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ABSTRACT

A statistical optimization of Reactive Red 141 (RR141) removal by heterogeneous photo–
Fenton reaction using ZnFe2O4 particles was performed. ZnFe2O4 oxide was synthesized by
microwave-assisted solvothermal route and characterized by X–ray diffraction, Fourier
transform infrared spectroscopy, and N2 adsorption–desorption isotherms. This material
was used as a catalyst for the removal of RR141 dye from aqueous solution. Statistical opti-
mization for the RR141 removal was performed using a 24−1 fractional experimental design,
followed by the response surface methodology. Effects of pH, reaction time, dye concentra-
tion, and H2O2 concentration were evaluated. ZnFe2O4 particles presented a mesoporous
structure with surface area of 65 m2 g−1. It was found that the more adequate conditions for
the RR141 dye removal were pH 2.0, reaction time of 60 min, dye concentration of
60 mg L−1, and H2O2 concentration of 10 mM. In these conditions, 90% of color removal
was achieved. The results demonstrate that the ZnFe2O4 oxide is an efficient catalyst for the
removal of RR141dye from aqueous solution through the heterogeneous photo–Fenton
reaction.
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1. Introduction

Dye-containing effluents from the textile industries
can cause various environmental impacts, since they
contain suspended solids, higher values of oxygen
chemical demand, dyes, and other soluble substances

[1]. Particularly, dye molecules are difficult to be
removed from the effluents, because they are charac-
terized by high chemical stability and low degradabil-
ity. It is recognized that the advanced oxidation
processes (AOPs) are an emerging technology to
remove dyes from aqueous effluents [2]. Among the
AOPs, heterogeneous Fenton reaction is one of
the most promising technologies to remove organic*Corresponding author.
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compounds [3–6]. In this technique, iron-based materi-
als can be separated and recovered from the aqueous
solutions by a magnetic field for further reutilization
due to their magnetic properties [7]. Several iron-
based materials, such as FeVO4, CuFe2O4, Fe3O4,
α–Fe2O3, and α–FeOOH have been applied as catalysts
in Fenton reaction in order to remove the pollutant
compounds [8–11]. Recently, ZnFe2O4 oxide has
received attention due to its high catalytic potential to
degrade organic pollutants [12–14].

Different process conditions should be studied to
obtain satisfactory results in the effluent treatment
using Fenton reaction [11,15]. Among them, parame-
ters such as pH, H2O2 concentration, dye concentra-
tion, and H2O2: Fe molar ratio are fundamental factors
[15–17]. Therefore, in order to decrease the operational
costs, these variables should be optimized. Classical
methods to evaluate the factors that affect the photo–
Fenton reaction require many experiments and do not
consider interaction effects. In this context, response
surface methodology (RSM) is an alternative method
to minimize the experiments’ number and evaluate
the interaction effects. In addition, statistical models to
represent the desired response as a function of studied
variables can be generated [18–23].

In this work, ZnFe2O4 oxide was used as a catalyst
in the heterogeneous photo–Fenton reaction to remove
RR141 dye from aqueous solution. ZnFe2O4 catalyst
was synthesized by microwave-assisted solvothermal
method and characterized by different techniques.
Effects of pH (1.16–4.00), reaction time (10.0–76.8 min),
dye concentration (40.0–76.8 mg L−1), and H2O2 con-
centration (20.0–60.0 mM) were evaluated in order to
optimize the RR141 dye removal by heterogeneous
photo–Fenton reaction. Statistical optimization was
performed using a 24−1 fractional design, followed by
the RSM.

2. Experimental

2.1. Materials and reagents

The analytical grade reagents used in this work
were acquired from Synth and Sigma-Aldrich: sulfuric
acid (H2SO4), sodium hydroxide (NaOH), hydrogen
peroxide (H2O2), zinc nitrate (Zn(NO3)2·6H2O), iron
nitrate (Fe(NO3)3·9H2O), ethylene glycol (C2H4(OH)2),
and sodium acetate (CH3COONa). Reactive Red 141
dye (Procion Red H-E7B; CAS number 61,931–52–0;
C52H34O26S8Cl2N14; soluble in water) was provided by
a textile company from southern Brazil. This dye was
herein selected, because it is largely employed in tex-
tile industries and is a common pollutant in textile
effluents [24,25].

