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Abstract 
 
The treatment of persistent pollutants in water is a subject of numerous researches around the world. In the present work, the 
degradation of a mixture of textile dyes by the photo-Fenton process was investigated. This was conducted under LED radiation, 
which has a reduced cost, employing iron in salt and residue forms. For homogeneous and heterogeneous processes, in acid medium, 
the effects of the H2O2 and iron concentrations were evaluated. The tests demonstrated that the homogeneous process was better 
conducted using 100 mg.L-1 of H2O2 and 2.0 mg.L-1 of iron, with 98% of degradation. For the heterogeneous study, H2O2 and iron 
residue concentrations of 100 mg.L-1 and 0.5 g.L-1, respectively, were used, obtaining a 92% of degradation. The residue used was 
characterized by FTIR analysis. Peaks related to the presence of Fe were observed. The kinetics of the processes were evaluated, 
with good adjustments to non-linear models of pseudo-first order, attaining values of linear regression greater than 0.94. Toxicity 
tests were carried out with seeds and bacteria. It was observed a possible formation of intermediates due to the increased toxicity 
for the solution treated by the heterogeneous process. Artificial neural networks were used to accurately predict the degradation of 
the dye mixture.  
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1. Introduction 
 

Persistent and recalcitrant contaminants have 
been treated by advanced oxidation processes (AOP), 
which have been applied for the treatment of industrial 
wastewater (Ergüt et al., 2019). The AOP act by 
generating chemical radicals, such as the hydroxyl 
(HO∙), which are highly reactive and interact with the 
organic matter present in the environment, ideally 
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forming water, carbon, dioxide and mineral salts 
(Klavarioti et al., 2009). Among the main AOP, the 
photo-Fenton can be highlighted, which is quite 
efficient in the treatment of organic pollutants, such as 
dyes. In this type of AOP, iron acts as a reaction 
catalyst, where hydrogen peroxide is used as an 
oxidizing agent. Besides, the presence of radiation 
helps in the process of generating hydroxyl radicals, 
responsible for the treatment (Wu et al., 2018; Zhu et 
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al., 2019). The Fenton and photo-Fenton processes can 
use homogeneous and heterogeneous sources of iron 
(Rojas-Mantilla et al., 2019). However, most of the 
works reported in the literature used a homogeneous 
source of iron, which cannot be reused (Benzaquén et 
al., 2017). 

In turn, the use of heterogeneous photo-Fenton 
has some advantages, such as reduced iron 
precipitation and the ability to reuse the catalyst 
(Benzaquén et al., 2017). Allied to this, it is known 
that the use of the heterogeneous method appears as a 
good alternative since it can employ iron waste from 
different sources. An example is the use of iron ore 
residue for the treatment of effluents (Rojas-Mantilla 
et al., 2019), which is obtained at low costs.  

In general, in the photo-Fenton process, some 
factors are of great influence and need to be 
monitored. The pH has a significant effect, since it is 
known that at values greater than 6 there is a tendency 
to form iron hydroxide. This fact is undesirable since 
it leads to the precipitation of the metal and decreases 
the efficiency of the treatment (Lastre-Acosta et al., 
2019). Other important factors are the oxidant and iron 
concentrations since its use in inadequate conditions 
disfavors the oxidation process. 

Some types of irradiation sources have been 
used in the photo-Fenton process, including 
incandescent and florescent (Rojas-Mantilla et al., 
2019). Studies reported in the literature have made use 
of ultraviolet or solar radiation (Reddy and Devaraju, 
2019; Santana et al., 2021) and, only recently studies 
consider light-emitting diode (LED) technology. This 
type of light source attracts attention, as it employs 
efficient devices at affordable prices. Also, LED 
devices have a service life of around 50,000 h and do 
not contain the element mercury, which is very 
polluting (Gomes et al., 2021).  

Based on the understanding of all the variables 
involved in the process, a final analysis must be 
carried out. This is necessary because the degradation 
of organic pollutants by AOP may, in some cases, not 
reduce the toxicity of the matrix. With this, 
ecotoxicological tests with different organisms (seeds, 
bacteria, microcrustaceans) are carried out to 
guarantee that after the AOP there was no formation 
of toxic intermediates that can cause risks to the 
ecosystem (Gomes Júnior et al., 2021; Fernandes et 
al., 2018).  

