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Abstract

The contamination of water resources due to the presence of persistent organic pollutants, such as dyes, is a cause for concern,
since these substances are resistant to conventional treatments adopted in wastewater treatment plants. In this context, the
present work evaluated the degradation of the dye AV 17, used in sanitizing industries, through different advanced oxidation
processes (AOP). AOP of photoperoxidation, Fenton and photo-Fenton were employed. It was found that the photoperoxida-
tion/UV-C system was more efficient in the treatment of the dye, reaching degradations of 68.27%, 88.16% and 99.35% for
the characteristic wavelengths of 254, 307, 548 nm, respectively. The Fenton process and the photo-Fenton/solar system,
especially with natural solar irradiation, only managed to promote the discoloration of the solution by degrading the chromo-
phore group. The kinetic study indicated a better adjustment of the experimental data to the pseudo-first order model, with
R%> 0.94 for the mentioned AOP. The modeling by ANN allowed to predict the degradation of AV17 through an MLP 5-6-3
BFGS 297 type network, with R? values higher than 0.9864 for training, testing and validation. Toxicity tests with Lactuca
sativa seeds showed that the treatment via photoperoxidation/UV-C and photo-Fenton/solar led to a reduction in the toxicity
of the solution contaminated by the dye. However, for the solution treated by Fenton process, toxicity was observed.
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Introduction

The growing development and expansion of the industrial
sector in the last decades are factors that concern the world
scientific community regarding environmental issues. If, on
the one hand, this growth has promoted an improvement
in the quality of life of the population, on the other hand
it is responsible for the high production of tailings, espe-
cially through the disposal of industrial effluents (Kumar
et al. 2019). These effluents are complex matrices, whose
composition is rich in persistent organic pollutants (POP),
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which are difficult to remove through conventional physi-
cal-chemical and biological treatments (Brillas 2020; Ertu-
gay and Acar 2017). Therefore, studies have been carried
out to develop viable and effective technologies for the treat-
ment of such waste, to minimize the environmental impacts
caused to aquatic bodies (Brillas 2020; Korpe et al. 2019,
Pavithra and Jaikumar 2019).

Textile, food and cosmetics industries stand out for the
generation of effluents contaminated by chemical dyes,
applied in their production process (Pavithra and Jaikumar
2019). The presence of these compounds in water bodies
causes several environmental damages, due to the high toxic-
ity (Jain and Gogate 2017), carcinogenic/mutagenic effect
(Navarro et al. 2017, Golka et al. 2004) and low biodegra-
dability (Martins, Rossi and Quinta-Ferreira 2010). In addi-
tion, these substances impart color to the water bodies, caus-
ing damage to the photosynthetic activity of the environment
(Jain and Gogate 2017).

In this context, the advanced oxidation processes (AOP)
have been consolidated as POP treatment technology, like
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dyes, especially textiles (Ramos et al. 2020; PaZzdzior et al.
2019; Kumar et al. 2019; Santana et al. 2019a, b) and food
(Junior et al. 2019; Santos et al. 2019; Alvarez et al. 201 1).
However, little has been said about its application for the
degradation of dyes aimed at the sanitizing industry. In this
industrial branch, household cleaning products are manufac-
tured, such as bleach, detergents and soaps, which contain
coloring substances in their formulation, as defined by the
Brazilian Health Regulatory Agency (Brasil 2019). Thus,
the industrial effluents discarded by this type of industry also
deserve attention regarding the presence of such compounds.

For degradation of these compounds, the AOP use highly
reactive radicals, such as hydroxyl radicals, obtained from
oxidizing agents, such as ozone (O;) and hydrogen perox-
ide (H-,0,) (Elkacmi and Bennajah 2019). Obtaining these
radicals is often promoted by the presence of ultraviolet
(UV) and visible radiation (Pavithra and Jaikumar 2019).
The use of radiation associated with the oxidizing agent has
generated better degradation results, when compared to the
isolated photolysis technique, as observed by Elkacmi and
Bennajah (2019).

When these hydroxyl radicals are obtained from the
decomposition of H,0, in the presence of radiation, the pro-
cess is called photoperoxidation (Utzig et al. 2019). Among
the most used AOP there is the Fenton reaction, whose
action of the oxidizing agent occurs under Fe™? ion cataly-
sis, obtained from ferrous salts, and under acidic conditions
(Lastre-Acosta 2019). This process has some advantages,
such as not requiring a radiation source for the activation of
the oxidizing agent (Kumar et al. 2020a, b). The Fenton pro-
cess can be photo-assisted, being then called photo-Fenton.
The combined use of Fenton’s reagents with radiation has
often led to better degradation results as observed by Kumar
et al. (20204, b), Santana et al. (2017) and Abo-Farha (2010).