2.2. Synthesis and characterization of ZnFe2O4 oxide

ZnFe2O4 particles were synthesized by the micro-
wave-assisted solvothermal route, which was recently
developed in our laboratory [26]. Zn(NO3)2·6H2O and
Fe(NO3)3·9H2O were used as precursor salts and ethy-
lene glycol was used as a solvent. The stoichiometric
ratio using Zn:Fe was 1:2. In brief, 4.0 mmol of Zn
(NO3)2·6H2O and 8.0 mmol of Fe(NO3)3·9H2O were
dissolved in 120 mL of ethylene glycol under constant
agitation, along with the addition of 60.0 mmol of
sodium acetate (CH3COONa). After that, the solution
was transferred to a Teflon reactor and submitted to
microwave irradiation (MARS 6 Microwave, ESP 1500
plus, USA) under the following conditions: tempera-
ture of 230˚C, power of 600 W, and time of 30 min.
Finally, the precipitate was removed, washed several
times with deionized water and oven dried at 110˚C
for 24 h. ZnFe2O4 catalyst was characterized by X–ray
diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and N2 adsorption–desorption
isotherms (BET). The diffractogram of ZnFe2O4 oxide
was obtained by means of a Powder diffractometer
(Rigaku, Miniflex 300, Japan), equipped with
Ni–filtered Cu-Kα radiation (λ = 1.54051 Å), with
2θ = 25˚–65˚. The diffractometer was operated with a
step size of 0.03˚ and a count time of 0.9 s per step,
receiving slits at 30 kV and 10 mA. The average crys-
tallite size (D, Å) was determined by the Scherrer
equation (Eq. (1)) [27], where K is the Scherrer con-
stant (0.90), h1/2 is the width at half height of the more
intense peak and θ is the position of this peak (in this
work, 2θ = 35.36˚).

D ¼ Kk
h1=2 cos h

(1)

FTIR spectrum was recorded by a Shimadzu
IR-Prestige-21 spectrometer. Potassium Bromide (KBr)
pellet was prepared with 10 mg of ZnFe2O4 and
300 mg of KBr [28]. FTIR spectrum was measured in
the range 4,000–400 cm−1. Surface area (BET) and pore
size distribution of ZnFe2O4 catalyst were obtained
from the N2 adsorption–desorption isotherms at 77 K
with P/P0 ranging from 0.00 to 0.99 (Micromeritics,
ASAP 2020, USA) [29].

2.3. Photo–Fenton assays

Photo–Fenton assays were performed in a 100 mL
batch glass reactor (internal diameter of 5 cm and
height of 6 cm) equipped with a spiral commercial
fluorescent lamp (Empalux, 85 W, 65 lumens W−1).
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The distance between the liquid surface and the lamp
was 15 cm. The dye solutions (50 mL) with different
initial concentrations (according to the statistical opti-
mization; see Table 1) had the pH adjusted (according
to the experimental design; Table 1) and, 0.025 g of
ZnFe2O4 was added. It is known that the acidic condi-
tion is required for a promising performance of the
Fenton reaction [14,26]. The solutions were stirred in
the dark at 100 rpm and 25˚C, until reaching the
adsorption equilibrium. Then, H2O2 was added to
solution (according to the experimental design; Table 1)
and light irradiation was further employed. All experi-
mental conditions employed in this work were based
on previous works [14,26]. Samples were collected at
different time intervals, filtered, and measured at a
maximum wavelength of 543 nm (Shimadzu–UV 1,800
spectrophotometer, Japan). The removal efficiency
(E, %) was determined as a function of color removal,
according to Eq. (2), where A0 is the initial absorbance
and A is the absorbance at reaction time t.

Eð%Þ ¼ A0 � Að Þ
A0

� 100 (2)

2.4. Experimental design

RR141 removal by heterogeneous photo–Fenton
reaction was investigated using a 24−1 fractional
experimental design, followed by the RSM. Effects of
pH, reaction time, dye concentration, and H2O2 con-
centration on the decolorization of RR141 dye were
evaluated.

