K20), 0.11 (Na20), 0.07 (Ca0), 0.02 (MnO), and 5.11 (loss on ignition:

sample calcined at 900 °C). Therefore, the sample has a considerable iron content expressed

in terms of Fe>O3 (about 10 wt.%).

Figure 1 — (a) XRD, (b) N2 adsorption—desorption isotherms and pore-size

distribution (inset), (c) FTIR spectrum and (d) SEM image of the catalyst particles.
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3.2 Decolorization by photo-Fenton

The experimental and predicted values on the CCD for the decolorization efficiency are

provided in Table 2, with a confidence level of 90 %. The observed values ranged between

61-92% and are in good agreement with the predicted values (58-93%), as shown in Fig. 2.

The test 9 obtained a better decolorization result, because the catalyst mass used was the

highest of the others studied, causing the increase of the contact between the catalyst and
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the dye for the occurrence of the photo-Fenton reaction. Moreover, Fig. 2 shows any
tendency on data acquisition.

Pareto Chart demonstrated in Fig. 3 shows that all variables, with exception of the
interaction 1Lby2L, were significant. The values estimated for the isolated effects show the
strong linear influence of catalyst mass (A) (16.8) in relation to pH (B) linear influence (-3.15).
The positive signal value of catalyst mass represents that increases in this factor cause
elevation on decolorization efficiency, but, the negative value of quadratic term represents
the presence of equilibrium in a specific catalyst concentration (0.02 g). In relation to pH, the
negative values of linear and quadratic effects, with low values in relation the catalyst mass,
meaning that the pH has a negative effect with a lower contribution in decolorization
efficiency. Equation 8 represents the model adjusted to the data, which was obtained

through the CCD methodology for the decolorization efficiency (DE) of methylene blue.

DE(%) = 83.34 + 1234 A — 3.744 A®> — 2,321 B — 3,241 B* (8)

where, A represent the catalyst mass and B represent the solution pH.

Table 1 — Experimental design matrix, experimental runs, and predicted values of

efficiency decolorization of MB by photo-Fenton process.

Dependent variable
Coded variables
Run Decolorization efficiency (%)
A B Observed Predicted
values values

1 -1 -1 62 66
2 1 -1 91 91
3 -1 1 62 62
4 1 1 88 86
5 0 0 81 83
6 0 0 84 83
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7 0 0 85 83
8 -1.41 0 61 58
9 1.41 0 92 93
10 0 -1.41 83 80
11 0 1.41 72 74

Figure 1 — Predicted versus observed values for the MB decolorization efficiency by

photo-Fenton process as a function of pH and catalyst mass.
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The correlation AB between mass catalyst and pH was not significant, as shown in the
Pareto chart. The values of coefficient of determination (R% and adjusted determination

coefficient (R%q) were 0.9655 and 0.9453, respectively.

(Continue...)
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Figure 2 — Pareto Chart showing the influence of catalyst mass and pH (linear (L) and
quadratic (Q)) on the MB decolorization efficiency

(1) Catalyst mass(L)

(1) Catalyst mass(Q)
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Another important factor to verify the viability of the model was to calculate the F value

through the ANOVA (Analysis of Variance) method. ANOVA results represent the

significance and contribution of each process parameter evaluated, where p values for each

linear, interaction or quadratic model components were compared.

Table 2 — ANOVA results for CCD design.

Sum of Degree of Mean

squares (SS) | freedom (DF) |square (MS) p-value Fmodel
A (L) 1222 1 1222 0.004 43.10
A(Q 78.54 1 78.54 0.051
B (L) 42.96 1 42.96 0.088
B (Q 58.85 1 58.85 0.066
Residual SS 48.79 6 8.13
Total SS 1420.18 10
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The results presented in Table 3 indicate that the most important term is catalyst mass
linear (A(L)). All parameters present a p—value minor than 0.1, with a significance level of
10%, discarding A in relation B with the Pareto Chart, to calculating F-value. Moreover, the
signs of these terms can be provide physical significance to the obtained results. For
instance, larger A (catalyst mass) values would also result in a higher decolorization
efficiency, demonstrating the importance on the photo—Fenton reaction. The calculated F
was equivalent to 43.10 and the F tabulated to 3.18, confirming that the model is predictive
and significant.