Despite aiming at the complete reduction of POP to CO,,
water and inorganic salts, AOP can also lead to the forma-
tion of intermediates whose toxicity may be higher than
that of the original compounds (Fernandes et al. 2018; Nas-
cimento et al. 2018; Ferrando-Climent et al. 2017; Stalter
et al. 2010). Thus, it is necessary to assess the toxicity of the
solutions that undergo these treatments. Some authors have
carried out this analysis through the use of seeds, adopted
as bioindicators, since it is a sensitive, simple and low-cost
technique (Santana et al. 2019; Utzig et al. 2019).

In addition, the different AOP can also be studied in
terms of reaction kinetics, to obtain a better understand-
ing of the functioning of the process as a whole. The suc-
cessive chemical reactions that comprise these processes
present behavior that can be evaluated through previously
developed models. These models present the degradation
kinetics as a function of variables such as concentration
of the degraded compound, pH, dosage of oxidizing agent
and catalyst (Chan and Chu 2003). The degradation of
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organic compounds by AOP follows, in general terms, a
nonlinear model of pseudo-first order, but first and sec-
ond order linear models are also applied, since they pre-
sent good adjustment to experimental data (Santana et al.
2019b).

In addition to the kinetic study, the experimental data can
also be adjusted through the use of empirical mathematical
models, such as the artificial neural networks (ANN). ANN
modeling uses the experimental data to make predictions
regarding the efficiency of the process (Bastiirk and Alver
2019; Charamba et al. 2018). Its application in the study of
the degradation of organic pollutants by AOP has proved to
be useful, in particular due to the complexity of the param-
eters that influence these processes (Monteiro et al. 2018).

Given the above, the present study aimed to evaluate the
efficiency of photoperoxidation, Fenton and photo-Fenton
AQP in the degradation of the acid violet 17 (AV17) in
aqueous solution, under different radiation sources. The
degradation kinetic of the dye was also evaluated, verify-
ing the suitability of the experimental data from the process
to kinetic models. In addition, simulations using artificial
neural networks (ANN) were also carried out to establish
a type of network capable of predicting the degradation of
the dye under different conditions. Finally, the toxicity of the
solution was evaluated before and after treatment.

Experimental

Identification and quantification of the acid violet
17 dye

For the study of the degradation of acid violet 17 (AV17),
a working solution was prepared with a concentration of
20 mg L~! of the compound. Abid et al. (2012) determined
the concentration of dyes in a real effluent as being in the
range of 20-50 mg L~!. In textile effluents, these values
are reported over a wide range, with variations from 10 to
800 mg L~! (Yaseen and Sholz 2019). Considering that the
dye under study comes from sanitizing industries, in which
there is less use of these substances, the value adopted as the
initial concentration (20 mg L™!) is representative.

A spectral scan by ultraviolet/visible spectrophotometry
(Thermoscientific, Genesys 10S model) was performed, to
determine the characteristic wavelengths (A) for the dye,
for which the degradation was monitored. From this, ana-
Iytical curves were constructed, with a linear range of 1 to
100 mg L~". For each of the curves, the values of the cor-
relation coefficients of the analytical curves were determined
(r) and the coefficient of variation (CV) was calculated, all
according to the National Institute of Metrology Standardi-
zation and Industrial Quality INMETRO 2016).
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Preliminary study of advanced oxidative processes
for dye degradation

The working solution was subjected to a preliminary study
whose objective was to define the most efficient AOP for
the degradation of the dye. For such, 50 mL of this solu-
tion were subjected to photoperoxidation, Fenton and
photo-Fenton treatments, for a period of 60 min. In all pro-
cesses, a concentration of hydrogen peroxide (35% Scien-
tific Exodus), of 100 mg L~! was used. For the Fenton and
photo-Fenton processes, a concentration of iron ([Fe]) of
5 mg L~! was applied, obtained from FeSO,-7H,O (Vetec)
and the pH was adjusted to the 3—4 range, considered the
optimum pH range to the Fenton reaction (Deshannavar
et al. 2020), from a H,SO, 0.1 mol L™! solution. Santana
et al. (2019) also observed that this pH range is ideal for
the degradation of textile dyes by the Fenton process.

In this study, the influence of the radiation source was
also evaluated, for the photoperoxidation and photo-Fenton
processes, using bench reactors equipped with UV-A and
UV-C radiations, described by Charamba et al. (2018) and
Zaidan et al. (2017), respectively, as well as one equipped
with sunlight radiation (Santana et al. 2017). The luminous
intensity inside the reactors was measured with the aid
of a radiometer (Empérionet), with the values been of:
1.82%x107* W cm™2 (UV-A) and 1.42x 10° W cm™2 (UV-
C). As regarding the sunlight reactor, the photo emission
was 8.96x 10™* W c¢cm™2 in the UV-A range, 5.90 x 10~
W cm™2 in the UV-B range and 13.8 W cm™2 in the visible
light range.