Firstly, a 24−1 fractional design was used in order
to verify the individual effects of pH (2.00 and 4.00),
reaction time (10.0 and 60.0 min), dye concentration
(40.0 and 60.0 mg L−1), and H2O2 concentration (20.0
and 60.0 mM). These levels and factors were deter-
mined by preliminary experimental tests according to

the literature [1,10,11,17,30–32]. The real and coded
values of the investigated variables are shown in
Table 1. Posteriorly, the dye removal efficiency (E)
was optimized using a central composite rotatable
design (23 with three central and six axial points)
[18,21,33,34]. The effects of reaction time (from 43.2 to
76.8 min), pH (from 1.16 to 2.84), and dye concentra-
tion (from 43.2 to 76.8 mg L−1) were evaluated. The
real and coded values of the variables using a central
composite rotatable design are presented in Table 2.
The response (E) was represented as a function of
independent variables according to a quadratic
polynomial equation (Eq. (3)) [18], where a is the con-
stant coefficient, bi is the linear coefficient, bij is the
interaction coefficient, bii is the quadratic coefficient,
and xi, xj are the coded values of the variables.

E ¼ aþ
Xn

i¼1

bixi þ
Xn

i¼1

biix
2
i þ

Xn�1

i¼1

Xn

j¼iþ1

bijxixj (3)

The statistical significance of the nonlinear regression
was determined by Student’s test, the second order
model equation was evaluated by Fischer’s test and the
proportion of variance was explained by the model
obtained [18]. Experimental runs were performed in
random order and the results were analyzed using
Statistic version 9.1 (Statsoft, USA) software.

3. Results and discussion

3.1. Characterization of ZnFe2O4 oxide

Fig. 1 shows the X–ray diffractogram (a) and FTIR
spectrum (b) of ZnFe2O4 oxide prepared by micro-
wave-assisted solvothermal method.

The X–ray diffractogram (Fig. 1(a)) shows that
ZnFe2O4 oxide presented a cubic and single phase
structure, according to the Joint Committee on Powder
Diffraction Standards (JCPDS), card no. 89–1,012. The
diffraction peaks at 2θ of 30.05˚, 35.36˚, 42.78˚, 52.96˚,

Table 1
Coded and real (in parentheses) variables and results for the 24−1 fractional experimental design

Run [H2O2]/(mM) [Dye]/(mg L−1) pH t/(min) Eexp/(%)a Erep/(%)a

1 1 (60.0) 1 (60.0) 1 (4.00) 1 (60.0) 1.93 2.03
2 1 (60.0) 1 (60.0) –1 (2.00) –1 (10.0) 50.39 50.98
3 1 (60.0) –1 (40.0) 1 (4.00) –1 (10.0) 0.55 0.62
4 1 (60.0) –1 (40.0) –1 (2.00) 1 (60.0) 75.00 74.06
5 –1 (20.0) 1 (60.0) 1 (4.00) –1 (10.0) 2.20 1.90
6 –1 (20.0) 1 (60.0) –1 (2.00) 1 (60.0) 90.62 89.04
7 –1 (20.0) –1 (40.0) 1 (4.00) 1 (60.0) 1.45 1.50
8 –1 (20.0) –1 (40.0) –1 (2.00) –1 (10.0) 47.50 52.05

aEexp = removal efficiency of the experiment and Erep = removal efficiency to its replicate.
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56.78˚ and 62.20˚ can be attributed to the diffraction
planes of (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and
(4 4 0), respectively. No impurity was detected. The
average crystallite size (D) determined by the Scherrer
equation (Eq. (1)) was 177 Å. The FTIR spectrum of
ZnFe2O4 (Fig. 1(b)) shows bands at 3,440, 1,640, 570,
and 440 cm−1. The bands at 3,440 and 1,640 cm−1 can
be assigned to vibrations of water molecules on the
ZnFe2O4 surface. The bands visualized at 570 cm−1

(Zn–O) and 440 cm−1 (Fe–O) indicate the ZnFe2O4

phase formation [35,36].
Nitrogen adsorption–desorption isotherms of

ZnFe2O4 sample and its pore size distribution curve
are shown in Fig. 2.