Given the above, this work studied the 
degradation of a mixture of textile dyes (direct black 
22 (DB22), direct red 23 (DR23), direct red (DR227) 
and reactive blue (RB21)) through the photo-Fenton 
AOP with LED radiation. For this, the different 
sources of iron were evaluated, as well as the 
operational parameters in the treatment employed. In 
addition, the toxicity of the studied matrix was 
investigated before and after treatment, as well as the 
reaction kinetics. Finally, artificial neural networks 
were used to help predict the percentage of 
degradation using both homogeneous and 
heterogeneous AOP. 
 

2. Methodology 
 
2.1. Working solution 
 

The aqueous working solution were composed 
of the textile dyes mixture DB22, DR23, DR227 and 
RB21 containing 15 mg.L-1 of each (all manufactured 
by Exatacor). Some information about these 
compounds is shown in Table 1. These dyes were 
analyzed in an ultraviolet-visible (UV/Vis) 
spectrophotometer (Thermoscientific). The 
quantification of the dye mixture was given at a 
wavelength of 508 nm, which showed maximum 
absorbance, as can be seen in the spectrum related in 
Fig. 1. It is important to note that this λ is associated 
with the chromophore groups of the mixture, which 
are responsible for the color. 
 

Table 1. Information on textile dyes 
 

Name Colour 
Index Formula 

Molecular 
weight 

(g·mol-1) 
Direct 

Black 22 35435 C44H32N13Na3O11S3 1083.97 

Direct 
Red 23 29160 C35H25N7Na2O10S2 813.73 

Direct 
Red 227 

Not 
cataloged C60H46N16Na6O22S6 1673.43 

Reactive 
Blue 21 18097 C40H25CuN9O14S5 1079.54 

 

 
 

Fig. 1. UV/Vis absorption spectrum of the textile dye 
mixture under study 

 
2.2. Preparation and characterization of the 
heterogeneous catalyst 
 

Iron oxide (Fe2O3 – rust) was used as a catalyst 
for the reactions. Initially, the residue from equipment 
undergoing corrosion was macerated and subjected to 
three washing cycles, with 0.1 mol.L-1 nitric acid for 
10 min; ethanol P.A. (Neon) for 10 min, and distilled 
water in flowing flow. After washing, the residue was 
dried in an oven at 100 ± 1ºC for 120 min. Once dry, 
with the aid of tweezers, any impurities present in the 
material were removed. Finally, Fe2O3 was sieved and 
classified, in Tyler sieves, in the following particle 
size ranges: 0.60-1.18, 0.30-0.60, 0.15-0.30 and < 0.15 
mm. 
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Fig. 2. Diagram of the LED bench reactor 
 
 The material was characterized by Fourier 
transform infrared spectroscopy (FTIR), using a 
Bruker Tensor 27 Equipment. The spectra were 
obtained in the range between 4000 to 500 cm-1, with 
an average of 20 scans, a spectral resolution of 4 cm-1, 
using an ATR probe. 
 
2.3. Photo-Fenton treatment using LED reactor 
 

A bench reactor with LED radiation was used, 
composed of a wooden box and 3 lamps (FLC LED) 
with 10 W of power each, arranged in parallel. Fig. 2 
shows the schematic drawing of the reactor. 

The aqueous solutions containing the mixture 
of textile dyes were subjected to the treatments by 
homogeneous and heterogeneous photo-Fenton. To 
analyze the efficiency of this process with a 
homogeneous catalyst (FeSO4·7H2O, Vetec), 
univariate studies were carried out with the variables 
that influence the AOP. The first tests were conducted 
by varying the iron concentration ([Fe]) from 0.5 to 
5.0 mg.L-1. Then, 100 mg.L-1 of hydrogen peroxide 
concentration ([H2O2]) were added to 200 mL of the 
sample, with tests done in the times of 60, 90, and 120 
min. Then, with the best [Fe] determined, the [H2O2] 
was varied in 40, 60, 80 and 100 mg.L-1. For all 
experiments, the pH of the dye solutions was adjusted 
to 3. Then, and in a manner similar to that performed 
for the homogeneous treatment, univariate studies 
were carried out with the variables of the 
heterogeneous process. For this purpose, 200 mL of 
the dye solution were placed in beakers and then, 
initially, the pH influence on the treatment was 
evaluated (values of 3, 4, 5, 6 and 7). For these tests, 
0.5 g.L-1 of iron residue (< 0.15 mm) and 100 mg.L-1 
of [H2O2] were used. 