Optimization of working conditions

After defining the most efficient treatments, the best oper-
ating conditions were determined for each case. To this
end, a univariate study of the [H,0,] was done, varying it
by: 40, 50, 60, 70, 80, 90 and 100 mg L.

The Fenton process, without the use of radiation, had its
operational conditions optimized by carrying out a facto-
rial design (FD) 23 with a central point in triplicate. The
variables evaluated for this process were: [Fe], [H,0,] and
pH. The levels adopted as minimum, central and maximum
for these parameters were 1, 3 and 5 mg L~ 40, 80 and
120 mg L™" and 2, 3 and 4, respectively. The construc-
tions of the Pareto chart and the response surface were
made using the Statistica 6.0 software. The answer used
to evaluate the efficiency of the processes was the percent-
age of degradation in each of the characteristic A, with the
exception of the FD in which the chromophore group was
monitored only. All tests were conducted for 60 min.

Kinetic study of the degradation of the dye AV17
and determination of the residual H,0,

After determining the best working conditions for the most
efficient processes, tests were carried out to monitor the
degradation kinetics of the AV17 dye. For this, 1L of the
working solution was submitted to each of the selected treat-
ments, with 3 mL aliquots being removed at 0, 5, 10, 15, 20,
25, 30, 40, 50, 60, 90 and 120 min. The data obtained were
interpreted according to the linear kinetic models of first
and second order, described in Egs. 1 and 2, respectively
(Santana et al. 2019b).

c
ln<a)> = —k,t 0

+k, -t )

1_1
C G,
where k; and k, are the kinetic constants of the respective
models; C (mg.L™") is the concentration of the pollutant
at a given time t (min); and C,, (mg L) is the initial con-
centration of the pollutant in the solution. The nonlinear
kinetic model of pseudo-first order proposed by Chan and
Chu (2003) was also tested (Eq. 3).

C -t
Co p+ot

3

In this model, 1 (min~") and 1 (dimensionless) represent
the kinetic constant and the oxidative capacity of the system,
respectively. After the experiments for the kinetic study, an
additional analysis of the residual hydrogen peroxide con-
centration in the solution was performed. This was deter-
mined by the colorimetric method, using test strips of H,0,
(Merck), in the range of 0 to 25 mg L.

Artificial neural network modeling

The mathematical modeling applying artificial neural net-
works (ANN) was simulated to predict the degradation of
the AV17 dye, in three different A, (254, 307, 548 nm),
with the output parameters being the percentage of deg-
radation in each one of these A. The following parameters
were used as input parameters for the tested ANN: [Fe],
pH, [H,0,], time and photon emission. To build the ANN,
a multilayer percepton (MLP) configuration was used, the
propagation signal being carried out through the neurons
distributed in it, as well as in the hidden layer and its
output. The sampling method was randomized with data
divided into 70%, 15% and 15% for training, testing and
validation, respectively. The ANN was trained using 200
iterations and 10 repetitions, totaling 2000 iterations. The
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data obtained for the different networks evaluated were
analyzed based on the values of the linear regression coef-
ficients (R?) and their errors for both training, testing and
validation.

Toxicity tests using seeds

The evaluation of seed toxicity was made based on the meth-
odology proposed by Santos et al. (2019). For this, lettuce
seeds (Lactuca sativa) were exposed to the working solu-
tion before and after treatments, for an incubation period of
120 h, in the absence of light and at a temperature of 25 +
1 °C. The tests were performed by placing 20 seeds in Petri
dishes, using filter paper as a support. For each test, 4 mL
of the mentioned solutions were used, as well as the nega-
tive (distilled water) and positive (3% boric acid solution)
controls. All analyzes were performed in triplicate.

After the incubation period, the germinated seeds were
counted and the root growth was measured to calculate
the relative growth index (RGI) and the germination index
(GI), as determined based on Eqgs. 4 and 5.

RLS
RGI = =
RLC @)
RLS X GSS x 100
GI(%) =
(%) RLC x GSC )

where RLS corresponds to the total length of the root in the
sample; RLC, to the total length in the control; GSS, the
number of seeds germinated in the sample; and GSC, the
number of seeds germinated in the negative control (Young
et al. 2012).

Results and discussion
Identification and quantification of the AV17 dye

After spectral scanning, from 200 to 700 nm, using the ultra-
violet/visible (UV/Vis) spectrophotometry technique, it was
possible to obtain the spectrum for the dye AV17 (Supple-
mentary material). The characteristics wavelengths (A) of
254 and 307 nm (auxochromes), and 548 nm (chromophore
groups) were identified. Therefore, for each of these A ana-
lytical curves were constructed, which showed good linear-
ity, with Pearson correlation coefficients (r) greater than 0.99
(INMETRO 2016). In addition, it was found that the method
used is accurate, since it presented a coefficient of variance
value of less than 5% (Brasil 2003), for all A analyzed.
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Preliminary study of advanced oxidation processes
for dye degradation

With the methodology for the identification and quanti-
fication of the dye under study, next step was testing the
degradation of the AV17 dye. The results obtained for the
preliminary study to evaluate the efficiency of the photolysis
process, as well as the photoperoxidation AOP, Fenton and
photo-Fenton, are shown in Table 1.