Fig. 2(a) shows the N2 adsorption–desorption iso-
therms, which can be categorized as type III, indicating
a predominantly mesoporous structure (20 Å < pore
size < 500 Å) [37]. The pore size distribution curve
(Fig. 2(b)) displays a wide distribution, with predomi-
nance in the mesoporous region (20 Å < pore
size < 500 Å). This mesoporous characteristic can be
attributed to the pore voids among the agglomerate
particles. The surface area, average pore size, and total
pore volume of the ZnFe2O4 sample were 65 m2 g−1,
170 Å, and 0.301 cm3 g−1, respectively.

3.2. Fractional experimental design

RR141 dye was removed from aqueous solutions
by the photo–Fenton reaction using ZnFe2O4 as cata-
lyst. Table 1 shows the results obtained using a 24−1

fractional experimental design in order to evaluate
pH, reaction time, dye concentration, and H2O2 con-
centration on the RR141 dye removal efficiency (E).

Based on the results presented in Table 1, a Pareto
chart (Fig. 3) was utilized in order to verify the effects
of the independent variables on the RR141 dye
removal efficiency. Fig. 3 shows that all independent
variables were significant (p < 0.05) in relation to the
removal efficiency. The pH, dye concentration, and
H2O2 concentration have negative effects on the
response, meaning that the lower the pH, dye concen-
tration, and H2O2 concentration the better the removal
efficiency. On the other hand, obviously the time had
a positive effect on the response.

Pareto chart shows that the pH value had the lar-
gest influence on the dye removal efficiency, present-
ing a negative effect, which means that the
decolorization efficiency decreases as the solution pH
increases. The Fenton technology applies the com-
bination of H2O2 and Fe2+ in an acidic aqueous med-
ium (pH ≤ 3), producing hydroxyl reactive radicals
(HO�), which are effective in the oxidation of pollu-
tant molecules [38,39]. RR141 dye removal efficiency
was also improved by the contact time increase and
dye concentration decrease (Table 1). The H2O2 con-
centration decrease causes an increase in the removal
efficiency, because at higher H2O2 concentrations, the
HO� radical can be eliminated due to the generation
of hydroxyperoxide radicals (HO�

2), which is less
reactive [39,40]. Therefore the results of a 24−1 frac-
tional design were used to define the levels and

Table 2
Coded and real (in parentheses) variables and results for the central composite rotatable design

Run pH [Dye]/(mg L−1) t/(min) Eexp/(%)a

1 1 (2.50) 1 (70.0) 1 (70.0) 47.26
2 1 (2.50) 1 (70.0) –1 (50.0) 37.50
3 1 (2.50) –1 (50.0) 1 (70.0) 70.01
4 1 (2.50) –1 (50.0) –1 (50.0) 51.32
5 –1 (1.50) 1 (70.0) 1 (70.0) 79.31
6 –1 (1.50) 1 (70.0) –1 (50.0) 75.57
7 –1 (1.50) –1 (50.0) 1 (70.0) 71.83
8 –1 (1.50) –1 (50.0) –1 (50.0) 32.50
9 –1.68 (1.16) 0 (60.0) 0 (60.0) 56.98
10 1.68 (2.84) 0 (60.0) 0 (60.0) 50.98
11 0 (2.00) –1.68 (43.2) 0 (60.0) 49.68
12 0 (2.00) 1.68 (76.8) 0 (60.0) 24.53
13 0 (2.00) 0 (60.0) –1.68 (43.2) 54.11
14 0 (2.00) 0 (60.0) 1.68 (76.8) 79.22
15 0 (2.00) 0 (60.0) 0 (60.0) 89.00
16 0 (2.00) 0 (60.0) 0 (60.0) 90.00
17 0 (2.00) 0 (60.0) 0 (60.0) 89.50

aEexp = removal efficiency of the experiment.
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factors of central composite rotatable design (Table 2),
which was used to optimize the RR141 dye removal.
Since pH, reaction time, and dye concentration were
the most influential factors, they were the variables
studied.

