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Abstract The food industry is considered to be one of
the greatest sources of environmental contamination
produced by dyes. Moreover, a large number of com-
mercial food dyes and their by-products have been
shown to be toxic, having chronic effects on human
health. The search for efficient processes with which
to treat these compounds is, therefore, necessary. In this
work, the photo-peroxidation and photo-Fenton pro-
cesses using UV-C and sunlight radiations were evalu-
ated in order to degrade two synthetic dyes commonly
found in food industry wastewater, sunset yellow and

tartrazine, in an aqueous mixture. The preliminary re-
sults showed that the photo-Fenton/UV-C system was
the most efficient. The ANOVA analysis results indi-
cated a good fit of the model. The higher degradations
were obtained using 50 mg L−1 of [H2O2], 1 mg L−1 of
[Fe], a pH of 3.5, and a lower surface area/volume ratio
(0.02 cm2 mL−1). In the kinetic study, a good fit was
found for the kinetic model proposed by Chan and Chu.
Degradations higher than 99% and 78% were obtained
for the chromophore and aromatic groups, respectively,
in 180 min. Toxicity tests showed that post-treatment
samples did not interfere in the development of Lactuca
sativa seeds and Escherichia coli and Salmonella
enteritidis bacteria strains. The ph(Basu and Kumar
2015), since this parameter is often associated with the
quality of the final product (Wang et al. 2014). Food
colorings are classified according to how they are ob-
tained and can be natural, artificial, or synthetic (Rovina
et al. 2016). The use of synthetic dyes is considered to
bemore advantageous owing to their higher stability,
brighter color, and lower price when compared
with natural dyes (Carocho et al. 2014).

The synthetic dyes most frequently used in the food
industry are azo dyes (-N = N-). Of these, the most
common are the tartrazine and sunset yellow anionic
dyes (Peláez-Cid et al. 2016; Lipskikh et al. 2018),
which are used to color jellies, ice creams, soft drinks,
and alcoholic drinks, among others. Despite their exten-
sive use, several studies have identified the chronic
effects that food dyes have on human health (Chung
2016; Okafor et al. 2016; Elbanna et al. 2017).

https://doi.org/10.1007/s11270-020-04547-5

G. E. do Nascimento (*) :V. O. M. Cavalcanti :
R. M. R. Santana :D. C. Napoleão :M. M. M. B. Duarte
Departamento de Engenharia Química, Universidade Federal de
Pernambuco, Av. Prof. Arthur de Sá, s/n, Recife, PE 50740-521,
Brazil
e-mail: grazielen@yahoo.com.br

D. C. S. Sales
Escola Politécnica de Pernambuco, Universidade de Pernambuco,
Rua Benfica, 455, Madalena, Recife, PE 50720-001, Brazil

J. M. Rodríguez-Díaz
Laboratorio de Análisis Químicos y Biotecnológicos, Instituto de
Investigación, Universidad Técnica de Manabí, Portoviejo,
Ecuador

J. M. Rodríguez-Díaz
Departamento de Procesos Químicos, Facultad de Ciencias
Matemáticas, Físicas y Químicas, Universidad Técnica de
Manabí, Portoviejo, Ecuador

J. M. Rodríguez-Díaz
Programa de Pós-graduação em Engenharia Química,
Universidade Federal da Paraíba, João Pessoa 58051-900, Brazil

Water Air Soil Pollut (2020) 231: 254

/Published online: 16 May 2020

http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-020-04547-5&domain=pdf


Many studies published in the last few decades have
reported the dangers of tartrazine dye, identifying its
potentially deleterious effects, such as food allergies,
mutagenicity, carcinogenicity, and phototoxicity
(Gupta et al. 2011; Soares et al. 2015; Khayyat et al.
2017). An excessive consumption of sunset yellow dye
can cause changes, such as attention deficit hyperactiv-
ity disorder (ADHD) in children, in addition to cancer,
asthma, immunosuppression, eczema, migraines, and
anxiety (Rovina et al. 2016).

Moreover, the presence of coloring substances in
water bodies has a negative effect on the environment,
which is associated with the fact that they reduce light
penetration and dissolved oxygen levels (Chekira et al.
2017). The negative impacts of synthetic food dyes on
living organisms and the environment signify that it is
necessary to use efficient methods to treat wastewater
before its release into the receiving bodies (Tikhomirova
et al. 2018).

In this respect, advanced oxidative processes (AOP)
can be applied to promote the degradation of a variety of
organic compounds, including dyes (Almeida et al.
2019). These treatments have been shown to be effi-
cient, since they are based on the oxidation power of
hydroxyl radicals, which can be supplied by applying
electrical energy, radiation, chemicals, or a mixture of
these methods (Wang and Xu 2012; Banaschik et al.
2018). One of these processes is the UV/H2O2 or photo-
peroxidation action, which involves the photolysis of
H2O2 in order to generate the hydroxyl radicals. The
Fenton reaction occurs owing to the combined action of
ferrous ion and H2O2, which generates hydroxyl radi-
cals. In the photo-Fenton process, these radicals result
from the association of the Fenton reaction with a light
source (Cetinkaya et al. 2018).