From the results presented in Table 1, it is possible to
state that the photolysis process did not show good results
for any of the radiation used, leading to low or no degra-
dation of the AV17 for all A under study. As described by
Elkacmi and Bennajah (2019), the isolate use of radiation
without association with oxidizing agents, has been shown
to be inefficient in the degradation of persistent organic
pollutants.

For photoperoxidation and photo-Fenton AOP, it appears
that the use of UV-C radiation led to the best results, with
degradation being observed for all A monitored. Among
the AOP, the photoperoxidation process deserves to be
highlighted, promoting a high degradation of the chromo-
phore group, as well as of the group observed at 307 nm,
in addition to a partial degradation of the group observed
at 254 nm. The photo-Fenton AOP using sunlight radia-
tion promoted 100% degradation of the chromophore group
under the applied conditions. However, this type of treatment
was not able to degrade auxochromes. With regard to the
Fenton process, it was also able to degrade the chromophore
group, being, therefore, satisfactory only for the process of
discoloration of the AV17, since it was inefficient for the
other A evaluated. The use of UV-A radiation did not lead to
good results for any of the studied AOP. This behavior may
be due to the fact that the production of hydroxyl radicals
by decomposition of H,0, occurs mainly in the range 200

Table 1 Preliminary study to evaluate the efficiency of the AOP in
the degradation of dye AV17

AOP Radiation Degradation (%)
254 nm 307 nm 548 nm
Photolysis UV-A ND ND ND
UV-C ND ND 9.62 +2.02
Sunlight ND ND ND
Photo-peroxi- UV-A ND ND ND

dation

UV-C 65.88+3.63 98.81+0.12 99.55+0.07
Sunlight ND 30.53+4.88 68.46+6.96
Fenton - ND ND 99.25+0.01
Photo-Fenton ~ UV-A ND ND 96.30+0.08
UV-C 16.97+1.94 16.80+0.99 97.17+3.92
Sunlight ND 1.69+3.66  100.00
ND no degradation
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to 300 nm, lower than the range of A corresponding to UV-A
radiation, which would explain the inefficiency observed for
the submitted AOP to this radiation (Aradjo et al. 2016).

Thus, in general, the most efficient AOP for the degrada-
tion of the AV17 dye under the conditions employed was the
photoperoxidation, using UV-C radiation. The photo-Fenton/
UV-C treatment also showed good results, especially for the
degradation of the chromophore group observed at 548 nm.
However, as the color degradation was also satisfactory for
the Fenton and photo-Fenton/sunlight processes and in view
of the advantageous possibility of dispensing with the use of
artificial radiation for the first case (it does not require radia-
tion) and for the second case (the use of natural solar radia-
tion, extremely available in northeastern Brazil), these AOP
were selected for further studies. Thus, in the next step, the
3 processes, photoperoxidation, Fenton and photo-Fenton/
sunlight, were evaluated to determine the best experimental
conditions for treating the dye.

Optimization of the working conditions

For the photoperoxidation/UV-C and photo-Fenton/sunlight
processes, a univariate study was carried out to determine
the ideal [H,0,] to be used in the AOP (Fig. 1).

As shown in Fig. la, the concentration that led to the
highest percentage of degradation of AV17 through photop-
eroxidation/UV-C was 80 mg L™, In this case, the AOP led
to degradation rates of 68.27%, 88.16% and 99.35% for the
A of 254, 307 and 548 nm, respectively. It is also possible to
verify that from this amount of oxidizing agent, the degrada-
tion of AV17 became less efficient. As described by Martins
et al. (2010), when present in excess, H-,0,, acts as a scav-
enger of hydroxyl radicals, being, therefore, responsible for
the reduction of the degradation percentages, as observed.
Kumar et al. (2020) observed this same effect when evaluat-
ing the influence of [H,0,] in the degradation of a mixture
of dyes by the Fenton process under heterogeneous catalysis.

From Fig. 1b, it is possible to conclude that the limit-
ing value of [H,0,] in the photo-Fenton/sunlight process
is 60 mg L~!. In these conditions, the AOP promoted a
degradation of 1.67%, 21.82% and 98.75% for the A of:
254, 307 and 548 nm. However, the percentages obtained
for this concentration did not show significant differences
when compared to those obtained for the concentrations of
40 and 50 mg L. For a [H,0,]=40 mg L', the degrada-
tion percentages obtained were 0.93%, 20% and 98.41%,
for the respective A. Therefore, the lower concentration of
oxidizing agent was chosen for further studies, to reduce the
costs associated with the process.