3.3. Optimization of RR141 dye removal

In order to obtain the optimal reaction conditions,
the removal efficiency (E) was optimized using a cen-
tral composite rotatable design (23 with three central
and six axial points). Table 2 shows the levels, vari-
ables, and results of this experimental design.

Pareto chart (Fig. 4) was used to verify the signifi-
cance of pH, reaction time, and dye concentration on
the RR141 dye removal efficiency.

Fig. 4 demonstrates that the quadratic effects of
dye concentration and pH have a significant effect at

95% of confidence (p < 0.05) on the RR141 dye
removal efficiency. In addition, the interaction effect of
pH vs. dye concentration and the linear effect of
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reaction time also were significant (p < 0.05). Based on
the results from Table 2, a statistical polynomial quad-
ratic model was proposed to represent the removal
efficiency (E) as a function of significant variables.
These coded (Eq. (4)) and uncoded models (Eq. (5))
are presented below:

Ecoded ¼ 89:7� 10:82 pH2 � 16:79Dye2 þ 8:33 Time
� 10:89 pH�Dye (4)

Euncoded ¼ �1441:4þ 316:5 pH� 43:29 pH2 þ 27:65Dye

� 0:17Dye2 þ 12:5Time� 2:18 pH�Dye

(5)

For a more adequate representation of the experimen-
tal data, the statistical coded model (Eq. (4)) was used.
The significance and prediction of this model were
evaluated by the analysis of variance (ANOVA) and
Fischer F test. The determination coefficient was 0.91,
showing that the model was significant, and the calcu-
lated F value (Fcalc = 23.4) was 7.8 times higher than
the standard F value (Fstd = 3.0), showing that the
model was predictive. The model reliability was
evaluated by the predicted vs. observed values. Fig. 5
shows that the experimental data followed the
tendency of the coded model.

Eq. (4) was used to generate a response surface
shown in Fig. 6, which represents the RR141 dye
removal efficiency as a function of the independent
variables (pH and dye concentration). It can be
visualized in Fig. 6 that the percentage removal of
RR141 dye shows a parabolic behavior in relation to
the pH and dye concentration, being that the maxi-
mum values were attained at the central point.
Thus, the optimal conditions for RR141 dye removal
from aqueous solutions were at pH of 2.00, dye con-
centration of 60.0 mg L−1, and reaction time of
60 min. Under these conditions, the removal effi-
ciency was about 90%. Recently, RR141 dye has
been degraded by photo–Fenton process using iron-
based catalysts [14,41]. ZnFe2O4 particles were pre-
pared by solvothermal conventional method using
two diols as solvents (1,4 butanediol and ethylene
glycol) [14] and FeZSM-5 zeolite particles [41] have
demonstrated high efficiency (>85% after 60 min of

Fig. 4. Pareto chart for the removal efficiency as a function
of the independent variables.
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reaction time) in the RR141 dye removal from
aqueous solution. Therefore the results obtained in
this work were highly satisfactory and can be
attributed to the mesoporous structure of ZnFe2O4

particles.

4. Conclusions

This work demonstrates that the ZnFe2O4 catalyst
can be successfully synthesized by the microwave-
assisted solvothermal route under the following

Fig. 6. Contour surface (a) and response surface (b) for the removal efficiency as a function of the independent variables.

C.G. Anchieta et al. / Desalination and Water Treatment 57 (2016) 15603–15611 15609



conditions: temperature of 230˚C, power of 600 W,
and time of 30 min. ZnFe2O4 spinel presented a
mesoporous structure with satisfactory catalytic activ-
ity for the Reactive Red 141 dye degradation. Accord-
ing to statistical optimization, it was possible to
provide a significant and predictive model to repre-
sent the removal efficiency of RR141 dye as a func-
tion of the independent variables. In the better assay,
around 90% of RR141 dye was removed at pH of
2.00, dye concentration of 60.0 mg L−1, and reaction
time of 60 min. These results demonstrate that the
photo–Fenton reaction using ZnFe2O4 oxide as cata-
lyst is an adequate technology to remove the RR141
dye from aqueous solutions.
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