Thus, with the statistically validated model, it was possible to construct the response
surface for the decolorization efficiency of methylene blue dye. The response surface (Fig. 4)
described by Eqg. (8) suggests that higher percentages of decolorization efficiency can be
obtained using pH = 2.4 and catalyst mass = 0.02 g. The major effect was the catalyst mass,
where the best result of decolorization was on maximum catalyst dosage, proving the
positive effect of linear term. Therefore, increasing catalyst mass causes greater dye
degradation. In the curve, the pH effect is very small, with negative signal effect to influence
the decolorization efficiency, in view of the fact that the best results are obtained on lower

values of pH.

Figure 3 — Response surface for the MB decolorization efficiency as a function of

catalyst mass and pH
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Optimized experiments were realized to verify the effect of absence of catalyst, H20>
concentration and absence of visible light on the MB decolorization. The results are shown
in Table 4. In absence of catalyst (H20. /visible light system), low decolorization of 5.3 % was
observed. Moreover, other parameters as H.02 concentration and visible light showed a
great impact on decolorization efficiency, 37% and 36%, respectively. Therefore, higher
decolorization efficiency of MB dye was observed from the combination of the hydrogen
peroxide, catalyst and light source (photo-Fenton system). This same result was obtained in
the statistic model (Eq. 8). Therefore, the experimental data prove that the decolorization

efficiency obtained by the model is similar to the generated on the statistical analysis.

Table 3 - Influence of different conditions on the decolorization process.

Parameters Decolorization
efficiency (%)
Photo-Fenton 93.9
Catalyst + visible light 37
Fenton (H2O; + 36
catalyst)
H>O> + visible light 53

3.3 Photodegradation

The mass spectrum showed in Fig. 5 presents the possible intermediate structures
formed during the photodegradation of the Methylene Blue dye. From Fig. 5, the peak in
m/z = 284 corresponds to molecule of MB dye. However, the chlorine mass of the structure
was not accounted in the spectrum due to the fact that it rapidly ionizes in the solution. The
reduction of the presence of the contaminant and its oxidation can be confirmed because
the intensity of this signal reduced throughout the reaction and new intermediates were

formed.

(Continue..))
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Figure 4 — Possible intermediates formed during the photo-Fenton reaction of MB

under visible light using an iron-rich clay as catalyst.
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Fragmentation of the molecule may have resulted in the formation of possible
intermediates represented by mass peaks m/z = 252, 227, 152, 130, 90 and 64. At m/z = 252
and 227, the breakage of N-CH3 bonds was detected, while the central ring opening
generated the peaks at 152 and 130. In the peak m/z = 90 (phenylamine), there was loss of
the —N-dimethyl structure, which was attached to the aromatic ring. Finally, mass 64 was
attributed to the formation of sulfur dioxide. Thus, under the conditions studied, it can affirm

that the partial degradation of the Methylene Blue occurred.

4 Conclusions

It was studied the decolorization and degradation of methylene blue by photo-Fenton
reaction under visible light using an iron-rich clay as catalyst. CCD-RSM design and LC-MS
techniques were used. Through the CCD, it was possible to optimize the operational

conditions, which were pH of 2.4 and catalyst mass of 0.02 g. Under these conditions at 180
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min of reaction, 94% of decolorization efficiency was obtained. The combination of catalyst,
hydrogen peroxide and visible light (photo—Fenton reaction) was paramount for increased
degradation. The study by mass spectrometry confirmed that the mechanism of degradation
occurred via the photo-Fenton system. Thus, under the conditions studied, a remarkable
capacity of iron-rich bentonite used as a heterogeneous photo-Fenton catalyst for the

decolorization and degradation of MB dye was observed.
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