For the photo-Fenton/sunlight AOP, an additional study
was carried out to compare the performance of the process
when employing natural solar radiation. For this, the best
working conditions defined for the sunlight radiation were
adopted ([Fe]=5 mg L~ and [H,0,] =40 mg L'l). The
experiment was carried out from 11 am to 12 pm, with a
photon emission range of 4.08:107 to 1.65-10> W-m~2. The
degradation percentages obtained for both types of radiation
are shown in Fig. 2.

As already observed in the preliminary study, different
percentages of degradation were obtained for each charac-
teristic wavelength, with a greater decrease in concentration

100, 77/ Sunlight
~ Natural solar
5 80
£ 60
=
T 40;

-
&
A 204
o

0,
254 nm

307 nm
Wavelength

548 nm

Fig.2 Percentage of degradation of the dye AV17 observed for the
photo-Fenton process, comparing the use of sunlight and natural solar
radiation

Fig. 1 Univariate study of the 1004 a a N A A A 100 &+ . i
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observed for the chromophore group (548 nm). However,
Fig. 2 shows that the use of natural solar radiation, when
compared to artificial sunlight radiation, in the treatment via
photo-Fenton led to higher degradation rates for all these A.
Thus, it becomes advantageous to substitute the use of artifi-
cial radiation for natural, especially in view of the high avail-
ability of this source in Northeast Brazil, where the experi-
ments were carried out. The energy cost associated with
the operation of the bench reaction equipped with sunlight
radiation, in addition to the cost related to the design and
construction of the reactor, whose lamp costs about $59,63
(Osram, 300 W), make the treatment process more costly
when compared to the use of natural solar radiation.

As defined by Companhia Elétrica de Pernambuco
(CELPE 2019), the average cost of kW-h is $0.136 for units
belonging to the B3 group, as in the case of the Federal
University of Pernambuco. Thus, the energy cost associated
with the sunlight reactor is $0.0408-h~", for a reactor whose
dimensions allow the degradation of a maximum of 1 L per
residence time. As for the reactor equipped with UV-C radia-
tion, used in the photoperoxidation AOP, this expenditure
is about $0.012-h~!, while the cost associated with obtain-
ing the radiation source is around $57.90 (3 lamps, Phillips,
30 W). Therefore, natural solar radiation was used for the
photo-Fenton treatment in the later stages.

It is worth noting that the pH adopted for the process
was maintained in the 3—4 range as defined preliminary,
this range being considered the ideal pH of the Fenton reac-
tion (Lastre-Acosta et al. 2019). In addition, as reported
by Babuponnusami and Muthukumar (2013), at a higher
pH there is less availability of the free ferrous ions to
catalyze the formation of oxidizing radicals, due to ferric
hydroxide precipitation, in addition to the formation of

iron oxyhydrates. These constitute a less active form of the
catalyst, thus resulting in a decrease in the efficiency of the
treatment.

For the Fenton AOP, the multivariate study of the param-
eters of greatest influence in the process (pH, [Fe] and
[H.,O,]) led to the construction of a Pareto chart (Fig. 3a).
The observation of a significant influence of the interaction
effects between pH and [Fe] was interpreted according to the
surface graph obtained statistically (Fig. 3b). It is worth not-
ing that the FD 23 with a central point was performed by the
exclusive monitoring of the degradation of the chromophore
groups (548 nm).

Figure 3a shows that the main effects [Fe] and pH and
the interaction of these variables proved to be statistically
significant for 95% confidence. It is also observed through
the analysis of Fig. 4b that the increase in the values of these
variables together results in higher percentages of degra-
dation. The statistical evaluation also allows to affirm that
the pH adopted for the treatment of the AV17 dye solution
may be the closest to the natural pH of the working solu-
tion (pH 4), without reducing the efficiency of the treat-
ment. This has the advantage of lesser use of reagents, as
well as a more suitable condition for disposal in aquatic
bodies. Thus, the best operating conditions for degradation
of the AV17 chromophore group by the Fenton process are
[H,0,]=40 mg L™!, [Fe]=5 mg L™! and pH 4, that pro-
moted a color decay of 98.89%.