The photo-Fenton process has been applied as a
pretreatment to improve biodegradability and is also a
means of propitiating the mineralization of persistent
pollutants, whose eventual products are water, CO2,
and inorganic salts (Oller et al. 2011; Vedrenne et al.
2012). However, sometimes only partial mineralization
is achieved, making it essential to ensure that the prod-
ucts formed are not toxic (Nagel-Hassemer et al. 2011;
Rizzo 2011). Santos et al. (2018) evaluated the toxicity
of a mixture of erythrosine and bright blue food dyes
before and after AOP using Lactuca sativa seeds, and
found a reduction in the toxic potential of the solution
after treatment.

During the use of AOP, it is necessary to optimizate
the operating conditions. In traditional optimization
methods, only one parameter is varied at a time, without
an evaluation of the interactions between the parameters
that affect the process (Nair et al. 2014; Shojaeimehr
et al. 2014). One alternative when simultaneously ana-
lyzing these variables is, therefore, the use of statistical
tools, such as factorial design (Santiago et al. 2018).
Gadekar and Ahammed (2019) used a central composite
design to obtain the best working conditions and to
evaluate the influence of three parameters on the remov-
al of the blue 79 dispersive dye.

The objective of this work was, therefore, to study
the degradation of a sunset yellow and tartrazine dye
mixture, that is widely employed in the food industry by
using advanced oxidative processes. The 24 factorial
central composite design (CCD) was used to evaluate
the effects of the variables on the percentage of degra-
dation of the dye mixture in order to optimize the
experimental conditions. A variance analysis
(ANOVA) was subsequently performed in order to ver-
ify its fit to the regression model. The degradation
kinetics of the compounds was evaluated. The toxicity
before and after submission to the AOP using seeds and
bacteria was also investigated, and the biodegradability
was additionally analyzed.

1 Materials and Methods

1.1 Dyes and Reagents

The sunset yellow (SY) and tartrazine (T) food dyes
were provided by the F. Trajano company. All reagents
used in this study were of an analytical grade and had
undergone no further purification. Hydrogen peroxide
(H2O2, 30% v/v, Modern Chemistry, standardized) was
used as an oxidizing agent, while the source of the iron
was ferrous sulfate heptahydrate (FeSO4.7H2O, 99.98%
purity, Vetec). The pH of the solutions was adjusted
with 0.1 mol L−1 H2SO4 (97% purity, Merck) and with
the aid of a pH meter (Quimis, Q400AS). All the solu-
tions were prepared with distilled water.

1.2 Identification of Characteristic Wavelengths
and Analytical Curves for Dye Quantification

An ultraviolet/visible spectrophotometer (Thermo
Scientific brand, model Genesys 10S) with a
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spectral scanning range of 190 to 1100 nm was
used to determine the wavelengths (λ) characteris-
tic of the SY and T dyes. A scanning analysis of
the initial solutions in the pH used in this work (2
to 6) was also performed. Analytical curves (for
each of the λ selected), with a concentration range
of 1 to 10 mg L−1, were used: correlation coeffi-
cients (r) greater than 0.99; values of LD <
0.09 mg L−1, LQ < 0.33 mg L−1, and CV < 2.75%.

1.3 Preliminary Evaluation of the Degradation
of the Dye Mixture

In order to identify the most efficient advanced
oxidative process (AOP) as regards the degradation
of the SY and T dye mixtures, the photo-
peroxidation and photo-Fenton processes were test-
ed using UV-C and sunlight photochemical reac-
tors. The reactor with UV-C radiation was com-
posed of three lamps (Philips), arranged in paral-
lel, with a total power of 90 W and an emission of
photons of 1.89 × 10−3 W cm−2. The reactor with
sunlight radiation (artificial solar) used a lamp
(Osram) with a power of 300 W and an emission
of photons of 12.54 W cm−2 in the visible band,
7.4 × 10−2 W cm−2 in the range of UV-A/UV-B,
and 9.4 × 10−4 W cm−2 in the UV-C range.

The assays were performed under the following con-
ditions: an iron concentration ([Fe]) of 1 mg L−1, a
hydrogen peroxide concentration ([H2O2]) of
50 mg L−1, with the pH equal to 5.5 (natural pH of the
solution), and 1-h exposure to radiation. The experi-
ments were carried out at 28 ± 1 °C and at an atmospher-
ic pressure of 1 atm, using 100-mL beakers, to which
50 mL of the mixture containing 10 mg L−1 of each dye
was added.

