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a b s t r a c t
The application potential of Zn/TiO2 catalysts generated by the impregnation method in the pho-
todiscoloration of the textile dye Orange 122 is investigated in this paper. The synthesis of the cata-
lysts followed a 22 factorial design with repetition at the central point. N2 adsorption measurements 
Brunauer–Emmett–Teller (BET method), scanning electron microscopy with energy dispersive X-ray, 
X-ray diffraction, and point of zero charge were the characterization techniques employed. The 
photocatalytic tests were carried out in batches in the presence of sunlight with dye solutions of 
10 mg L–1, kinetic data modeling, and statistical analysis for the data obtained in the solar assays, 
and catalyst reuse tests were carried out under artificial light under the same conditions as the 
sunlight test. The photocatalytic studies revealed that the calcination temperature of 200°C pro-
duced the greatest discoloration results for the Reactive Orange 122 dye (99.9%). The Behnajady–
Modirshahla–Ghanbery model provided the greatest match for the discoloration kinetics, and 
statistical analysis revealed that the calcination temperature was the variable that influenced the 
discoloration assay results. The 6% Zn/TiO2 catalyst showed approximately 33% discoloration after 
its fourth use, according to the results of the reuse tests.

Keywords:  Impregnation; Photocatalysis; Reuse; Advanced oxidative process; Characterization; 
Orange 122

1. Introduction

Textile industries are now one of the most significant 
sources of water pollution; their effluents have a high organic 
load, particularly due to dyes, which are derived from the 
pretreatment of fabrics through dyeing and the posttreat-
ment of fibers, resulting in a large amount of water and 
dyes being used and subsequently discarded as wastewa-
ter [1,2]. Dyes, in particular, have a strong coloring power, 
and when discarded, they color water bodies [3–5]. As a 
result, sunlight has a harder time reaching the water, causing 

damage to the respiration of fauna and flora and perhaps 
causing eutrophication of that environment [6,7].

Due to a lack of environmental management in the fac-
tories and the low effectiveness of dye fixation in the fibers, 
which is between 60%–90% [8,9], approximately 30% of all 
dye production in the world is produced in excess, with 
10%–25% of those wasted in the dying process. Further-
more, according to some research, approximately 20% 
of the dye effluents produced by the textile industry are 
released into the environment without being treated [6,10]. 
The Reactive Orange 122 dye is one of the typical azo dyes 
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found in textile industry effluents; this type of wastewater 
is highly recalcitrant, making degradation more difficult, 
especially due to the presence of chromophore groups in 
the chemical structure of this dye, one of which is the azo 
groups (–N=N–); this class of dyes is known as azo dyes, and 
it accounts for approximately 50%–70% of all dyes used in 
the textile industry [2,8,11].

Because some dyes and dye degradation products have 
been documented to be carcinogenic, toxic, nonbiodegrad-
able, and mutagenic, especially when azo groups and phe-
nolic groups are present, the effluent must be treated before 
being discharged into receiving environments [2,8,12,13]. 
Traditional biological treatments are inefficient due to the 
nature of these effluents, both in terms of coloring and 
effluent deterioration [14]. There has been increasing inter-
est in advanced oxidative processes (AOPs) as the most 
effective approach for the removal of gaseous and liquid 
pollutants over the last few decades [12–15].

AOPs are becoming more popular as a result of their 
diverse applications, particularly in the treatment of efflu-
ents containing hazardous chemicals and/or refractories 
[16]. AOPs provide efficient effluent degradation rather than 
simply altering their phase, as other procedures, such as 
coagulation/flocculation, filtering, and adsorption, do [17].

In this context, heterogeneous photocatalysis, a new 
disruptive technique, may be an option for the treatment of 
these effluents after semiconductor catalysts have led to the 
total mineralization of organic pollutants to CO2 and H2O 
[13,14,16,17]. Among all semiconductors, titanium dioxide 
(TiO2) is one of the most studied semiconductors, owing to 
its great photochemical stability over a wide pH range, low 
cost, and lack of toxicity [18]. The synthesis of mixed oxides 
with doping of different metals, such as metal/TiO2, as in the 
case of Zn/TiO2, is one technique for increasing photocata-
lyst efficiency. This has demonstrated some favorable prop-
erties, such as an increase in support surface area, improved 
porous structure, and gap energy close to that of TiO2; 
however, more research is needed to assess its efficiency, 
viability, and increase in photocatalytic activity [19–21].

