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Abstract Fenton process was successfully applied to
degrade three reactive dyes, blue 19 (RB19), red 195
(RR195), and yellow 145 (RY145), a mixture of dyes
and a real textile effluent. A 23 full factorial design
coupled with a response surface methodology (RSM)
was conducted to evaluate the effects of H2O2, Fe

2+, and
dye concentration on the Fenton reaction measured by
absorbance reduction (AR) as response. Considering the
analysis of variance (ANOVA), the statistical models
could be used to describe experimental results and to
predict the process behavior. The results obtained by
RSM indicated that the optimum conditions for Fenton
were [H2O2] = 50 mg L−1, [Fe2+] = 0.5 mmol L−1, and
dye concentration = 0.075 g L−1, obtaining up to 90% of
AR. From kinetic study, the absorbance reduction for
RY145 followed a second-order model, while RB19 and
RR195 followed a first-order model. The mixture of

dyes and the real textile effluent obtained lower AR,
56% and 22%, respectively. The phytotoxicity tests
indicate that the Fenton reactions were very effective
to reduce the toxicity of almost all contaminated solu-
tions; however, for more complex solution (mixture of
dyes and real effluents), a longer reactional time is
necessary. Therefore, the results pointed that the Fenton
reaction is very efficient in solution discoloration.
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1 Introduction

Among all industrial segments, the wastewater generat-
ed in textile industry was considered the most polluting
and toxic. Dyes are widely used in textile industries and
their presence in effluents can cause harmful effects on
aquatic environments in terms of chemical and biolog-
ical oxygen demand. Besides that, these compounds are
carcinogenic, mutagenic, and allergic for humans and
animals, even at low concentrations. Dyes usually have
a complex aromatic molecular structure giving them
stable characteristics which provide a great difficulty
to biodegradation. Moreover, dye-contaminated efflu-
ents have large loads of suspended solids, fluctuating
pH, and heat and light stability (Shuang et al. 2008;
Aksakal and Ucun 2010; Kalkan et al. 2012; Kadam
et al. 2013; Mahmoud et al. 2016; Elmoubarki et al.
2017; Priya et al. 2019; dos Santos et al. 2019a).
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Reactive dyes (RD) are the second most used dye
kind in textile industries for dyeing cellulose fibers due
to its characteristics of bright color, water solubility, and
ease application. RD have several features that hamper
its removal from effluents by conventional separation
processes as high solubility in water, cannot be reused
once they become non-reactive due to hydrolysis, low
adsorption, and fixation in the fibers generating dye
effluent with high concentration. Thus, dye effluent
contaminated with RD is the most difficult to treat by
conventional processes (Asgher 2012; Khatri et al.
2015; Hassan and Carr 2018).

In the last decades, several physical, chemical, and
biological techniques have been studied to remove dyes
from water and wastewater such as adsorption (Weber
et al. 2013; Meili et al. 2017; Nascimento et al. 2018;
Georgin et al. 2019; Meili et al. 2019a, b; dos Santos
et al. 2019b), coagulation/flocculation (Zafar et al. 2018;
Qiu et al. 2018; Guo et al. 2019; Bahrpaima and Fatehi
2019; Luo et al. 2019; Song et al. 2019; Dotto et al.
2019), filtration (Hatimi et al. 2018; Zhijiang et al. 2018;
Liu et al. 2018; Zhou et al. 2019), and advanced oxida-
tive processes (AOPs) as electrochemical processes
(Duarte et al. 2013; Mook et al. 2017; Duarte et al.
2018; Sathishkumar et al. 2019; Gui et al. 2019; Li
et al. 2019; Vasconcelos et al. 2016; Duarte et al.
2019), Fenton and modified Fenton reactions (Panizza
and Oturan 2011; Thiam et al. 2015; Sohrabi et al. 2017;
Çiner 2018; Gonçalves et al. 2019; Azha et al. 2019),
and others.

Advanced oxidative processes (AOPs) are very
promising techniques to remove a wide range of organic
compounds. Among which, Fenton reaction is an attrac-
tive alternative process due to its high effectiveness at
room temperature, easy operation, reagent availability,
rapid reactions, and short treatment times (Boczkaj and
Fernandes 2017; Rosales et al. 2018; Gągol et al. 2018;
Silva De Lima et al. 2019; Wang et al. 2019). Fenton
process is based on the use of H2O2 in the presence of
ferrous ions (Fe2+) to generate a highly oxidant species
as hydroxyl radicals (•OH) (Miklos et al. 2018). Hy-
droxyl radicals have high standard potential (E0 =
2.80 V) allowing the degradation of almost all organic
chemicals. This reaction causes a non-selective miner-
alization of organic compounds to CO2, H2O, and inor-
ganic ions (Silva De Lima et al. 2019). Fenton reaction
comprises a simple redox reaction in which F2+ ions are
oxidized to Fe3+, and H2O2 is reduced to hydroxyl ion
and a hydroxyl radical, whose steps are presented in

reactions 1–5 (Nogueira et al. 2007; dos Santos et al.
2019a).