Then, the best pH was fixed, and the effect of 
the catalyst granulometry was evaluated. The particle 
sizes range analyzed were the same as previously 
described and the iron residue concentration ([RFe]) 
and [H2O2] were kept the same as in the previous 
studies.  

After that, the influence of the [RFe] was also 
evaluated (from 0.5 to 3.0 g.L-1), followed by the 
[H2O2], which was varied between 80 and 160 mg.L-1. 
These tests were carried out fixing the best conditions 
of pH, granulometry and [RFe], for a period of 60, 
120, 180 and 240 min. 
 
2.4. Kinetic study, reuse and toxicity tests 
 

Having established the best working conditions 
for the photo-Fenton / LED system using different 
sources of iron, the experimental data were then 
evaluated against the kinetic models of Chan and Chu 
(2003) (Eq. 1) and He et al. (2016) (Eqs. 2-4). In this 
stage of the study, 1000 mL of the dye solution were 
used on the treatments. It is important to note that the 
model by He et al. (2016) is described as a 
simplification of the Langmuir-Hinshelwood model, 
resulting in a pseudo-first order kinetic equation. 

 
)(10 ttCC σρ +−=    (1) 

 
)1( KCKCkdtdC r +=−    (2) 

 
kCKCkdtdC r ==−    (3) 

 
ktCC =− 0ln    (4) 

 
where C (mg.L-1) is the dye concentration; C0 (mg.L-1) 
is the initial dye concentration; t (min) is the reaction 
time; 1

𝜌𝜌
 (min-1) and 1

𝜎𝜎
 (adimensional) are experimental 

constants that represent, respectively, the speed 
constant and the oxidative capacity of the system; k 
(min-1) is the reaction rate.  

The ability to reuse iron waste was determined 
through five consecutive degradation cycles. For this, 
the same conditions of the kinetic study were applied, 
with the efficiency determined after 540 min. Between 
cycles, the RFe was washed with distilled water, 
keeping the catalyst mass constant throughout the 
tests. 

 885 



 
Dos Santos Júnior et al./Environmental Engineering and Management Journal 20 (2021), 6, 883-893 

 
Before proceeding to the toxicity assessment 

stage, analyzes were carried out to determine residual 
H2O2, using a semi-quantitative method with a 
hydrogen peroxide test strip (Merck). In addition, the 
treated samples were neutralized so that there was no 
negative influence of pH on the development of the 
studied organisms.  

For the same operational conditions, a toxicity 
test was carried out. This test consisted of exposing 
watercress (Nasturtium officinale), lettuce (Lactuca 
sativa) and carrot (Daucus carota) seeds to the 
solutions before and after treatment using the 
methodology proposed by Santos et al. (2019). At the 
end of the incubation, the root growth index (RGI) and 
the germination index (GI) were calculated, as 
described by Young et al. (2012). In addition to seed 
tests, a microbiological evaluation was also carried 
out, using strains of Escherichia coli UFPEDA 224 
and Salmonella enteritidis UFPEDA 414, according to 
Gomes et al. (2021). 
 
2.5. Artificial Neural Network Modelling  
 

The artificial neural networks (ANN) were 
built using the software Statistica 6.0. Thus, it was 
possible to determine patterns and correlations of the 
experimental data for the photo-Fenton/LED system, 
using the two catalysts. The input variables used were: 
[Fe], [H2O2], and time for homogeneous treatment and 
pH, [H2O2], [RFe], catalyst granulometry and time for 
heterogeneous process, while for the output, the 
degradation (%) of the mixture of textile dyes was 
used. For the construction of the ANN, the interactions 
quantities were used, as well as the configuration 
method and the distribution of data between training, 
testing and validation as described by Santana et al. 
(2021). 
 