1.4 Model Employed to Predict the Degradation
of the Dye Mixture and a Study of the Influence
of Process Variables Using a Statistical Design

The optimization of the operational conditions was per-
formed for the AOP system selected in the aforemen-
tioned study. The 24 factorial central composite design
(CCD) with a center point was carried out with the
objective of evaluating the effects of the following var-
iables: concentration of hydrogen peroxide ([H2O2]),
concentration of iron ([Fe]), pH, and time as regards
the percentage of degradation of the SY and T dye

mixture. The levels evaluated were the following:
[H2O2] (50, 100, and 150 mg L−1), [Fe] (1, 3, and
5 mg L−1), pH (3.5, 4.5, and 5.5), and time (30, 60,
and 90 min). The tests were performed in a random
order and the central point in triplicate, with a total of
19 experiments. The experiments were conducted at 28
± 1 °C and at an atmospheric pressure of 1 atm in
60 min, using 50 mL of dye mixture. The variables
and exposure times were defined on the basis of previ-
ous studies.

The response used to evaluate the efficiency of the
process employed was the percentage of degradation of
dye mixture. The second-order polynomial equation
(Montgomery 2008) was used to analyze the experimen-
tal results and is described in Eq. (1).

Y ¼ β0 þ ∑
n

i¼1
βiX i þ ∑

n

i¼1
βiiX

2
i þ ∑ ∑

n

i< j¼1
βijX iY j ð1Þ

where Y is the predicted response (percentage of degra-
dation), βo is the displacement term, βi is the linear
effect, βij is the first-order interaction, βii is the quadratic
effect, and Xi and Xj are the independent variables of the
model.

A two-way analysis of variance (ANOVA) was ap-
plied to the response, considering both the linear and
quadratic effects for the variables [H2O2], [Fe], pH, and
time, and was used to verify the fit to the second-order
regression model. A multiple regression analysis was
used to estimate the coefficients of the model for each of
the λ studied. The adequacy of the model was evaluated
by determining the coefficient of determination (R2) and
the pure error (MS pure error).

In addition, it was possible to observe the influence of
the variables on the percentage of degradation for each
of the λ studied from the response surfaces, which were
generated using Statistica 10.0 software. Statistically
significant effects were assessed at a confidence level
of 95%.

1.5 Volume Ratio o/Volume Ratio of the Solution
on Degradation Efficiency

In order to verify whether the ratio between the surface
area (Asup) and the volume of the solution (Vsol) had a
significant influence on the degradation of the dye mix-
ture, experiments were conducted at 28 ± 1 °C and at an
atmospheric pressure of 1 atm under the conditions
defined in the two previous studies and in the time of
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60 min. The Asup/Vsol ratios (cm
2 mL−1) evaluated were

0.02 (19.5/1000), 0.03 (13.0/500), 0.05 (9.0/200), 0.08
(7.5/100), and 0.11 (5.5/50).

1.6 Kinetic Evaluation of the Degradation of the Dye
Mixture

The kinetic study of the degradation of the dye mixture
was performed under the best conditions defined from
the studies performed in the previous items at a temper-
ature of 28 ± 1 °C and at an atmospheric pressure of
1 atm in the times of 10, 20, 30, 45, 60, 90, 120, 150, and
180 min.

The adjustment of the experimental data obtained for
the kinetic model proposed by Chan and Chu (2003)
and presented in Eq. (2) was then verified.

C ¼ C0 1−
t

ρþ σt

� �
ð2Þ

where C is the concentration of the solution (mg L−1)
after a time t (min) and C0 is the initial concentration of
the solution (mg L−1). The parameters ρ and σ represent
the reaction kinetics (min) and the oxidation capacity of
the system (dimensionless), respectively.

Upon deriving Eq. (2) with time, Eq. (3) was
obtained.

dC=C0

dt
¼ −ρ

ρþ σtð Þ2 ð3Þ

According to Chan and Chu (2003), when t is zero,
the initial removal rate of the compound (1/ρ) (Eq. (4))
is obtained and the greater the 1/ρ, the faster the com-
pound decay rate. When t is long and approaches infin-
ity, themaximum oxidation capacity (1/σ) of the process
at the end of the reaction is obtained (Eq. (5)).

dC=C0

dt
¼ 1

ρ
ð4Þ

1

σ
¼ 1−

Ct→∞

C0
ð5Þ

An estimation of the dye conversion (degradation
efficiency) was also performed on the basis of Eq. (6).

X ¼ 100 1−
C f

C0

� �
ð6Þ

where X (%) is the conversion and Cf (mg L−1) is the
final concentration of the solution.

In addition, the samples collected at the times of 30,
60, 120, 150, and 180 min were monitored by using
spectral scans in the range of 190 to 600 nm in order to
verify the presence of peaks related to the formation of
possible reaction intermediates.