Having the best operating conditions for each of the three
AOP evaluated, it was possible to define the cost associated
with the reagents used to treat the solution contaminated by
the dye. For the AOP that use Fenton’s reagent, this value is
about $0.77 per m> of treated solution. As for the photoper-
oxidation, the cost associated with the use of the oxidizing

% of degradation

> 100
<100
<95
<90
<85

L[l [ ]

(1)[Fe) 66,0845
(3)pH |24,21 153

13 ]-23.7828

12 l 4,180152

(2)[H;0,) -2,7034

23 1,2321928

1°2'3 |-1,§‘|3138
p=(;.05

Estimate of effects (absolute value)

(a)

Fig.3 Statistical analysis of the degradation of AV17 by the Fenton Process (A=548 nm): a Pareto Chart, b response surface interaction pH vs

(Fe]
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agent is $0.95 per m? of treated solution, higher than the
other processes, since it required a greater concentration of
hydrogen peroxide.

Kinetic study of the degradation of the dye AV17
through different types of AOP

For the photoperoxidation/UV-C AQOP, the kinetic study
was performed with monitoring of all characteristic A. The
experimental data were first adjusted according to the first
and second order models (Fig. 4).

Figure 4 shows that the second order model better rep-
resented the reaction kinetics when compared to the first
order model, since it presented the highest linear regres-
sion coefficients (R?). Santana et al. (2019b), when evaluat-
ing the degradation kinetics of dyes by the Fenton process,
also observed that the degradation reactions were better
described by the second order model. Figure 4b shows that
the model described the degradation kinetics of the aux-
ochromic groups observed at 254 nm, with R?>0.99. For the
discoloration kinetics, (in A =548 nm), none of the models
presented good linearity. In addition to these, the nonlinear
model of pseudo-first order was also tested for kinetic study
of the degradation of the dye AV17 (Fig. 5).

As shown in Fig. 5, the degradation kinetics of the
AV17 by the photoperoxidation/UV-C adjusted to the pro-
posed model, with a regression coefficient (R?)>0.90 for
all cases. It appears that this model better represents the
decay of the concentration of the dye in relation to the lin-
ear models previously presented. The kinetics parameters
of the model, ,1‘, and i, represent the reaction kinetics and
oxidative capacity of the system, allowing to estimate the
initial decay rate observed in the monitored A. Knowing
this, it can be said that the discoloration kinetics, evalu-
ated through A =548 nm, presented a faster trend than the
degradation of the compounds associated with the other A.

Fig.4 Degradation kinetics of 01s
AV17 by photoperoxidation/

UV-C according to models of: a

first order, b second order -2 4

In(C/C,)

A similar result was obtained by Santana et al. (2019a, b)
when studying the degradation of textile dyes using AOP.
In this study, it was observed that the concentration decay
observed in the chromophore group occurred more quickly
than for the A that represent auxochromes or aromatics
groups present in the dye mixture.

For the Fenton and photo-Fenton/Solar processes, the
kinetic study was also carried out, with the aforementioned
models being tested. The decay of the concentration of
the chromophore group for the Fenton and photo-Fenton
processes is shown in Figs. 6 and 7, respectively.

By analyzing Figs. 6 and 7, it is verified again that the
pseudo-first order model is the one that best describes the
reaction kinetics, presenting R>> 0.90 for both AOP. None
of the linear models presented a good fit to the experimen-
tal data. Regarding the processes presented, Fenton led
to a much slower degradation of the chromophore group
(observed at A =548 nm), with a rate of speed (1/p) lower
than that observed for the photo-Fenton/solar. Through
this process, the chromophore group underwent almost
complete degradation in the first reaction minutes, simi-
larly to what was observed for the treatment by the pho-
toperoxidation using UV-C radiation.

At the end of the kinetic study, an additional test was
performed to determine the residual concentration of the
oxidizing agent after treatment via photoperoxidation/
UV-C, Fenton and photo-Fenton/solar. The residual [H,0O,]
obtained were in the ranges of 0.5 mg L™! to 2 mg L~!
(photoperoxidation/UV-C), 2 mg L™! to 5 mg L™! (Fenton)
and 0 to 0.5 mg L™~ (photo-Fenton/solar). This shows
that the [H,0,] used largely consumed over the 120 min
reaction, for each AOP studied. The presence of these
quantities at the end of the process also indicates that the
degradation reaction was not interrupted by the total con-
sumption of the oxidizing agent.
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Fig.5 Degradation kinetics of 1.0 1 1.0 1 .
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Artificial neural network modeling

Since a good degradation of the dye AV17 was verified in
relation to the different AOP, a mathematical evaluation
was carried out using artificial neural network (ANN). In
this study, data from the Fenton, photo-Fenton and pho-
toperoxidation processes were included. For this, when
the treatment did not use any variable, a value of 0 was

@ Springer

assigned, such as, for example, the emission of photons =0
for the Fenton AOP. The descriptive statistics of the five
variables used in ANN are contained in Table 2.