3. Results and discussion 
 
3.1. Characterization of the heterogeneous catalyst 

 
The analysis by Fourier transform infrared 

spectroscopy (FTIR) allowed to investigate the 
functional groups present in the iron-based catalyst. 
The result obtained is shown in Fig. 3. From Fig. 3, it 
is possible to see a peak between 1000 and 1100 cm-1, 
characteristic of the presence of iron. Kollias et al. 
(2019) state that the 1100 cm-1 band corresponds to the 
asymmetric elongation of silicon functional groups, 
such as Si-O. On the other hand, the acute peak around 
1094 cm-1 occurs due to the vibration of the 
asymmetric Si-O-Si elongation, as reported by Jiang 
et al. (2018). These authors also stated that the wide 
stretch around 3453 cm-1, also seen in Fig. 3, 
corresponds to the elongation of O-H connections. 

 Finally, the behavior of the spectrum observed 
between 1000 and 500 cm-1 is characteristic of the 
presence of Fe-O, as described by Zhang et al. (2019). 
This shows that the rust used presents an expected 
behavior for Fe2O3. 

 

 
 

Fig. 3. Infrared absorption spectrum for the iron waste 
 
3.2. Homogeneous photo-Fenton treatment 
 

Initially, different iron concentrations were 
evaluated to obtain the best percentage of degradation 
of the dye. Fig. 4 shows the results obtained. 

Looking at Fig. 4, it can be seen that the [Fe] 
that provided the best efficiency after 120 min was 5.0 
mg.L-1 (98% degradation). It is important to note that 
the Fenton reaction requires ferrous ions to occurs, 
therefore, an increase in the percentage of degradation 
is observed when the iron concentration in the solution 
is increased. However, there is a limiting 
concentration from which ferrous ions are harmful to 
the process since self-inhibition of the oxidizing ion 
can occur (Bensalah et al., 2019). 

Thus, considering that the degradation 
obtained was high, it was decided not to increase the 
iron concentration anymore. In addition, the analysis 
of Fig. 4 shows a significant degradation (96%) when 
using 2.0 mg.L-1 of iron. For this reason, this lower 
concentration was used in order to employ a smaller 
amount of the reagent and thus reduce operating costs. 

Therefore, the [Fe] was fixed and the ideal 
[H2O2] was evaluated to guarantee a sufficient number 
of oxidizing radicals to treat the organic pollutant. The 
results obtained when using different [H2O2] are 
shown in Fig. 5. 

 

 
 

Fig. 4. Monitoring of the textile dyes mixture degradation 
using different [Fe] 

 
In Fig. 5, it can be seen that the [H2O2] that 

provides the best percentage of degradation for the dye 
mixture under study was 100 mg.L-1, leading to a 
degradation greater than 98%. It is important to note 
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that in these tests a degradation equal to that obtained 
in the previous study was achieved when 5 mg.L-1 of 
iron was used. This indicates that the 2% increase may 
be due to experimental errors and corroborates that a 
smaller amount of iron can be used without prejudice 
to the efficiency of the treatment. 

 

 
 

Fig. 5. Result of the textile dyes mixture degradation for 
different [H2O2] 

 

It can also be seen that the percentage of 
degradation of the dye mixture increased with the 
increase in [H2O2]. Based on that, it is important to 
highlight that, in a manner similar to the behavior of 
the [Fe], there is also a limiting concentration for the 
[H2O2] (Zhang et al., 2020). However, given an almost 
complete degradation of the pollutant, it was decided 
not to increase the concentration of the oxidizing agent 
anymore, as it would not be economically viable and 
would not provide more efficient results when using 
the process under study. 
 
3.3. Heterogeneous photo-Fenton treatment 
 

Once the homogeneous treatment was carried 
out, the use of a heterogeneous iron source in the 
photo-Fenton process was studied. To this end, 
different pH values were tested, since heterogeneous 
Fenton reactions can be conducted over a larger pH 
range, as observed by Chen et al. (2020). 

Analyzing Fig. 6, it can be seen that the highest 
percentage of degradation for the textile dye mixture 
was at pH 3.0 (≈ 92%). It is important to note that 
when maintaining the pH at values close to neutrality, 
no degradation was observed for the applied 
treatment. This result may indicate that the iron 
residue used may have released a greater amount of 
Fe3+ ions that may have precipitated (Oral and Kantar, 
2019; Rubeena et al., 2018).  

For a better understanding of this result, the 
Hydra software was used to predict the precipitation 
range of iron ions, as can be seen in Fig. 7. 