Thus, this work aimed to investigate the effect of Zn 
doping on TiO2 supports and different calcination tempera-
tures in the photodiscoloration of aqueous solutions of the 
reactive dye Orange 122 under solar light.

2. Materials and methods

2.1. Catalysts preparation

The Zn/TiO2 catalysts were synthesized by the impreg-
nation method, where the metal load of Zn was varied at 
2%, 6%, and 10% (m/m), and the calcination temperature 
was varied between 200°C, 300°C, and 400°C to study the 
effects of the variables in the process of discoloration of 
the Orange 122 dye through a 22 factorial experiment.

The two levels of the variables, calcination temperature 
(°C) and Zn (%), are specified in Table 1.

A central point was also included in this experimental 
design to obtain a second-order response surface model. To 
calculate the residual error, the central point was repeated 
three times. As a result, seven experiments were carried 
out, as shown in Table 2.

2.2. Catalyst synthesis

Zn/TiO2 (2%, 6% and 10% (m m–1/g g–1) was prepared 
with TiO2 (≥91% by Synth) and ZnCl2 (≥97% by Reatec) 
with ultrapure Milli-Q® water (resistivity of 18 MΩ cm) 
according to Colpini et al. [14]. The solution was stirred at 
room temperature in a rotating evaporator for 17 h, evapo-
rated for 1 h at 70°C for solvent removal, and finally dried 
at 120°C for 21 h. The materials were calcined in a muffle 
furnace at 200°C, 300°C, and 400°C for 5 h.

2.3. Characterization of catalysts

2.3.1. N2 adsorption measurements

In a Quantachrome Corporation Model Nova 2000, the 
specific surface area (So), average pore volume (Vp), and 
average pore diameter (dp) of the catalysts developed were 
calculated using N2 adsorption measurements. By exposing 
the samples to a previous activation at 150°C in a vacuum 
for 3 h, the Brunauer–Emmett–Teller (BET) method was 
used to obtain the So values.

2.3.2. Scanning electron microscopy with energy dispersive 
X-ray spectroscopy

Micrographs of the catalysts were obtained using a 
Scanning Electron Microscope TESCAN VEGA3, equipped 
with an energy dispersive X-ray microsound (EDS) Penta 
FET Precision by OXFORD INSTRUMENTS. The samples 
were fixed to the surface of double-face adhesive tape and 
coated with a gold layer.

2.3.3. Point of zero charges

Approximately 1 g of catalyst was weighed, diluted in 
30 mL of distilled water, and agitated with a magnetic stirrer 

Table 1
Control variables considered in 22 factorial design

Variable Low Level
(–1)

Central point 
(0)

High Level
(+1)

Calcination 
Temp.

200°C 300°C 400°C

% Zn 2 6 10

Table 2
Factorial design data (22) with the addition of the central point

Experiment Zn% Calcination temperature

1 –1 –1
2 –1 +1
3 +1 –1
4 +1 +1
5 0 0
6 0 0
7 0 0
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for 24 h to determine the point of zero charge [12]. After that 
time, the pH of the suspension was measured with a Luca-
Tec pH meter (LUCA-210).

2.3.4. X-ray diffraction

Diffractograms of the catalysts were obtained with a 
Shimadzu XRD 7000 apparatus. A copper emission line (Cu 
Kα, λ = 1.54056 Å) with an emission tube acceleration of 
30 kV, current of 20 mA, and scanning velocity of 2° 2θ min–1 
was used as a radiation source.

2.3.5. Photocatalytic tests

2.3.5.1. Dye discoloration under sunlight

The reactive textile dye Orange 122 used in the experi-
ments was obtained from Texpal Química Ltda, located in 
Valinhos, São Paulo, Brazil. Its chemical structure is pre-
sented in Figs. 1 and 2 illustrates the system used.

The experimental equipment included a tank-type reac-
tor in a batch system, a 250 mL beaker, and a magnetic stirrer 
to ensure that the samples were homogenized throughout 
the experiment duration (2 h). Each catalyst suspension 
containing 150 mL of 10 mg L–1 aqueous dye solution and 
50 mg of catalyst was irradiated with sunlight in the dye 
discoloration test. Aliquots were taken after reaction times 
of 0, 30, 60, 90, and 120 min for further discoloration anal-
ysis. The aliquots were vacuum filtered using cellulose 
ester membranes with a diameter of 47 mm and a porosity 
of 0.22 m. The photocatalysts were tested on March 7 and 
8, from 1:30 to 3:30 p.m., when the average solar radiation 
was measured using a UV radiation meter in the range of 
390 to 1,100 nm (Model LI-200, SIMEPAR/Brazil) and ranged 
from 1,004.6 to 1,314.0 W m–2.