Through the analysis of Table 2, it was possible to pre-
dict a degradation of the group referring to 254 nm equal
t0 99.51%. For the A of 307 and 548 nm, the ANN shows
that it is possible to obtain a degradation of 100% of these
groups.
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Optimizing the ANN topology is probably the most
important step in model development. In the present work,
a three-layer posterior propagation neural network (5-6-
3) was used to model the degradation of the dye AV17, in
its characteristic A (254, 307 and 548 nm). In Fig. 8, the

Fig.7 Kinetics of the AV17 dis-

diagram of the ANN MLP 5-6-3 BFGS 297 architecture can
be observed, which presented better adequacy, managing to
represent the treatment employed with greater reliability.
In Fig. 8, it is possible to observe that the training algo-
rithm BFGS 297, with SOS error function, presented the

- . 1.0
coloration reaction via the natu- (U Ez_ﬁ:z;g:fml + Experimental
ral photo-Fenton/solar process, ) 0.8 1 Ch Chu (2003
with adjustment to the models 14 R'=0.41221 ’ — Chan ¢ Chu (2003)
of: a first and second order, ¢ ~ 06 Up=1.61812
pseudo-first order proposed by ) Second order S c=10154
Chan and Chu (2003) Q27 . R’=0.64634 L R” =0.999986
= TN O 044
23 A
-4
0 20 40 60 80 100 120 0 2 60 100 120
Time (min) Time (min)
(@ (b)
Table 2 Descriptive statistics of the variables used in ANN
Variables/samples [Fe] (mg L") pH H,0, (mg L™ Time (min) Photon emis- Degradation %
sion W/cm™2
(254 nm) (307 nm) (548 nm)
Min (train) 0.00 2.00 40.00 5.00 0.00 0.00 0.00 68.90
Max (train) 5.00 5.50 120.00 120.0 13.81 99.51 100.00 100.00
Mean (train) 2.82 4.22 71.28 53.55 2.24 25.22 35.74 92.88
SD (train) 2.35 1.07 26.86 23.20 5.11 35.51 40.04 10.53
Min (test) 0.00 2.00 40.00 5.00 0.00 0.00 0.00 68.90
Max (test) 5.00 5.50 120.00 60.00 13.81 94.63 98.56 100.00
Mean (test) 2.54 4.15 63.33 40.00 3.45 35.00 42.18 90.49
SD (test) 2.40 1.22 22.78 20.43 6.11 38.64 42.15 12.18
Min (validation) 0.00 2.00 40.00 15.00 0.00 0.00 0.00 71.38
Max (validation) 5.00 5.50 120.00 120.0 13.81 99.51 100.00 100.00
Mean (validation) 2.83 433 71.67 62.71 4.60 27.95 41.13 95.41
SD (validation) 2.78 1.31 19.56 27.59 4.70 4491 48.12 4.90
Fig.8 Architecture diagram Tanh
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following activation functions: tanh for the internal layer
and logistic for the output layer. This ANN, model (5-6-3),
showed R? values equal to 0.9864; 0.9899 and 0.9894 for
training, testing and validation, respectively.

To calculate training, validation and test errors, all out-
puts were performed on an inverse interval scale to return
the predicted responses to their original scale. Then, they
were compared with the experimental responses. The ANN
used in this work provided the weights listed in Table 3.

The weights listed in Table 3 represent the coefficients
between artificial neurons, which are analogous to the syn-
apse strengths between axons and dendrites in real biologi-
cal neurons. Therefore, each weight decided which pro-
portion of the received signal will be transmitted to the
neuron’s body. Thus, it was possible to make comparisons
between experimental and simulated MLP results (BFGS
297) for the studied wavelengths (Fig. 9).

Analyzing Fig. 9, it can be verified the good fit between
experimental data and the simulated curve, indicating that
the MLP ANN (BFGS 297) is able to reliably predict the
degradation values for the A studied. This result can be
corroborated by the analysis of Fig. 10, which shows the
linear regressions between the experimental and simulated
results by the ANN.

From the analysis of Fig. 10, it appears that the MLP
ANN (BFGS 297) was well suited for both the training
stage, as well as the testing and validation stages. It is
possible to say that the neural network model reproduces
the degradation of compounds in this system, within the
experimental ranges adopted in the assembly model.
Likewise, other authors has also used ANN simulations
to study treatments by AOP (Bastiirk and Alver 2019,
Zulfigar et al. 2019, Nascimento et al. 2018, Eskandarloo
et al. 2016). Monteiro et al. (2018), when evaluating the
degradation of the drugs nimesulide and ibuprofen by the
photo-Fenton process, managed to predict, using an MLP
ANN (BFGS 4567), the TOC conversion of the mixture,

demonstrating once again the ability of this type of mod-
eling to predict the degradation data via AOP.

Seed toxicity tests

From the toxicity tests with lettuce seeds (Lactuca sativa)
it was possible to determine the relative growth (RGI) and
germination (GI) indexes for the solutions before treatment
(SBT), and the solutions treated via AOP: photoperoxida-
tion/UV-C (SPT PP), Fenton (SPT F) and photo-Fenton/
natural solar (SPT PF). The results obtained are shown in
Fig. 11.