According to Fig. 7(a), it is observed that the 
presence of Fe2+ ions leads to the formation of 
precipitates around pH 8. However, when there is iron 
oxide (Fig. 7(b)), there is the formation of iron 
precipitate in the entire pH range analyzed, as well as 
in the iron waste concentration range used (from 0.5 
to 3.0 g.L-1, that is, of 8.96 to 54.00 mM). Therefore, 

this analysis revealed that the catalyst used followed 
the expected pattern for Fe2O3, showing that the 
reaction using this material is favored in acidic pH. 

 

 
 

Fig. 6. Influence of pH on the degradation process of the 
dye mixture 

 

 
 

 
 

Fig. 7. (a) Fe(OH)2 and Fe+2 ion precipitation range as a 
function of pH; (b) Fe2O3 and Fe+3 ions precipitation range  

as a function of pH 
 
In view of the above, in the following study, 

the treatment continued to be conducted at pH 3, and 
then the influence of granulometry was evaluated (Fig. 
8). As can be seen in Fig. 8, the use of the smallest 
particle size (<0.15 mm) led to the best results (more 
than 92% of degradation). Salgado and Gonzalez 
(2003) obtained similar results for a platinum catalyst, 
showing that the catalytic activity is related to the 
particle diameter. The authors state that the catalyst's 
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surface area is inversely proportional to the particle 
diameter, thus corroborating the results of the present 
study. Then, the degradation was evaluated according 
to different concentrations of the iron residue, with 
particles of diameter <0.15 mm. The results obtained 
are shown in Fig. 9. 

 

 
 

Fig. 8. Evaluation of the influence of the catalyst particle 
diameter on the process of degradation of the dye mixture 

 

 
 

 
 

Fig. 9. Degradation of the dye mixture:  
(a) kinetic monitoring of the influence of iron residue 

concentration and (b) results after 240 min using different 
residue concentrations 

 
According to what was observed in Fig. 9(a) 

and (b), it is noted that the [RFe] that provided the best 
degradation was 1.5 g.L-1 (93.7% of degradation). 
Besides, the decrease in the efficiency of the treatment 

with the increase in the concentration of iron residue 
may be associated with the fact that when using a 
higher metal concentration, an autoinhibition of the 
oxidizing radical occurs. This inhibition in turn leads 
to the formation of hydroxyl ions as described by 
Bensalah et al. (2019) (Eq. 7). 
 

−++ +→+ HOFeHOFe 32  (7) 
 

However, it is possible to verify that the results 
obtained for 0.5 g.L-1 are very close (92% of 
degradation), with no significant difference (1.7%). 
Jiang et al. (2018) and Zhang et al. (2019) also used 
Fe2O3 when employing the photo-Fenton process 
using xenon lamps with visible radiation for the 
degradation of the dyes malachite green, rhodamine B, 
and alizarin red, respectively. Both studies achieved 
more than 90% efficiency. Then, the influence of 
[H2O2] in the treatment was evaluated, employing the 
best operational conditions found in the previous items 
(pH = 3.0 and 0.5 g·L-1 of the iron residue with 
granulometry < 0.15 mm). Fig. 10 shows the results 
obtained. 

 

 
 

 
 

Fig. 10. (a) Evaluation of the degradation of the dye 
mixture by varying the concentration of H2O2 as a function 

of time; (b) Percentage of degradation for [H2O2] in 240 
min 

 
In Figs. 10(a) and (b) it can be seen that the 

limiting H2O2 concentration for the degradation 
process was 100 mg.L-1 (92% of degradation). It can 
be seen that by increasing the oxidant concentration 
from 80 to 100 mg.L-1, there was an increase in the 
efficiency of the treatment, followed by a decay for the 

 888 



 
Treatment of persistent organic pollutants in led reactor using ferrous sulfate and iron waste for Fenton process 

 
following conditions. It is known that for the AOP to 
occurs, hydroxyl radicals are generated, which react 
with the substances thought three different 
mechanisms: abstraction of the hydrogen atom, 
electrophilic addition, and electron transfer.  

However, regardless of the type of mechanism 
involved in the generation of the HO∙ radicals, it is 
known that some reagents, when in excess, can 
disadvantage the reaction, decreasing the efficiency of 
the process. An example of this can be seen in Eqs. (8-
9), where the excess of oxidant starts to sequester free 
radicals responsible for degrading organic 
compounds, observing the formation of the superoxide 
radical (HO2

∙), whose reduction potential is less than 
the hydroxyl radicals (Galeano et al., 2019). 