Fe2þ þ H2O2→Fe3þ þ HO• þ HO− k1 ¼ 76 M−1 s−1 ð1Þ

HO• þ Fe2þ⇆Fe3þ þ HO− k2 ¼ 3; 2� 108 M−1 s−1 ð2Þ

Fe3þ þ H2O2→Fe2þ þ HO2• þ Hþ k3 ¼ 0; 001−0; 01 M−1 s−1

ð3Þ

Fe2þ þ HO2•→Fe3þ þ O2 þ Hþ k4 ¼ 1; 2� 106 M−1 s−1 ð4Þ

H2O2 þ •OH→HO2• þ H2O k5 ¼ 2; 7� 107 M−1 s−1

ð5Þ
In a Fenton classical laboratory experiment, the opti-

mization is executed varying one of the independent
parameters while maintaining the other variables fixed.
This procedure requires many experimental runs, con-
suming time and financial resources. A strategy to work
around this problem is the use of a response surface
methodology (RSM). RSM is a multivariate statistical
and mathematical technique which helps to evaluate the
relationship between the variables used for modeling
and optimizing processes. This method permits to re-
duce the number of experiments and to determine the
optimum operational condition (Shamsuddin et al.
2015; Liu et al. 2017; Kaynar et al. 2018; Amiri et al.
2019).

Effluents are complex mixtures of diverse substances
and AOPs may produce toxic by-products during the
reactions. Then, the toxicity of effluent after treatment
would enhance or reduce. Therefore, several organisms
are used to evaluate the biological effects caused by
toxicants. These toxicity tests may be performed using
vascular plant species to assess the adverse effects on
seed germination and seedling development during the
initial growth (Wang and Freemark 1995; Tchounwou
et al. 2001; Young et al. 2012). Lettuce seeds (Lactuca
sativa) are excellent option for toxicity bioassays, once
they are highly sensitive to chemical stress and germi-
nate fast. The phytotoxicity procedure consists in the
measure of root growth and the germination rate
(Tavares et al. 2016).
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Considering the importance of reactive dyes in textile
industry and their recalcitrant characteristics, this work
aims to evaluate the efficiency of the Fenton reaction in
the removal of three different RD (reactive blue 19,
reactive red 195, and reactive yellow 145). A 23 full
factorial design of experiments coupled with a response
surface methodology (RSM) was conducted to evaluate
the effects of H2O2, ions Fe

+2, and dye concentration on
the Fenton reaction considering the absorbance reduc-
tion (AR) as response. With the previously optimized
operational conditions (Tavares et al. 2016), the kinetic
of Fenton reaction was studied. Phytotoxicity tests were
performed to evaluate the ecotoxicity of treated solu-
tions. Finally, to assess the efficiency of studied process,
tests with mixture of dyes and with a real effluent were
conducted.

2 Materials and Methods

2.1 Chemicals

Commercial Reactive Blue 19 (RB19), Reactive Red
195 (RR19), and Reactive Yellow 145 (RY145) were
purchased from Araquímica (Brazil) and used as re-
ceived. Chemicals for Fenton reaction, hydrogen perox-
ide (H2O2), and ferrous sulfate (FeSO4•7H2O) were
obtained from VETEC (Brazil). Table 1 shows the
chemical structures of the dyes.

2.2 Fenton Experiments and Experimental Design

Fenton reactions were conducted in an agitated batch
reactor using 100 mL of dye solution with pH adjusted
to 3.0 ± 0.1 for 1 h. pH was adjusted using sulfuric acid
(0.1 mol L−1) and sodium hydroxide (0.1 mol L−1). The
coloring reduction was monitored by UV-Vis spectrom-
etry (Shimadzu/Multispec-1501). Absorbance was mea-
sured in the wavelength of greater absorbance (RY145 =
422 nm, RR195 = 542 nm, and RB19 = 591 nm), and
for the mixture, the coloring reduction was determined
by the integration of the spectral area.