The residual concentration of H2O2 was determined
using a colorimetric semi-quantitative method with
MQuant Test Strips (Merck), where [H2O2] ranges from
0 to 25 mg L−1. The measurement was performed at the
end of the kinetic experiment (180 min).

1.7 Toxicity Study and Evaluation of Biodegradability

The toxicity tests were performed under the same con-
ditions as those employed in the kinetic study, before
and after the submission of the dye mixture to the
previously selected AOP for 180 min. Lactuca sativa
seeds, along with Escherichia coli UFPEDA 224 and
Salmonella enteritidis UFPEDA 414 bacteria, were
used.

The evaluation of toxicity using seeds consisted of
exposing the Lactuca sativa seeds to the dye mixture
before and after treatment. In the latter case, the follow-
ing dilutions were employed: 100, 70, 50, 10, 5, and 1%.
The analyses were performed in triplicate, according to
the methodology described by Zaidan et al. (2017). The
results of the relative growth index (RGI) and the ger-
mination index (GI) were evaluated according to Young
et al. (2012).

The bacteriological toxicity experiments were carried
out with strains of Escherichia coli and Salmonella
enteritidis cultivated overnight in a Mueller Hinton agar
medium (AMH) at 36 °C, according to the methodology
described by Nascimento et al. (2018a). Trials were
performed in triplicate with the dye mixtures before
and after treatment, without dilution and at dilutions of
1:100 (10−2) and 1:1000 (10−4).

The evaluation of the biodegradability of the
dye mixture was determined by analyzing the
chemical oxygen demand (COD) and the biochem-
ical oxygen demand (BOD), which allowed to
calculate the COD/BOD ratio. The analyses were
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performed with the samples before and after the
degradation process in the time of 180 min, under
the same conditions as those employed in the
kinetic study. The COD was determined on the
basis of the 5220D method and the BOD adapted
from the 5210B method, both from the Standard
Methods for the Examination of Water and Waste-
water (Rice et al. 2012).

2 Results and Discussion

2.1 Identification of Characteristic Wavelengths

The absorption spectra of the SY and T dye solu-
tions obtained by means of scanning allowed us to
identify five characteristic wavelengths (λ). The
results for the various pH analyzed are presented
in Fig. 1.

The UV-visible absorption spectra (Fig. 1) had two
major peaks in the visible region at λ of 428 and
482 nm, along with three peaks in the ultraviolet region,
where λ was equal to 234, 258, and 314 nm. The major
peaks in the visible region are responsible for the color
and are attributed to the n-π* transition absorption of the
chromophore groups of the dyemolecule. It is, however,
possible to attribute peaks of 234, 258, and 314 nm to
the π-π* transition absorption, which is, according to
Oancea and Meltzer (2013) and Ghoneim et al. (2011),
related to the aromatic rings bound to dye molecules.
The monitoring of these peaks is important because it is
indicative of the breakage of the aromatic groups in the
molecule of the dyes, and the consequent degradation of
these compounds. As Fig. 1 shows, no displacement of
the λ studied was found as a function of the initial pH of
the solution.

2.2 Preliminary Evaluation of the Degradation
of the Dye Mixture

The results obtained for the degradation of SY and T
dyes when using the photo-peroxidation and photo-
Fenton processes are presented in Table 1. It is worth
mentioning that the most effective AOP was selected
from these results.

Photo-peroxidation was less efficient as regards the
degradation of the dye mixture than was the process
using iron, i.e., the photo-Fenton process (Table 1).
Similar results were obtained when comparing the use

of UV-C and sunlight radiation in the photo-Fenton
process. However, the choice of UV-C radiation was
made for the subsequent studies, upon considering that
the reactor used has a total power that is 3.33 times
smaller than the sunlight reactor, thus reducing the costs
of the process with respect to the amount of electrical
energy needed for degradation.

2.3 Model Employed to Predict the Degradation
of the Dye Mixture and Study the Influence of Process
Variables Using a Statistical Design

The 24 factorial central composite design (CCD) with a
central point in triplicate was used to evaluate the inter-
action between the four variables and the degradation of
the dye mixture using a second-order polynomial equa-
tion. The variables studied were coded as follows: hy-
drogen peroxide concentration (X1), iron concentration
(X2), pH (X3), and time (X4). The equations in the
regression model for each of the λ studied were attained
by employing the coefficients obtained in the effect
estimation table obtained by using the Statistica 10.0
software and discarding the effects that were not statis-
tically significant (p ≥ 0.05) (Eqs. (7–11)). The positive
and negative signals in the terms indicate the synergistic
and antagonistic effect, respectively.