A UV-spectrophotometer, model EEQ-9006 of the Ast-
ral Scientifica brand, was used to measure the percentage 
of discoloration of the solution as a function of time at a 
wavelength of 486 nm. The calibration curve approach was 
used to determine the absorbance and the concentrations. 
Eq. (1) was used to obtain the discoloration percentages.

%Discoloration =
−

×
C C

C
0

0

100  (1)

where C0 is the dye concentration before the test (mg L–1) and 
C is the dye concentration after the test (mg L–1).

2.3.5.2. Reusability of catalysts

To evaluate catalyst reuse, the tests were performed 
in the same way as in previous tests (batch reactor; stirrer, 
10 mg L–1 aqueous solution of dye). However, for evalua-
tion, the photocatalytic activity was evaluated using artificial 
radiation (mercury vapor lamp 250 W).

2.3.5.3 Discoloration kinetics

To evaluate the discoloration kinetics of the solar pho-
tocatalytic process, three models were used: the linearized 
pseudo-first-order, pseudo-second-order, and Behnajady–
Modirshahla–Ghanbery (BMG) models.

Multiple works found in the literature report that pseudo- 
first-order kinetics are more commonly used regarding the 
degradation of organic pollutants, especially dyes [22–24]. 
However, some recent work has reported the use of pseu-
do-second-order kinetics [19,25] and the BMG model as 
a good fit for dye discoloration data [26–28]. Thus, in this 
work, the three kinetic models in Table 3 were used to find 
the best fit for the Orange 122 dye discoloration data.

2.3.5.4. Statistical analysis

The results of the solar data treatments were obtained 
using a significance level of the effects of the factors, and 

 
Fig. 1. Chemical structure for Reactive Orange 122 dye.

 
Fig. 2. Schematic diagram of the photocatalytic reactor.



L.E.N. Castro et al. / Desalination and Water Treatment 266 (2022) 173–185176

the interaction was statically tested through analysis of 
variance (ANOVA) at a level α of the significance of 0.05.

3. Results and discussion

3.1. N2 adsorption measurements

Fig. 3 shows the N2 adsorption–desorption isotherms for 
the materials calcined at 400°C, except for the 6% Zn/TiO2 
catalyst, where the calcination temperature was 300°C.

All the isotherms resembled the Type II isotherm, a 
typical characteristic of mesoporous materials, based on 
IUPAC classification [29,30]. Table 4 shows the BET surface 
areas (So), mean pore diameter (dp), and pore volumes (Vp) 
of the different catalysts investigated in this study.

The non-calcined TiO2 catalyst showed a higher sur-
face area of 15.56 m2 g–1, a pore size of 27.76 Å, and a pore 
volume of 0.0217 cm3 g–1 for all catalysts. However, with 
an increase in the calcination temperature, the surface area 
decreased, indicating the possibility of slight sintering due 
to the heat, and another effect of the heat was visible when 
the pore size of the catalysts increased with the calcination 
temperature, except for the 10% Zn/TiO2. Several works 
in the literature report behavior such as this [13,31,32].

An interesting behavior in the structure of the cata-
lysts was observed when the TiO2 supports were doped 

with Zn, and it was expected that an increase in the surface 
area would occur as more material was added to the sup-
port. However, the surface area decreased with increasing 
metallic load, even at different calcination temperatures. 
This distinction can be clarified based on the delay in crys-
tallization of the TiO2 structure due to the presence of Zn 

Table 3
Kinetics models used in the experiment

Kinetic model Equation References

Pseudo-first-order ln
C
C

k tt

o

= 1

[23]
Pseudo-second-order

1 1
2C C
k t

t o

− =

BMG
t
C C

m bt
t o1− ( ) = +
/ [24]

where Co and Ct (mg L–1) are the concentrations of the Orange 
122 dye at time t = 0 min and time t, respectively, k1 is the 
first-order rate constant, k2 is the second-order rate constant, 
and m and b are the two constants of BMG model related to 
the reaction kinetics and oxidative potential.