 

2222 HOOHHOOH +→+  (8) 
 

222 OOHHOHO +→+  (9) 
 
3.4. Kinetic study and toxicity tests for homogeneous 
and heterogeneous AOPs 
 

A kinetic study was carried out to observe the 
concentration decay over time. For this, 100 mg.L-1 of 
[H2O2] and 2 mg.L-1 of [Fe] were used for the 
homogeneous photo-Fenton process and 100 mg.L-1 of 
[H2O2] and 0.5 g.L-1 of [RFe] (<0.15 mm) for the 
heterogeneous process, with both studies being carried 
out at pH 3.0. Then, the kinetic models of Chan and 
Chu (2003) and He et al. (2016) were evaluated. Fig. 
11 shows the results obtained for both treatments. 

Based on Fig. 11, the experimental data 
adjusted well to the evaluated kinetic models. For the 
homogeneous study, R2 were 0.98 and 0.94 for Chan 
and Chu (2003) and He et al. (2016), respectively. 
While for the heterogeneous treatment, R2 = 0.99 was 
obtained for both models. 

Analyzing the kinetic parameters obtained, it is 
noticed that the velocity rates (1/ρ and k) for the 
heterogeneous treatment are lower than for the 
homogeneous treatment, indicating that in the first 
case the degradation followed a slower trend. This low 
reaction speed for the heterogeneous process is related  

to the generation of HO∙ radicals, which occurred more 
slowly in the first minutes. This fact is related to the 
slow release of iron ions to the dye solution. In 
addition, when analyzing the parameter σ for both 
treatments, it is noted that the maximum oxidative 
capacity for the homogeneous system was also slightly 
higher, indicating a higher rate of degradation. 

After finishing the kinetic study, the residual 
H2O2 (H2O2res) in each studied process was 
determined. It was found that for the homogeneous 
AOP 5 ≤ [H2O2] ≤ 10 mg.L-1, while the heterogeneous 
process showed 0.5 ≤ [H2O2] ≤ 2 mg.L-1. From the 
reuse study of the heterogeneous catalyst, it was found 
that there was no significant loss in treatment 
efficiency after 5 cycles, since the degradation 
difference was less than 1.5%. This showed the ability 
to reuse iron waste, which is an important and 
attractive feature for industrial scale application. 
Finally, the toxicity of the solutions was evaluated 
before and after treatments. 
 The results obtained for the germination (GI) 
and root growth (RGI) indices can be seen in Fig. 12. 
It should be noted that there was no germination of the 
seeds exposed to the acidic solution (positive control). 
When analyzing Figs. 12(a) and (b) it is noted that the 
GI and RGI of all the treated solutions, for all species, 
were lower than the negative control (N.C.), revealing 
the toxicity of the by-products formed after the 
treatment. 

 According to Young et al. (2012), RGI values 
below 0.8 indicate an inhibition of seed growth. It can 
also be observed that the heterogeneous treatment 
showed a greater inhibition potential for the 
development of the studied seeds when compared to 
the dissolved catalyst. In addition, it is observed that 
the solutions before the treatments showed better 
results than the solutions after the treatment. 
According to Sun et al. (2019), this is due to the 
presence of nutrients in the effluent composition, in 
particular, nitrogen. The tests using bacteria took into 
account the data from optical density at 600 nm 
(OD600) and cell viability. The results obtained are 
shown in Table 2. 
 

 

 
Fig. 11. Kinetic with adjustment to the models of Chan and Chu (2003) and He et al. (2016):  

(a) Homogeneous photo-Fenton process (b) Heterogeneous photo-Fenton process 
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Fig. 12. Graphical analysis of the values of (a) RGI and (b) GI (%) for the initial sample of dyes (ISD) and the one treated  

through homogeneous (TTHHM) and heterogeneous (TTHHT) AOP 
 

Table 2. Percentage of growth and cell viability of Escherichia coli and Salmonella enteritidis 
 

Samples 
t24h-t0h Growth (%) Viability Mean ± σ(OD600) 

EC SE EC SE EC SE 
Water (control) 0.16±0.01 0.13±0.00 100.00 100.00 +++ +++ 

ISD 0.27±0.02 0.26±0.05 165.21 205.82 +++++ +++++ 
TTH (HT) 0.00±0.00 0.02±0.00 0.20 16.13 - + 
TTH (HM) 0.17± 0.00 0.04± 0.00 104.96 35.44 +++ ++ 

Note: EC: Escherichia coli; SE: Salmonella enteritidis; viability (+); unfeasibility (-); OD: optical density. 
 