Y 234nm ¼ 68:67−2:30X 1−13:23X 1X 1−19:27X 2−2:92X 3

þ 7:22X 4 þ 2:26X 2X 3 þ 1:41X 3X 4

ð7Þ

Y 258nm ¼ 76:77−1:05X 1−15:28X 1X 1−19:29X 2−9:54X 3

þ 5:50X 4 þ 3:79X 2X 3 þ 0:55X 3X 4

ð8Þ

Y 314nm ¼ 34:57þ 1:64X 1−32:61X 2−4:16X 3

þ 1:59X 4 þ 3:16X 2X 3 ð9Þ

Y 428nm ¼ 92:00þ 1:31X 1−0:53X 1X 1−5:28X 2−7:26X 3

−0:78X 4 þ 0:92X 1X 2 þ 0:96X 1X 3

−5:14X 2X 3−0:37X 2X 4−0:61X 3X 4

ð10Þ
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Y 428nm ¼ 93:93þ 0:47X 1−3:96X 2−4:96X 3−0:87X 4

þ 0:66X 1X 2 þ 0:72X 1X 3 þ 0:62X 1X 4

−3:68X 2X 3−0:46X 2X 4−0:42X 3X 4

ð11Þ

The estimates of the effects obtained by using a two-
way ANOVA (linear and quadratic effects; pure error)
for the degradation of the dye mixture at a confidence
level of 95% are shown in Table 2. Note that the qua-
dratic effects of the variables X2, X3, and X4 refer to
linear combinations of other effects and were not esti-
mated for the λ studied. Moreover, according to the
effect estimates, [Fe] had a greater influence on the
degradation of the mixture of the colorants for the λ of
234, 258, and 314 nm. However, in the case of the λ of
428 and 482 nm, this influence was observed for the pH
variable. This result is possibly owing to the fact that

some chromophoric groups are influenced by the pH,
and may even have a band shift as a function of the
initial pH variation of the solution. With regard to the
groups observed in λ that were equal to 234, 258, and
314 nm, aromaticity is present, which makes the degra-
dation process more difficult, thus requiring the pres-
ence of a catalyst to increase the efficiency of the
process.

Table 2 shows that all the main effects were statisti-
cally significant at a confidence level of 95% for all the
λ studied, with the exception of the quadratic effect
(X1X1) of [H2O2] for the λ of 314 and 482 nm. In the
case of the λ of 234 and 258 nm, the statistically signif-
icant interaction effects were [Fe] vs pH (X2X3) and pH
vs time (X3X4). However, for the λ of 314 nm, only the
interaction effect [Fe] vs pH (X2X3) was significant. In
the case of the λ of 428 and 482 nm, all interaction
effects were significant except [H2O2] vs time (X1X4) for
the λ of 428 nm.

Fig. 1 UV-visible absorption
spectra of SY and T dyes

Table 1 Percentages of degradation for each of the λ studied

Process Radiation % of degradation

234 nm 258 nm 314 nm 428 nm 482 nm

Photo-peroxidation Sunlight 0.0 5.2 9.4 20.8 31.0

Photo-peroxidation UV-C 48.9 62.6 55.3 86.1 90.5

Photo-Fenton Sunlight 80.6 82.8 63.1 95.4 97.2

Photo-Fenton UV-C 81.1 83.0 63.6 95.7 97.6
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The results of the two-way ANOVA analysis indi-
cated the good adequacy of the experimental data for the
model, for each of the λ studied, with a coefficient of
determination (R2) ranging from 0.9781 to 0.9955 and
low values of MS pure error (0.0110–0.1733). This can
be confirmed by comparing the percentages of degrada-
tion obtained experimentally and those predicted by the
models, as shown in Fig. 2.

As interaction effects between the variables were
observed, response surfaces were generated by
employing the Statistica 10.0 software, with the objec-
tive of carrying out a joint evaluation of the influence of
the variables studied on the percentage of degradation,
for each of the λ studied. Figures 3, 4 and 5 show the
response surfaces of interaction effects [Fe] vs pH, pH
vs time, [H2O2] vs pH, [H2O2] vs [Fe], and [Fe] vs time,
respectively.

In the degradation evaluate (%), through the use of
response surface graphs, it is possible to verify that the
results obtained are arranged in two layers. The lower
layer, in the darker part, has the condition in which there
is the best combination of variables whose interaction
effect was significant. The upper layer, on the other
hand, has different curvatures, in which the maximum
degradation is observed at the apex of that curve.

An analysis of Fig. 3 indicates that, for lower levels
of [Fe] and pH, higher levels of degradation of the dye
mixture are achieved for all the λ studied. Figure 4
shows that in case of the λ related to the aromatic
groupings (234 and 258 nm), higher values of degrada-
tion are obtained for the lower pH level and a higher
time of exposure to radiation, considering the difficulty
involved in degrading these compounds. With regard to
the chromophoric groups (λ of 428 and 482 nm), the
same occurs when the lowest pH level is combined with
any level of time. In Fig. 5 a and b, higher percentages of
degradation are obtained for the λ of 428 and 482 nm by
using lower pH and [Fe] levels, independently of the
[H2O2] level. Figure 5c, for the same λ, shows that
higher degradation values are obtained for the lower
level of [Fe], independently of the time of radiation
exposure.