 
Fig. 3. N2 adsorption–desorption isotherms for different catalyst samples: (a) TiO2 – 400°C, (b) 2% Zn/TiO2 – 400°C, (c) 6% Zn/TiO2 – 
300°C, and (d) 10% Zn/TiO2 – 400°C.
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atoms, which could interfere with the formation of the mes-
oporous structure itself and may explain the decrease in 
pore size. As a result, the observed lower surface area for 
Zn/TiO2 compared to TiO2 can be attributed to the lack of a 
mesoporous structure. Deshmane et al. [30] reported similar 
behavior for this type of catalyst.

3.2. Scanning electron microscopy with energy dispersive 
X-ray spectroscopy

Fig. 4 shows the scanning electron microscopy (SEM) 
micrographs of the co-doped and un-doped TiO2 catalysts.

In all catalysts, a uniform distribution of particles in a 
spherical shape is observed. Table 5 shows the EDS results 
for Zn concentration in the catalysts. These results corrobo-
rate the proportions proposed during the experiment.

3.3. Point of zero charge

When in solution with a pH higher or lower than its 
pHPZC, the point of zero charge (PZC), which evaluates 
the behavior of catalyst surfaces in aqueous solutions, can 
suggest the tendency of a material’s surface to be acidic or 
basic, indicating that the material is negatively or positively 
charged [12]. The pH at which the photocatalytic test is per-
formed influences the charge on the catalyst surface and, 
as a result, the adsorption of contaminants.

The findings of the PZC analysis for the catalysts under 
investigation are shown in Table 6. The pHPZC of a 10 mg L–1 
aqueous solution of Reactive Orange 122 dye is approxi-
mately 6.0.

Table 6 shows that the catalysts presented different val-
ues of pHPZC and consequently different surface charges. For 
TiO2 calcined at 200°C, 2% Zn/TiO2 calcined at 400°C, and 
10% Zn/TiO2 calcined at 400°C, the pHPZC was higher than 

Table 4
Textural properties of the catalysts

Catalysts Calcination 
temperature

So 
(m2 g–1)

Vp 
(cm3 g–1)

dp 
(Å)

TiO2

Non-calcined 15.56 0.0217 27.76
200°C 11.12 0.0159 28.56
300°C 11.36 0.0163 28.61
400°C 10.98 0.0152 28.76

2% Zn/TiO2

Non-calcined 6.11 0.0077 24.81
200°C 9.24 0.0128 27.67
400°C 8.94 0.0111 24.88

6% Zn/TiO2

Non-calcined 5.77 0.0074 25.82
300°C 6.33 0.0081 25.73

10% Zn/TiO2

Non-calcined 5.76 0.0080 27.74
200°C 4.92 0.0060 24.62
400°C 7.71 0.0096 24.80

Fig. 4. SEM images of TiO2 – 400°C in (a) increase: 10.000 x and (b) increase: 30.000 x; 2% Zn/TiO2 – 400°C in (c) increase: 10.000 x 
and (d) increase: 30.000 x; 6% Zn/TiO2 – 300°C in (e) increase: 10.000 x and (f) increase: 30.000 x; 10% Zn/TiO2 – 400°C in (g) increase: 
10.000 x and (h) increase: 30.000 x.

Table 5
Analysis of EDS

Catalysts Zn (wt.%)

2% Zn/TiO2 2.06
6% Zn/TiO2 5.24
10% Zn/TiO2 9.25
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the pH of the solution, which indicates that the surface is 
negatively charged. The other catalysts presented a pHPZC 
lower than the pH of the solution, which indicates that 
the surface is positively charged.

3.4. X-ray diffraction

X-ray diffraction (XRD) patterns of the TiO2 and Zn/TiO2 
catalysts are shown in Fig. 5.

In Fig. 5a all present peaks at 27°, 36°, 39°, 41°, 44°, 54°, 
56°, 64°, and 69° are related to the rutile phase (tetragonal) 
of TiO2, according to JCPDS card n° 87–0710 [33], not show-
ing other crystalline phases, such as anatase and brookite 
[21,34]. It was also possible to observe that no zinc-related 
peak was found, and with the detection limit of XRD, these 
samples appear as a single-phase rutile, even though the 
SEM/EDS analysis shows otherwise, and this behavior was 
reported in other works of the literature [35,36].