According to the data in Table 2, it appears that 
the samples treated by the heterogeneous AOP 
inhibited the growth of bacteria, given that the 
percentages of growth and viability observed were 
lower than those obtained for the control (water). This 
indicates, as with seed tests, that toxic intermediates 
must have been generated.  

For the homogeneous treatment, the analyzes 
showed different results, with no evidence of toxicity 
for the E. coli and with growth inhibition for the S. 
enteritidis. In this sense, it is also important to note 
that residual reagents, such as iron and H2O2, can 
interfere with the results of cell viability, as well as 
with germination and root growth of seeds. As 
described by Santos et al. (2020), when carrying out 
tests with these reagents, it was possible to verify the 
inhibition of the cell viability of the studied bacteria, 
when in the presence of iron, however, the residual 
reagents did not alter the germination and root growth 
of seeds. 
 
3.5. Artificial Neural Network 
 

After verifying that there was good degradation 
of the dye mixture with the different AOP, a 
mathematical evaluation was made using an artificial 
neural network (ANN). Given the particularities of the 
homogeneous and heterogeneous processes, two 
distinct networks were set up. The descriptive 
statistics of the variables used in the ANN are 
contained in Table 3.Through the analysis of Table 3, 
it was possible to predict the maximum degradation of 
the dye mixture equal to 98.12% and 93.69% for the 
homogeneous     and       heterogeneous       processes,  

 

respectively.  
Then, followed the optimization step of the 

ANN topology, using a posterior propagation of three 
layers (3:3:1 and 5:5:1, for homogeneous and 
heterogeneous AOP, respectively) to model the 
degradation of the mixture of dyes under study. In Fig. 
13, the ANN diagrams architectures MLP 3-3-1 BFGS 
107 (homogeneous) and MLP 5-5-1 BFGS 205 
(heterogeneous) can be seen.  

In Fig. 13, it is possible to observe that the 
training algorithms BFGS 107 and BFGS 205, with 
SOS error function, presented the following activation 
functions: tanh and logistic for the inner layer and tanh 
and sine for the output layer, of the homogeneous and 
heterogeneous processes, respectively. The mentioned 
ANNs, models (3-3-1) and (5-5-1), presented values 
of R2 equal to 0.997, 0.995 and 0.993 for training, 
testing, and validation, respectively of the 
homogeneous AOP and equal to 0.978; 0.978 and 
0.980 for the heterogeneous treatment. Then, training, 
validation and test errors were determined, using an 
inverse interval scale to return the predicted responses 
to their original scale, comparing them with the 
experimental responses. The ANN used in this work 
provided the weights listed in Table 4.  

The weights shown in Table 4 refer to the 
coefficients between the artificial neurons, so that 
each one decides which proportion of the received 
signal will be transmitted to the neuron's body. Thus, 
it was then possible to make comparisons between 
experimental and simulated results, through graphs of 
linear regressions, MLP (BFGS 107 and BFGS 205) 
for the, respective, homogeneous, and heterogeneous 
processes studied (Fig. 14). 
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Fig. 13. ANN architecture diagram: (a) MLP 3-3-1 BFGS 107; (b) MLP 5-5-1 BFGS 205 
 

Table 3. Descriptive statistics of the variables used in the ANN. 
 

Variables/ 

Homogeneous photo-Fenton/LED Heterogeneous  photo-Fenton/LED 

Time 
(min) 

H2O2 
(mg.L-1) 

Fe2+ 
(mg.L-1) 

Degrada-
tion% 

 

Time 
(min) pH H2O2 

(mg.L-1) Residue Granulo-
metry 

Degrada-
tion% 

Min (Tr) 2.00 40.00 0.50 27.28 2.00 3.00 80.00 0.50 14.00 0.00 
Max (Tr) 120.00 100.00 5.00 98.66 540.00 7.00 160.00 3.00 100.00 93.69 
Mean (Tr) 78.14 91.33 2.30 86.25 145.04 3.54 104.65 0.79 89.18 44.62 
SD (Tr) 36.89 18.24 1.09 18.77 99.73 1.15 16.21 0.67 26.07 25.91 