A 23 full factorial experiment design coupled with a
response surface methodology (RSM) was conducted to
evaluate the effects of independent parameters on de-
pendent variable (response). Independent factors con-
sidered in this work were the Fenton reactants, H2O2

(X1) and ion Fe2+ (X2) concentration in mmol L−1, and
dye concentration (X3) RY145, RR195, and RB19 in

g L−1, whereas absorbance reduction (%)-Y was the
response variable (dependent variable). The total num-
ber of experiments were given by 2k (2k, factorial runs;
k, the number of independent process variables), giving
eight experiments performed in duplicate. The high and
low levels of each independent variable and the matrix
of design with the respective absorbance reduction are
presented in Tables 2 and 3, respectively.

The Eq. 6 was used to predict the optimum condition
of dye removal. Analysis of variance (ANOVA) was
used to validate the adequacy of model.

Y ¼ b0 þ ∑n
i¼1bixi þ ∑n

i¼1biix
2
i þ ∑n−1

i¼1∑
n
j¼2biixix j þ ε ð6Þ

where Y is the response; b0 represents the intercept; bij,
bii, and bi are the coefficients; n, number of variables; xi
and xj, independent variables; and ε, the error (Kaynar
et al. 2018; Xia et al. 2018).

2.3 Phytotoxicity Tests

Bioassays were performed using lettuce (Lactuca
sativa) germination method based on Young et al.
(2012). Ten seeds were placed in Petri dishes on filter
papers soaked with 5 mL of treated solution. Chronic
toxicity tests were conducted, in triplicate, for several
effluents’ concentration (12.5%, 25%, 50%, and 100%)
and negative control was performed with distilled water.
Plates were taken to incubator at 22 °C ± 2 °C for 120 h
(5 days). The numbers of germinated seeds and the
radicle length were determined. With these data, it was
possible to calculate the relative length (RL), relative
germination (RG), and the germination index (GI)
through Eqs. 7, 8, and 9.

RL ¼ RLS
RLC

*100 ð7Þ

RG ¼ GSS
GSC

*100 ð8Þ

GI ¼ RL*RG
100

ð9Þ

where RLS is the root length of the sample, RLC is the
radius length of the control, GSS is the germinated seeds
of the sample, and GCS is the germinated seeds of the
control.
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3 Results and Discussion

3.1 Experimental Design and RSM

The 23 full factorial design of experiments was used to
establish the best conditions of H2O2, ion Fe

2+, and dye

concentration seeking to maximize the absorbance re-
duction (%). From the Pareto’s chart presented in Fig. 1,
it is possible to determine the statistically significant
variables for each design regarding RY145, RB19, and
RR195 considering 95% of confidence interval.

For RY145 (Fig. 1a), all independent variables and
their interactions were significant. Lower level of X3

and the interaction X1X3 has shown greater effect in the
process. Higher absorbance reduction values were ob-
tained for the runs using the lower dye concentration
(tests 1 to 4) and when X1 and X3 are combined in the
same levels (tests 1 and 8). Initial pollutant concentra-
tion is an important parameter in Fenton reactions af-
fecting the degradation effectiveness. The excessive
presence of organic compounds can act as a barrier to
the reaction between •OH and ferrous ions Fe2+ (Bulut

Table 1 Characteristics of dyes

Dye Molecular Form Chemical Structure
Molecular 

Weight (g.mol-

1)

Reactive 

Yellow 145
C28H20ClN9Na4O16S5 1,026.26

Reactive 

Red 195
C31H19ClN7Na5O19S6 1,136.32

Reactive 

Blue 19
C22H18N2O11S3 582.6
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Table 2 Factors and levels used in DOE

Variables Levels

(−) (+)

X1-concentration of H2O2 (mg L−1)–Cperoxide 10 50

X2-Concentration of ion Fe2+ (mmol.L−1)–CFe 0.1 0.5

X3-concentration of dye (g L−1)–Cdye 0.075 0.75

82 Page 4 of 15 Water Air Soil Pollut (2020) 231: 82



and Aydin 2006). X1, in the higher level, has a favorable
effect in AR when combined with higher levels of X3,
since X1X3 interaction had higher significance. Other-
wise, the higher concentration of H2O2 negatively af-
fects the color removal. This behavior is related to the
reaction between the excess of reactant with free hy-
droxyl radicals (•OH) producing hydroperoxyl (HO2

•),
which is less reactive and does not contribute in the
pollutant degradation. Besides, serial reactions may oc-
cur, consuming radicals that eventually reduce the gen-
eral oxidative capacity (da Silva Duarte et al. 2019). The
parameter X2, although it was significant, had the lowest
effect on AR. It is remarkable that at higher Fe2+ con-
centration, it obtained higher AR, which is more pro-
nounced in higher levels of dye and hydrogen peroxide.
Otherwise, this effect is not relevant in the lowest dye
concentration level. In addition, negative effects of Fe2+

concentration on the response were observed. This be-
havior may be related to the increase in the substrate
removal rate reaching a value that the increase of cata-
lysts does not alter the reaction (Bulut and Aydin 2006).