In addition, it is known that the ionic radius of Zn2+ 
ions is higher than that of Ti4+ ions (Zn2+: 74 pm, Ti4+: 68 pm) 
[35,37]. An increase in lattice parameters and cell volume is 
expected if the Zn2+ ions replace the Ti4+ ions in the lattice. 
In Fig. 5b it is possible to observe that the lines shrank to 
smaller values with the increase in the metallic charge of 
Zn (6% and 10%) in the catalyst; earlier literature reports 

similar behavior [36,38]. This shift corresponds to a contrac-
tion of the c-axis of the rutile lattice thanks to the presence 
of the Zn2+ dopant of the TiO2 lattice, which confirms the 
presence of Zn in the TiO2 rutile structure. Another expla-
nation for the non-appearance of the peaks would be that 
the Zn ions are not doped in the interstices of the TiO2 crys-
tal lattice, possibly because they are highly dispersed in the  
material [12].

In Table 7, the lattice parameters and cell volume are 
shown, indicating a decrease in the value of c, which cor-
roborates the observations in Fig. 5b.

3.5. Photocatalytic tests

3.5.1. Dye discoloration under sunlight

Fig. 6 presents the photocatalytic discoloration of an 
aqueous solution of the reactive dye Orange 122 in 2 h 
under solar radiation.

In Fig. 6, it is possible to observe that the doping of Zn 
in the TiO2 supports had a significant influence on the dis-
coloration of the solution of the reactive dye Orange 122, not 
necessarily on the amount of doped metal; catalysts with 
2% and 6% Zn reached a discoloration of approximately 
100%, as seen in Fig. 6a and b.

Another factor that influenced the discoloration of the 
solution of the reactive dye Orange 122 was the temperature. 
Fig. 6 shows that a low calcination temperature resulted in 
a higher discoloration rate. These results corroborate those 
in Table 4, where catalysts calcined at a low temperature 
generally presented a higher surface area, contributing to 
a higher percentage of discoloration.

In addition, the different surface charges had a signif-
icant effect on the dye discoloration process, and the cata-
lysts that presented a positive surface charge had the highest 
discoloration values. This can be explained by the interac-
tion between the negative charges present in the dye solu-
tion and the positive surface charge of the catalyst, which 
favors the discoloration process since an adsorptive process 
occurs through electrostatic interaction between the two spe-
cies, which does not occur among catalysts with negative 

Table 6
PZC results

Catalysts Calcination temperature (°C) pHPZC

TiO2

200 7.40
300 5.87
400 4.65

2% Zn/TiO2

200 295
400 6.48

6% Zn/TiO2 300 5.77

10% Zn/TiO2

200 5.56
400 6.12

 
Fig. 5. X-ray diffraction patterns for the catalysts: (a) full 2θ run (R: rutile) and (b) expansion of 2θ for plan (101).
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surface charge, such as TiO2 calcined at 200°C, 2% Zn/TiO2 
calcined at 400°C, and 10% Zn/TiO2 calcined at 400°C, since 
an electrostatic repulsion phenomenon occurs between the 
surface of the catalysts and the dye molecules, making the 
adsorption process difficult and the photocatalytic pro-
cess governing during the discoloration of the solutions  
[39,40].

In Fig. 7, it is possible to observe how the discoloration 
process occurred over time for the catalyst 2% Zn/TiO2 
calcined at 200°C.

3.5.2. Reusability of catalysts

Fig. 8 shows the reusability of the studied catalysts 
for the photodiscoloration of Orange 122 over four cycles 
under UV irradiation.

The Orange 122 dye concentration was adjusted each 
time to its initial value. The catalysts were reused for four 
cycles. It was observed that the smaller the amount of Zn 
in the catalyst was, the lower the stability. All catalysts 
had a significant decline from the first to the last cycle. 

Table 7
Lattice parameters and cell volume

Catalysts Calcination temperature (°C) Lattice parameters (Å) Cell volume 
(Å)A B C

TiO2

400

4.593 4.593 2.958 62.415
2% Zn/TiO2 4.593 4.593 2.958 62.415
6% Zn/TiO2 4.593 4.593 2.834 59.785
10% Zn/TiO2 4.593 4.593 2.852 60.165

 
Fig. 6. Photocatalytic discoloration of the aqueous solution of reactive dye Orange 122 dye with catalysts: (a) calcined at 200°C, 
(b) calcined at 300°C, and (c) calcined at 400°C.