The subsequent experiments were, therefore,
performed using a pH of 3.5, [Fe] equal to
1.0 mg L−1, and 50 mg L−1 of [H2O2]. The lowest
[H2O2] was chosen in order to use this reagent
without excess and to reduce costs, since higher
degradations were obtained independently of the
level of this parameter and the excess of this

Table 2 Effect estimates obtained using two-way ANOVA analysis for degradation of dye mixture

Factor Wavelength (nm)

234 258 314 428 482

Effect ± error p* Effect ± error p* Effect ± error p* Effect ± error p* Effect ± error p*

X1 − 4.60 ± 0.49 0.0109 − 2.10 ± 0.25 0.0141 3.27 ± 0.67 0.0389 0.94 ± 0.13 0.0004 2.61 ± 0.05 0.0175

X1X1 − 26.46 ± 1.22 0.0021 − 30.56 ± 0.63 0.0004 − 1.90 ± 1.67 0.3728 1.10 ± 0.32 0.0137 − 1.06 ± 0,12 0.0743

X2 − 38.55 ± 0.49 0.0002 − 38.57 ± 0.25 0.0001 − 65.20 ± 0.67 0.0001 − 7.91 ± 0.13 0.0001 − 11.64 ± 0.05 0.0002

X3 − 5.85 ± 0.49 0.0068 − 19.07 ± 0.25 0.0002 − 8.32 ± 0.67 0.0063 − 9.39 ± 0.13 0.0001 − 14.51 ± 0.05 0.0002

X4 14.45 ± 0.49 0.0011 11.00 ± 0.25 0.0005 3.17 ± 0.67 0.0413 − 1.74 ± 0.13 0.0010 − 1.56 ± 0.05 0.0052

X1X2 − 0.22 ± 0.49 0.6887 − 0.35 ± 0.25 0.2988 − 1.27 ± 0.67 0.1956 1.31 ± 0.13 0.0007 1.84 ± 0.05 0.0091

X1X3 0.08 ± 0.49 0.8914 1.65 ± 0.25 0.2250 1.02 ± 0.67 0.2636 1.44 ± 0.13 0.0007 1.91 ± 0.05 0.0076

X1X4 0.57 ± 0,49 0.3580 0.72 ± 0.25 0.1023 0.22 ± 0.67 0.7676 1.24 ± 0.13 0.3377 0.06 ± 0.05 0.0102

X2X3 4.52 ± 0,49 0.0113 − 7.57 ± 0.25 0.0011 6.32 ± 0.67 0.0109 − 7.36 ± 0.13 0.0001 − 10.29 ± 0.05 0.0003

X2X4 − 1.62 ± 0,49 0.0789 0.30 ± 0.25 0.3555 − 1.17 ± 0.67 0.2197 − 0.91 ± 0.13 0.0045 − 0.74 ± 0.05 0.0185

X3X4 2.82 ± 0,49 0.0283 1.10 ± 0.25 0.0486 0.57 ± 0.67 0.4788 − 0.84 ± 0.13 0.0017 − 1.21 ± 0.05 0.0218

R2 0.9926 0.9955 0.9949 0.9781 0.9889

MS pure
error

0.9433 0.2533 1.7733 0.0633 0.0110

MS, mean squares; R2 , coefficient of determination

*The results of p values that are not significant with a confidence level of 95% are highlighted in bold type
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reagent acts by sequestering hydroxyl radicals,
thus disfavoring the reaction.

Similar results were found by Santana et al. (2018)
and Nascimento et al. (2018b), who studied the degra-
dation of direct orange textile dye 26 and the mixture of
remazol gold-yellow dyes RNL-150% and turquoise
reactive Q-G125, respectively, using the photo-Fenton
process.

2.4 Influence of Surface Area/Volume Ratio
of the Solution on Degradation Efficiency

In this study, the efficiency of the photo-Fenton/UV-C
system was evaluated as regards the degradation of the
mixture of the SY and T dyes as a function of the Asup/
Vsol ratio. The results are shown in Fig. 6.

In Fig. 6, note that there is no significant difference in
the degradation for the Asup/Vsol relations studied for the
λ of 428 and 482 nm. As the Asup/Vsol ratio increases, a

Fig. 2 Comparison of the percentages of experimental and predicted degradation obtained by the models
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Fig. 3 Response surfaces for the % of degradation related to the of the interaction effect [Fe] (X2) vs pH (X3)
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decrease in the percentages of degradation occurs for λ
of 234, 258, and 314 nm. This indicates that the larger
the volume of the solution to be treated and the greater
the surface area of contact with the radiation, the greater
the degradation efficiency in the relationships evaluated.
The kinetic study was, therefore, performed using the
Asup/Vsol ratio of 0.02 cm2 mL−1 (19.5 cm2/1000 mL),
with the objective of obtaining higher percentages of
degradation of aromatic compounds (λ of 234, 258, and
314 nm).