Min (Te) 10.00 40.00 1.50 47.24 5.00 3.00 80.00 0.50 14.00 0.00 
Max (Te) 120.00 100.00 5.00 98.12 300.00 7.00 140.00 3.00 100.00 93.69 
Mean (Te) 72.22 90.00 2.36 86.81 136.67 3.60 102.79 0.70 86.14 42.81 

SD (Te) 36.87 19.70 0.94 14.37 85.96 1.33 10.31 0.50 27.99 26.18 
Min (Val) 2.00 40.00 0.50 27.28 7.00 3.00 80.00 0.50 14.0 1.70 
Max (Val) 120.00 100.00 5.00 95.93 480.00 7.00 160.00 3.00 100.00 93.69 
Mean (Val) 68.55 93.33 2.14 82.43 147.49 3.35 103.25 0.87 91.44 50.82 
SD (Val) 33.50 6.86 1.65 12.57 65.89 1.69 3.29 0.40 38.30 28.60 

Note : *Tr = train; Te = test; Val = validation. 
 

Table 4. Values of the weights of the input, intermediate and output layers of the ANN MLP 3-3-1 (BFGS 107, Tanh-Tanh) 
 

Neu-
ron 

Weights (Homogeneous  photo-Fenton/LED) Weights (Heterogeneous  photo-Fenton/LED) 

Time 
(min.) 

[H2O2] 
(mg.L-1) 

Fe2+ 

(mg.L-1) 
Bias 
entry 

Degra-
dation 

(%) 

Time 
(min

) 
pH [H2O2] 

(mg.L-1) 
Resi-
due 

Granulo
-metry 

Bias 
entry 

Degrada-
tion 
(%) 

1 -0.13 -0.21 0.08 -0.45 5.82 2.71 -3.8 -7.14 3.10 16.16 -6.19 -3.03 
2 -2.13 0.03 -4.40 2.23 -0.58 -3.65 -3.64 1.14 0.66 -4.54 2.96 -3.35 

3 -1.58 4.32 0.44 -4.54 -2.25 5.96 -3.93 5.56 -2.91 8.64 -
10.77 0.65 

      0.00 -0.99 -0.26 0.48 1.08 -1.86 3.42 
      -0.51 -19.37 4.53 15.79 -5.64 1.36 0.42 

 
Bias 

inter-
mediate 

1.48 2.52  
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Fig. 14. Linear regressions between experimental and simulated ANN results: (a) MLP (BFGS 297) and (b) MLP (BFGS 205) 

 
 

In Fig. 14, it is possible to verify a good linear 
correlation between the experimental and simulated 
results of the two networks used, with a good 
adaptation of the experimental data for the 3 stages 
(training, testing and validation). It is also possible to 
observe a random distribution of values, but always 
around the line that passes through zero. 

 
4. Conclusions 
 

In the studies carried out for the mixing of 
dyes, the use of iron residue (Fe2O3) in the 
heterogeneous photo-Fenton process allowed to reach 
a degradation of 92%, while the same process using a 
homogeneous iron source reached 98% efficiency. 
Besides, both procedures fit the studied models, with 
an accuracy greater than 94%. This indicates that the 
two sources of iron can be used with similar 
efficiency.  

However, the use of iron waste allows reducing 
operating costs, in addition to giving a useful purpose 
to equipment without a function that would be 
discarded due to the presence of corrosion. However, 
through toxicity tests, growth inhibition was observed, 
both for watercress, lettuce and carrot seeds and for 
the strains of the bacteria E. coli and S. enteritidis for 
the heterogeneous treatment. This is indicative of a 
possible formation of intermediaries, making it 
necessary to carry out more detailed studies on the 
viability of the material.  

Despite this, it can be said that the photo-
Fenton / LED system, regardless of the type of iron 
used, proved to be a viable option for the degradation 
of the dye mixture under study. This shows that this 
radiation source can be applied, thus reducing energy 
expenditure. Finally, it was possible to use the ANN 
model to predict the degradation of the dye mixture. 
MLP-type networks managed to achieve the objective 
with good precision, with R2 ≥ 0.97. 
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