L.E.N. Castro et al. / Desalination and Water Treatment 266 (2022) 173–185180

The discoloration in the first reuse cycle for the TiO2, 2% 
Zn/TiO2, 6% Zn/TiO2 and 10% Zn/TiO2 catalysts was 76%, 
97%, 100% and 95%, respectively. In the last cycle, TiO2, 
2% Zn/TiO2, 6% Zn/TiO2, and 10% Zn/TiO2 obtained 20%, 
30%, 33% and 32%, respectively, in the photodiscolor-
ation of Orange 122.

Teixeira et al. [41] studied the use of TiO2 and ZnO (5%, 
10%, and 15%) immobilized in poly-(vinylidene difluo-
ride)-co-trifluoroethylene on the photocatalytic degradation 
of methylene blue. The authors verified that after the third 
use of the catalyst, there was a loss in the photocatalytic 
activity; they related this phenomenon to the possible pres-
ence of organic contaminants on the semiconductor surface 
from the second use, which thus competed for the active 
sites available on the photocatalyst.

However, Chen et al. [42], when using ZnO catalysts 
synthesized by the sol-gel method in the degradation of 
azo dyes (Methyl orange, Congo red, and Direct black), 
found that after 4 cycles, the catalyst showed an average 
reduction in the catalytic activity of 6%, probably due to 
the inevitable loss of photocatalysts during the reuse pro-
cesses, according to the authors.

Madan et al. [43] applied nanoflock-shaped ZnO cata-
lysts on the surface of a zeolite for Congo red dye photodeg-
radation and adsorption. As in the aforementioned research, 
the authors also found a loss of photocatalytic activity 
of the material, a value close to 17% after 5 cycles.

3.5.3. Discoloration kinetics

The kinetic parameters for the discoloration assays 
were obtained by applying a linear regression analysis on 
the three models, ln(Co/Ct) vs. t data for the pseudo-first- 

order model, [(1/Ct)–(1/Co)] vs. t data for the pseudo-second- 
order model and t/[1–(Ct/Co)] vs. t data for the BMG model. 
Table 8 shows the obtained kinetic parameters.

It was possible to observe that the fitting of pseudo- 
first-order and pseudo-second-order kinetic experimental 
data were not good, as the correlation coefficients were the 
lowest. However, the values of the correlation coefficients for 
the BMG model are higher than those for the pseudo-first- 
order and pseudo-second-order models, indicating that the 
BMG model was the one that best fit the data. Other reports 
in the literature using AOP stated that the BMG model 
presented the best fit for the discoloration data of textile 
dyes such as Yellow 17, Methyl Orange, Acid Yellow 23, 
Acid Red 66, and Direct Blue 71 [26–28,44].

3.5.4. Statistical analysis

Fig. 9 shows a geometrical representation of the com-
plete factorial design (22) with the central point addition. 
The horizontal axis represents the variable Zn, while the 
vertical axis represents the variable calcination tempera-
ture. Each vertex of the picture represents the result of the 
experiment. The average of the findings obtained with the 
central point is 95.03 in the center of the image.

Through the statistical analysis, it was possible to under-
stand how the factors interact with the response variable 
in an isolated way and between them. Fig. 10 shows the 
Pareto chart.

From the Pareto chart, it was possible to observe that 
Factor B – calcination temperature – had a significant statis-
tical effect on the response variable and can be verified by 
ANOVA.

 

Fig. 7. Illustration of the discoloration process for the catalysts 2% Zn/TiO2 calcined at 200°C.

Table 8
Kinetic parameters of the models and their adjusted determination coefficient (Adj. R2)

Catalysts Calcination temperature (°C) k1 Adj. R2 k2 Adj. R2 m b Adj. R2

TiO2

200 0.0153 0.9440 0.0036 0.9564 29.3417 1.0107 0.9826
300 0.0184 0.9519 0.0050 0.9898 28.4101 0.9036 0.9976
400 0.0422 0.8558 0.0076 0.9872 17.3886 0.9117 0.9947

2% Zn/TiO2

200 0.0397 0.8245 0.0070 0.9006 70.5442 0.4232 0.9723
400 0.0003 0.9395 0.0003 0.9138 709.5970 –2.9680 0.9860

6% Zn/TiO2

300 0.0399 0.8265 0.0080 0.8517 142.1380 –0.2366 0.9686
300 0.0288 0.9048 0.0180 0.8263 6.1528 1.0265 0.9974
300 0.0222 0.9137 0.0076 0.9869 13.3273 1.0001 0.9996

10% Zn/TiO2

200 0.0439 0.8955 0.0108 0.7828 43.5168 0.6190 0.9984
400 0.0172 0.8489 0.0042 0.9590 13.8761 1.1005 0.9994
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Fig. 8. Effect of reusability (a) TiO2, calcined at 400°C, (b) 2% Zn/TiO2, calcined at 200°C, (c) 6% Zn/TiO2, calcined at 300°C, 
and (d) 10% Zn/TiO2 calcined at 200°C.