2.5 Kinetic Evaluation of the Degradation of the Dye
Mixture

The kinetic study of degradation was performed under the
best conditions found in previous studies. The kinetic
evolution of the degradation of the mixture of the SY
andT dyes over time (C/C0 vs t), alongwith the adjustment
to the kinetic model proposed by Chan and Chu, residual
values of the percentage of degradation over time, and
spectral scans in the range of λ from 190 to 600 nm are
presented in Fig. 7.

Stabilization of the system occurred after 50 min (Fig.
7a). At this time, the degradation was greater than 98% for
λ at 482 and 428 nm, 93% at 258 nm, 87% at 234 nm, and
72% at 314 nm. It was also found that the experimental

Fig. 4 Response surfaces for the % of degradation related to the of the interaction effect pH (X3) vs time (X4)
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Fig. 5 Response surfaces for the % of degradation related to the of the interaction effects. a [H2O2] (X1) vs pH (X3). b [H2O2] (X1) vs [Fe]
(X2). c [Fe] (X2) vs time (X4)
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data concerning the degradation of the dye mixture using
the photo-Fenton process with UV-C radiation fitted well
with the kinetic model proposed by Chan and Chu (2003).
This good fit was confirmed by the behavior of the resid-
uals left by the model (Fig. 7b), in which the data were
randomly distributed and close to zero.

An analysis of Fig. 7c indicates that the photo-Fenton
process using UV-C radiation was efficient as regards
the degradation of λ of 234, 258, 428, and 482 nm, since
the characteristic peaks of these λ were not visualized.
This behavior indicated the possible effective
destruction of the chromophore and the probable
breakage of the aromatic rings of the dye molecules.
With regard to the λ of 314 nm, the peak decreased
gradually over time, but at a slower rate than the peaks
of the other wavelengths. It is possible that the formation
of intermediates did not occur, considering that new
peaks were not observed.

In this context, it possible to affirm that the results
obtained are promising, since literature shows that, in
order to degrade food colors, it is often necessary to use
heterogeneous photocatalysis, which may increase the
cost of the process. Palas et al. (2017) used a perovskite
LaCuO3 (0.25 g L−1) as a catalyst to degrade the
tartrazine dye, obtaining 46.6 and 64.4% for the λ of
257 and 428 nm in 120min of exposure to UV radiation.
Rajamanickam and Shanthi (2014) evaluated the use of
TiO2 supported on activated carbon as a photocatalyst
(1 g L−1) in the degradation of the sunset yellow dye,

obtaining 45.7% for the λ of 313 nm after 60 min of
exposure to UV-A radiation.

The conversion data obtained after 180 min and the
kinetic parameters of the oxidation reaction obtained
from Eqs. (1) and 2 are shown in Table 3.

The linear regression coefficients (R2) were higher than
0.95 and the ERRSQvalueswere low, indicating a good fit
to the proposed model (Table 3). The initial removal rate
(1/ρ) was higher for the λ of 428 and 482 nm, and a faster
rate of reductionwas attained for the chromophoric groups.
In the case of the aromatic groups (λ of 234, 258, and
314 nm), the decrease ratio was slower owing to the
difficulty involved in degrading these compounds. The
maximum oxidation capacity of the system (1/σ) was
similar for all the λ studied.

A quantification of the residual concentration of
H2O2 was performed with the 180-min time sample
from the kinetic study. The result found was in the range
of 2 to 5 mg L−1, showing that hydrogen peroxide was
not fully consumed during the reaction.

2.6 Toxicity Study and Evaluation of Biodegradability

The treatment efficiency was evaluated by studying the
toxicity of the samples before and after submission to
the AOP under the same treatment conditions described
for the 180-min time kinetic study using Lactuca sativa
seeds. This was done by counting the number of seeds
that germinated and their root growth. The relative
growth index (RGI) and germination index (GI) were

Fig. 6 Results of degradation of
the dye mixture as a function of
Asup/Vsol ratio
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Fig. 7 Kinetic evaluation. a
Adjustment to the kinetic model.
b Residual of the percentage of
degradation. c Absorption spectra
of dye mixture after treatment
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also calculated for a better analysis and understanding of
the results (Table 4).

After analyzing Table 4, it was observed that the
solutions of the SY and T dye mixture after the treat-
ment with dilutions of 5 and 1% led to germination
similar to that of the negative control. Germination
similar to the sample before treatment was observed
for the other dilutions, with GI values higher than the
sample before treatment, thus indicating no increase in
the toxicity of the samples after treatment.