For RB19, observing Fig. 1b, it is possible to note
that parameter X3 showed the most pronounced effect,
while X2X3 and X1X3 interaction presented virtually the
same significance. The highest AR values were
achieved in the tests using smaller dye concentration
(tests 1 to 4) and those where the combination between
X1 and X3, as well X2 and X3, occurs in the same levels
(tests 1 and 8). Parameters X1 and X2 have greater effect
on their higher levels; however, this behavior was only
observed when X3 was at its upper level. It is not
possible to observe the same using the lower dye con-
centration, since the greatest values of absorbance re-
duction were reached at smallest concentrations of

Fenton reactants (0.1 mmol L−1 Fe2+ and 10 mg L−1

H2O2).
For RR195, it was observed in Fig. 1c that X3 at the

lowest level had more relevance, as well as interaction
X2X3. Tests performed at lowest dye concentration (1 to
4) had high absorbance reduction regardless of the
Fenton reactant concentration used, although they had
greater effect of their higher levels. In the tests with the
higher dye concentration, the variables X1 and X2 acted
better at their higher levels.

From the results presented, it was possible to obtain
an equation that represents the response (absorbance
reduction—Y) as function of independent variables,
X1 (Cperoxide), X2 (CFe), and X3 (Cdye). Therefore, sta-
tistical models of eight parameters related with each dye
tested were obtained, RY145 (Eq. 10), RB19 (Eq. 11),
and RR195 (Eq. 12).

Y ¼ 88:793þ 1:469X 1

þ 0:660X 2−1:689X 3−1:269X 1X 2

þ 4:893X 1X 3 þ 2:066X 2X 3

þ 0:900X 1X 2X 3 ð10Þ

Y ¼ 79:374þ 6:059X 1 þ 6:030X 2−19:050X 3

þ 2:345X 1X 2 þ 6:710X 1X 3 þ 7:044X 2X 3

þ 2:734X 1X 2X 3 ð11Þ

Table 3 Matrix of design and absorbance reduction

Test X1-Cperoxide (mmol L−1) X2-CFe (mmol L−1) X3-Cdye (g L−1) Y. Absorbance reduction (%)

RY145 RB19 RR195

1 10 0.1 0.075 95.70 99.70 99.50

2 50 0.1 0.075 88.10 99.20 98.30

3 10 0.5 0.075 92.10 98.50 98.40

4 50 0.5 0.075 86.00 96.40 97.90

5 10 0.1 0.75 80.20 39.60 80.20

6 50 0.1 0.75 88.60 54.90 87.10

7 10 0.5 0.75 81.30 55.60 88.80

8 50 0.5 0.75 98.40 91.30 99.60
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Fig. 1 Pareto’s chart: aRY145, b
RB19, and c RR195
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Y ¼ 93:726þ 2:006X 1 þ 2:450X 2−4:802X 3

þ 0:562X 1X 2 þ 2:427X 1X 3 þ 2:839X 2X 3

þ 2:446X 1X 2X 3 ð12Þ
To evaluate the statistical explanation of the above

equations, the analysis of variance is given by Table 4.
Statistical models are significant to describe experimen-
tal results and to predict the process behavior. The
quality of adjustment was confirmed by the higher
values of the coefficient of determination (R2). R2 values
calculated for each dye, RR145, RB19 and RR195,
indicate that 99.33%, 99.92%, and 99.24% of the total
variation around the mean were explicated by the mod-
el, respectively.

In order to obtain the optimized conditions to treat the
contaminated effluents using Fenton process, a RSM
was performed; thus, three-dimensional surface graphs
are presented in Fig. 2. Figure 2 a illustrates a response
surface for RY145. Since interaction X1X3 showed the
highest significance, the surface was generated main-
taining X2 fixed in its higher value. The highest AR
were obtained when the dye was more concentrated. In
its condition, Fenton reaction presented the best perfor-
mance using the higher values of reactant concentration.
Nevertheless, high response values were also achieved
in lower Fenton reactant concentration.