As shown in Fig. 11, the RGI and GI values for the pre
and post-treatment solutions via the Fenton processes were
significantly lower than that presented by the negative con-
trol. This is indicative of the toxic potential of the dye solu-
tion before being treated, and of the possible formation of
toxic intermediates after the treatment with the Fenton pro-
cess. In addition, the presence of residual hydrogen peroxide
with a concentration in the rage of 2 to 5 mg.L ™! in the solu-
tion treated by the Fenton process may have contributes to
promote the inhibition of seed development.

The photoperoxidation/UV-C and photo-Fenton/solar
AOP showed an increase in both RGI and GI in relation to
the initial solution, with RGI values > 0.80, which indicates
that there was no inhibition of relative seed growth (Young
et al. 2012). For the photo-Fenton process, both RGI and GI
were shown to be superior to the negative control performed,
indicating that there was growth stimulation according to
these same authors.

Conclusions

The application of advanced oxidation processes promoted
the efficient degradation of the acid violet 17 dye. The pho-
toperoxidation/UV-C process led to the best degradation

Table 3 Weights values for the input, intermediate and output layers of the ANN MLP 5-6-3 (BFGS 297, Tanh- Logistic)

Neuron Weights

[Fe?*] pH [H,0,] Time (min) Photon Bias input Degrada- Degrada- Degradation %
(mg LY (mg L™ emission tion % tion % (548 nm)
(254 nm) (307 nm)
1 —42.1853 51.5751 —49.2072 —44.4721 —4.2228 —-0.5510 1.0100 1.5753 0.3307
2 —22.4839 —26.287 0.1568 —8.1308 —0.3100 23.4745 —39.9095 0.1031 —1.5620
3 17.0337 —-2.5955 —-6.8351 37.6682  10.8232 -11.771 —1.1505 —2.0819 —0.9421
4 —69.5493 —12.324 13.0279 107.8239  —7.9802 -57.771 65.6201 54.3969 1.5943
5 —3.9262 —3.8445 1.1659 3.0529  15.0432 4.1199 11.1674 18.2971 9.2369
6 —57.6254 -1.0721 -8.0871 68.1060  20.7035 8.1626  72.9851 1.1147 —5.8984
Bias intermediates —57.7037 37.3478 0.4673
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Fig.9 Comparison between experimental and simulated MLP results (BFGS 297), for A: a 254 nm, b 307 nm and ¢ 548 nm

results, with a limiting concentration of [H,0,] =80 mg L~
and an efficiency higher than 68.27% being observed for the
wavelengths analyzed. The Fenton and photo-Fenton AOP
promoted good discoloration of the contaminated solution,
with the following operational conditions being defined:
[Fe] =5 mg L', [H,0,]=40 mg L™" and pH 4 for the Fen-
ton process, and [H-,0,] =40 mg L', [Fe]=5 mg L 'and
pH 3—4 for the photo-Fenton/solar process. These treatments
led to percentages of degradation of the chromophore group
above 98%.

The three processes presented a reaction kinetics better
represented by the nonlinear pseudo-first order model, with
a R?>0.90. The photoperoxidation/UV-C AOP led to a faster
discoloration, followed by the photo-Fenton/solar treatment,
while the Fenton process was slower. It was verified that an

ANN MLP (BFGS 297) was able to predict the degradation of
the AV17 dye in its characteristic wavelengths by the studied
treatments. As for the toxicological tests with Lactuca sativa
seeds, the toxicity of the dye solution was reduced using the
photoperoxidation/UV-C and photo-Fenton/natural solar pro-
cesses. For the latter, stimulation of seed germination and
growth was observed. While the Fenton process led to the
formation of potentially toxic intermediates. In this case, future
tests are necessary to identify and treat the intermediates by-
products formed after the treatments, especially for the Fenton
process. In addition, the efficiency evaluation of the treatment
processes for effluents containing the AV17 dye, using the
optimized operational variables, will guarantee the correct
discharge of effluents in the environment.
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Train: Experimental(254nm) = 0,0647+1,0013*x , R? = 0,9823
Test: Experimental(254nm) = 3,4879+1,0026*x , R?=0,9532
Validation: Experimental(254nm) = 0,5221+0,9756*x , R? = 0,9637

Train: Experimental(307nm) = -0,2415+1,0036*x , R* = 0,9941
Test: Experimental(307nm) = 1,2661+0,994*x , R® = 0,9941
Validation: Experimental(307nm) = -1,5169+0,9972*x , R2=0,9858
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Fig. 10 Linear regressions between the experimental and simulated results of the ANN MLP (BFGS 297) for A: a 254 nm, b 307 nm and ¢
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