L.E.N. Castro et al. / Desalination and Water Treatment 266 (2022) 173–185182

Through ANOVA, it was also possible to observe that 
the calcination temperature had a significant effect on the 
discoloration of the dye, with a p-value < 0.05 was obtained, 
and the residual error was 23 33 4 83. .= , as shown in Table 9.

The results of the effect of the main factors, Zn and calci-
nation temperature, are given in Table 9 and shown in Fig. 11.

In Fig. 11a, it is possible to note that Zn content has 
practically no significant effect on dye discoloration, as the 
mean percentage of discoloration at the lower concentration 
level (2%) is close to the higher concentration level (10%).

However, in Fig. 11b it is observed that the effect of the 
calcination temperature was strongly significant, since the 
average percentage of discoloration at the lower tempera-
ture level presented a value of 100%, which was higher than 
the percentage of discoloration at the higher temperature 
level, which was close to 53%.

Since the main goal is to maximize the percentage of 
dye discoloration, Fig. 11 indicates that it would be best to 
adjust the calcination temperature to a lower level, as the 
descending slope of the line indicates that the lower the tem-
perature is, the higher the percentage of discoloration [45,46].

Fig. 12 shows the interaction plot between the two vari-
ables in the study.

It is also noted, both through the ANOVA test (Table 9) 
and Fig. 12, that the interaction between the Zn content and 
the calcination temperature had a weak statistical effect on 
the process of dye discoloration. In addition, the Zn con-
tent does not have a major influence on the discoloration, 
as shown in Fig. 12.

It becomes clear if we look at Fig. 12 that the best fit 
would be to fix the temperature at the lower level (200°C) 
when for both Zn levels the percentage of dye discoloration 
was approximately 100%.

 

Fig. 9. Geometric vision of 22 design.
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Fig. 10. Pareto chart of the standardized effect, for α = 0.05.

Table 9
ANOVA results for the quadratic model of the response surface

Source DF Discoloration

Sum of squares Mean square F-value p-value

Temperature 1 2,124.29 2,124.29 91.04 0.0108
Zn 1 368.26 368.26 25.10 0.0576
Temperature2 1 585.66 585.66 25.10 0.0579
Zn × Temperature 1 338.56 338.56 14.51 0.0625
Residual 2 46.67 23.33
Total 6 3,463.43 577.24

R2 = 0.9865 R2
adj = 0.9596
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Fig. 11. Effect of the main factors analyzed: (a) Zn (%) and 
(b) calcination temperature (°C).
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Finally, a second-order response surface model was 
obtained by using ordinary least squares. The regression 
model with an adjusted regression coefficient (R2

adj = 0.960) is 
represented by Eq. (2):

y x x x x x= + − − +149 6 9 36 0 3685 1 155 0 0231 2 1
2

1 2. . . . .  (2)

where x1 is the Zn content (%), x2 is the calcination tempera-
ture (°C) and y is the percentage of dye discoloration.

Fig. 13 shows the second-order response surface model 
plot obtained.

From Fig. 13, it was possible to observe that the opti-
mal fit that maximizes the percentage of dye discoloration 
is obtained by fixing the calcination temperature at 200°C, 
which would give an expected percentage of discoloration 
of approximately 100%.

4. Conclusions

In this work, Zn/TiO2 catalysts were successfully obtained 
by the impregnation method, and the variation in the fac-
tors Zn and calcination temperature had a significant effect 
on the percentage of discoloration of an aqueous solution 
of the reactive dye Orange 122.

From the statistical analysis, it was possible to conclude 
that Zn load does not have a significant effect on the per-
centage of discoloration. The calcination temperature had a 
major effect, with the best fit being to fix the value at 200°C, 
where a percentage of discoloration of approximately 100% 
was obtained.

These results allow the production of new studies inves-
tigating different ranges of calcination temperatures and 
metallic loads of Zn. In addition to finding the best optimi-
zation values, one process at higher temperatures and high 
quantities of metal increases the value of the synthesis of 
these materials.
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