Figure 2 b shows the response surface for RB16 to
evaluate the interaction X2X3, since it was the most
significative interaction, maintaining X1 fixed. The
greatest absorbance reductions were achieved when
the dye is more concentrated using the highest Fenton
reactant concentration. However, the wide red zone
observed shows that even in lower concentrations of
peroxide and Fe2+ ions, it is possible to reach a satisfac-
tory absorbance reduction.

Regarding the exposed results, it was possible to
determine an optimized operational condition for the
three dyes degradation: X1 (Cperoxide) = 50 mg L−1; X2

(CFe) = 0.5 mmol L−1, and X3 (Cdye) = 0.075 g L−1.

3.2 Degradation Kinetic Study

Figure 3 presents the absorbance reduction as function
of time for the three dyes at 0.075 g L−1 and 0.75 g L−1.
All dyes showed that high reductions were observed
mainly using the biggest concentrations of Fe2+, pre-
senting almost complete removal in first minutes. In all

conditions, AR around 100% was observed. The excep-
tion was RY145 (Fig. 3a), where tests 2 and 4 differ
from the others, reaching reduction values of 86 and
88%, respectively. Moreover, at higher pollutant con-
centration, it is perceived that the increase in Fenton
reaction effectiveness is directly related to the increase
in Fenton reactant concentration. RY145 and RR195
(Fig. 3d and e, respectively) presented a similar behav-
ior, with degradations above 80% for all tests. However,
for RB19 (Fig. 3f), the AR was more gradual. Only in
the test 8, using higher peroxide and iron concentrations,
significant reductions were obtained.

Kinetic constants were determined for each test based
on the best fit of the kinetic model to experimental data.
Kinetics study evaluates the speed of chemical reactions
based on the change in reactant or product concentration
in the time interval in which the reaction occurs. In a
first-order reaction, the rate is proportional to the first
power of the reagent concentration; if the concentration
is doubled, the rate will also double. For a second-order
reaction in which the A and B initial reactant concen-
trations are equal, the rate is proportional to the second
power of the reagent concentration. If the concentration
of the reagents is doubled, the speed is quadrupled
(Atkins and Paula 2009).

The simplified mechanism of dye degradation can be
represented by reactions 13 and 14 (Sun et al. 2007):

dyeþ HO• →ki S ð13Þ

Table 4 ANOVA

Dye SV QS DF QM

RY145 Regression 577.13 7 96.19

Waste 3.91 8 0.43

Total 581.03 15

% Explained variation 99.33

RB19 SV QS DF QM

Regression 8697.60 7 1242.50

Waste 6.87 8 0.86

Total 8704.47 15

% Explained variation 99.92

RR195 SV QS DF QM

Regression 757.75 7 126.29

Waste 5.83 8 0.65

Total 763.58 15

% Explained variation 99.24

Water Air Soil Pollut (2020) 231: 82 Page 7 of 15 82



Fig. 2 Response surfaces: a
RY145, b RB19, and c RR195
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S þ HO• →k j P ð14Þ
where S represents all intermediate species formed and
ki and kj are the overall velocity coefficients regarding
reactions 13 and 14. The species are oxidized by •OH in

the reaction and will be represented by [Oxi]. Dye
concentration regarding solution is absorbance (Abs).
The corresponding kinetic equation to represent the
reaction between dye and oxidizing species can be
expressed by the following equations:

Water Air Soil Pollut (2020) 231: 82 Page 9 of 15 82
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& First-order kinetic model:

dAbs
dt

¼ −kiAbs Oxi½ � ð15Þ

dAbs
dt

¼ −kapAbs ð16Þ

& Second-order kinetic model:

dAbs
dt

¼ −kiAbs2 Oxi½ � ð17Þ

dAbs
dt

¼ −kapAbs2 ð18Þ

where

kap ¼
ki k1 H2O2½ � Fe2þ� �

∑k j S½ � HO•½ � ð19Þ

Integrating eqs. 16 and 18, we have eqs. 20 and 21,
corresponding to first- and second-order kinetics,
respectively:

ln
Abs0
Abst

� �
¼ kapt ð20Þ

1

Abs
−

1

Abs0
¼ kapt ð21Þ

Table 5 shows the kinetic velocity constants (k) ob-
tained from the fit between models and experimental
data. For the RY145 dye, the second-order model best
fitted the experimental data. At lower concentrations of
iron and peroxide, the kinetic constant for discoloration
of the solution increases, when the concentration of
pollutants is also the lowest. For higher concentrations
of the pollutant, the decolorization kinetic constant in-
creases when these Fenton reagents are in greater
quantity.