The RGI results were higher than 0.80, indicating
that there was, according to Young et al. (2012), no
inhibition of growth. Santos et al. (2018) evaluated the
toxicity of erythrosine and a bright blue dye mixture
before and after the AOP, using Lactuca sativa seeds,
and verified a reduction in the toxicity of the solution
after treatment using the UV/H2O2/TiO2 process.

The results of the mean and standard deviation (σ) of
the bacterial activity of the samples for OD600 between
the initial time and after 24 h of incubation are presented
in Table 5, in addition to the cellular viability evaluation
data obtained after 48 h of incubation.

The results of Table 5 show that, based on OD600

values, the bacterial growth of strains of Escherichia

coli and Salmonella enteritidis had values higher than
the negative control for solutions before and after treat-
ment without dilution. The dilutions of these solutions,
which had lower values than the negative control, were
within the experimental error. The solutions studied
were not, therefore, toxic for the bacterial species
Escherichia coli and Salmonella enteritidis. The viabil-
ity test showed that all the samples remained viable for
the two bacterial species. Charamba et al. (2018) found
that, after the use of the UV/H2O2 process for the
degradation of leaf green and açaí purple dyes, there
was a decrease in the toxicity of the dye solution for the
strains of Staphylococcus aureus and Staphylococcus
pyogenes bacteria.

The results obtained in order to evaluate biodegrad-
ability (COD/BOD ratio) before and after the photo-
Fenton process at 180 min were 34.28 and 4.39, respec-
tively. The reduction in this ratio indicates that the
treatment used was efficient as regards the degradation

Table 3 Conversion and kinetic parameters calculated by the
model

λ (nm) X (%) 1/ρ 1/σ R2 ERRSQ

234 87.9 0.13 0.96 0.95 0.04

258 93.5 0.20 0.97 0.95 0.04

314 78.5 0.03 0.99 0.90 0.15

428 99.6 1.03 0.99 0.98 0.01

482 99.2 1.88 0.97 0.99 0.007

Table 4 Results of Lactuca sativa toxicity test

Sample Average number of seeds that germinated Root growth, mean ± σ (cm) RGI GI (%)

Negative control 9.7 ± 0.6 8.7 ± 1.0 1.00 100.00

SBTa 7.7 ± 0.6 7.0 ± 0.1 0.88 69.55

SPTb 1% 9.3 ± 0.6 8.7 ± 0.2 1.00 96.55

SPT 5% 9.0 ± 1.0 8.5 ± 0.5 0.98 87.93

SPT 10% 8.7 ± 0.6 8.1 ± 0.1 0.93 87.02

SPT 50% 8.0 ± 1.0 7.6 ± 0.5 0.85 80.38

SPT 70% 8.0 ± 1.0 7.3 ± 0.6 0.81 76.84

SPT 100% 7.7 ± 0.6 7.0 ± 0.1 0.80 70.19

a Solution before treatment; b Solution post-treatment

Table 5 Bacterial toxicity results

Samples Escherichia coli Salmonella enteritidis

Mean ± σ
(OD600)

Viability Mean ± σ
(OD600)

Viability

Negative
control

0.321 ± 0.071 +++ 0.345 ± 0.010 +++

SBTa 0.361 ± 0.013 +++ 0.358 ± 0.009 +++

SBT 1:100 0.329 ± 0.003 +++ 0.341 ± 0.001 +++

SBT
1:1000

0.293 ± 0.006 +++ 0.314 ± 0.018 +++

SPTb 0.341 ± 0.001 +++ 0.385 ± 0.015 +++

SPT 1:100 0.270 ± 0.010 +++ 0.353 ± 0.012 +++

SPT 1:1000 0.296 ± 0.006 +++ 0.319 ± 0.013 +++

a Solution before treatment; b Solution post-treatment
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of the mixture of SY and T dyes, resulting in an increase
in the biodegradable fraction. Similar results were also
found by Santos et al. 2018, who studied the photocat-
alytic degradation of a mixture containing erythrosine
and bright blue food dyes.

3 Conclusions

The 24 factorial central composite design was success-
fully applied in order to establish the optimum condi-
tions for the degradation of a sunset yellow and
tartrazine dye mixture using the photo-Fenton/UV-C
system. An analysis of variance (ANOVA) indicated
that a second-order regression model fitted the experi-
mental data well. Degradation percentages of over 99%
were obtained for the chromophoric groups and were
higher than 78% for the aromatic groups, in 180 min.
The kinetic model proposed by Chan and Chu had a
good fit to the experimental data. In the toxicity tests, no
inhibition in growth was observed for the Lactuca sativa
seeds and for the Escherichia coli and Salmonella
enteritidis bacteria. The reduction in the COD/BOD
ratio indicated an increase in the biodegradable fraction.
It is, therefore, possible to conclude that the photo-
Fenton/UV-C system can be used as an efficient treat-
ment for the degradation of the mixture of the sunset
yellow and tartrazine dyes.
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