For RB19 and RR195, the first-order kinetic model
fitted better the experimental data. The constant in-
creased with the same proportion of Fenton reactants.
In the tests 3 and 4, the kinetic constants were not
determined since the maximum reduction was obtained
in the first 15 min of reaction.

3.3 Mixture of Dyes and Real Effluent

The optimized experimental conditions were used in
order to treat a mixture solution of the three dyes aimed
to verify the Fenton’s potential for a complex effluent
degradation. Figure 4a shows that the AR decreases
significantly when the dye mix solution is treated. This
behavior indicates a synergistically polluting effect be-
tween the dyes making degradation reaction less effi-
cient. Besides, the possible formation of multiple by-
products from dye oxidation and the interaction between
the three compounds can reduce the removal efficiency
as well (Rosales et al. 2009; Bouafia-Chergui et al.
2012). A real textile effluent was treated by Fenton
using the optimized reaction conditions (Fig. 4b). In this
case, absorbance removal percentage was lower than the
mixture of dyes, obtaining just 22% after 1 h, which
may be due to the complex mixture of the real effluent
that contains much more contaminants that can quench
the oxidant species.

3.4 Phytotoxicity Tests

In Fig. 5a, the germination index results, which are the
effects of solutions on seeding growth and germination
simultaneously, are shown using four dilutions (12.5,
25, 50, and 100%). Solutions treated in the optimal
conditions did not present inhibitory effect on seed
germination. GI values above 80% indicate no effects

Table 5 Kinetic constants of the effluent discoloration

Test k (min−1)

RY145 RB19 RR195

1 1.0768 0.1459 0.1554

2 0.3438 0.1743 0.1777

3 – – –

4 – – –

5 0.1421 0.0087 0.0496

6 0.2082 0.0128 0.0708

7 0.3126 0.0509 0.1444

8 1.1678 0.0965 0.2298
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of phytotoxicity and values below 80% can be related to
the inhibition of seed growth (Young et al. 2012; Xia
et al. 2018). Thus, effluents that did not have toxic
effects are those with values above 80% (indicated by
the horizontal line). RB19 and RR195 were free of toxic
effects after treatment. However, RY145 lost the toxicity
only after 50% of dilution. The tests were performed for
treated mixture of dyes solution and real textile effluent
(Fig. 5b). The mixture of dye solution presented higher
indexes when compared with real textile effluent; only
below 25% of dilution, the toxic effects were eliminated.
However, for the real textile effluent, the toxicity was
eliminated only with 12.5% of dilution. These results
may be due to the presence or formation of refractory
compounds, or substances that react with Fenton reac-
tants preventing the reaction. In addition, industrial ef-
fluent has greater complexity, containing other

substances than dyes, which can cause modifications
in the oxygen demand, total dissolved solids, pH, tur-
bidity, and other characteristics (Foo and Hameed
2010).

4 Conclusions

The optimal Fenton reaction conditions for reactive dye
removal were obtained using a 23 full factorial design of
experiments coupled with a response surface methodol-
ogy (RSM). The optimized conditions for higher values
of absorbance reduction were 50 mg L−1 of H2O2 con-
centration, 0.5 mmol L−1 of Fe2+ concentration, and
0.075 g L−1 of dye concentration. From kinetic studies,
it is possible to observe second-order kinetic model
fitted well the experimental data for RY145. First-

Fig. 4 Decolorization comparison of the individual dyes and mixture of dyes (a) and the real effluent (b)
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Fig. 5 Seeds germination index in dyes (a) and effluents (b) after treatment
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order kinetic model was the best one to represent exper-
imental data for RB19 and RR195.

Evaluating the phytotoxicity tests, it was observed
that the dye solutions treated in optimal Fenton condi-
tions did not present inhibitory effects on seed germina-
tion. Phytoxicity tests were performed for treated mix-
ture of dye solution and real textile effluent, and Fig. 5
presents the germinate indexes. The mixture of dye
solution presented higher germination indexes when
compared with real textile effluent. For the first solution,
below 25%, the toxic effects were eliminated, and for
real wastewater, the toxicity was eliminated with 12.5%.

Considering the results obtained, Fenton reaction is
quite efficient for effluent discoloration containing indi-
vidual dyes. However, complex solutions, such as mix-
ture of dyes and real effluents, a longer reactional time is
necessary for efficient pollutant removal.
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