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 In this research, a modified TiO2/Bentonite (Be) composite with various values 

of zinc oxide was used as a photocatalyst in the degradation of methyl orange 

as a dye pollutant. The synthesized composites were characterized by X-ray 

diffraction (XRD), Field emission scanning electron microscopy (FESEM), 

Fourier transform infrared spectroscopy (FTIR), X-ray fluorescence (XRF), and 

Thermal gravimetric analysis (TGA). The results showed that the composite 

synthesized by 6.5% zinc oxide had the highest anatase phase and appropriate 

thermal stability. Moreover, the simultaneous effect of different parameters 

was investigated using the central composite (CC) design defined under 

response surface methodology (RSM). The results showed that the polynomial 

model obtained from the analysis of variance (ANOVA) correctly predicted the 

experimental data. The optimal conditions of dye degradation for the 

synthesized composite with 6.5% zinc oxide using 4 g/L of photocatalyst for 30 

minutes at a pH=5 and a dye concentration of 20 ppm had the highest 

degradation percentage equal to 95% with a high desirability of 0.981. Also, 

the photocatalytic activity of TiO2/Be/ZnO (6.5%) in certain conditions for reuse 

in five consecutive steps showed a slight decrease in the degradation of methyl 

orange. 
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1. Introduction 

The global demand for wholesome water along 

with an increase in the concentration of non-

biodegradable pollutants necessitates the 

improvement of industrial wastewater treatment 

methods. Industries such as textile, pharmacy, and 

leather manufacturing have a large amount of dye 

materials and produce dye pollutants that enter 

into the environment; among the aforementioned 

cases, the textile industry is the largest 

manufacturer of dye pollutant [1-4]. The 

disadvantages of the presence of dyes in water 

resources include reduced light penetration, 

allergies, genetic mutations, low biological 

degradation, and production of amine groups in 

anaerobic degradation (carcinogenicity). 

According to reports [5-6], there are thousands of 

types of commercial dyes found in the world, a part 

of which enters industrial wastewater due to the 
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lack of stabilization of dye molecules on fibers and 

inefficiency of dyeing units. An example is azo dyes, 

a large class of synthetic organic dyes that contain 

nitrogen as the azo group –N = N– as part of their 

molecular structures, and they are not easily 

degraded in wastewater. According to 

environmental standards, the dye wastewater 

should be optimally purified before discharging it 

into the environment. There are various methods 

for decolorization of textile industry waste, 

including coagulation, chemical oxidation, 

biological purification, ion exchange, adsorption, 

and combined processes such as ozonation and 

coagulation, or ion exchange [7-8]. Extensive 

research has been carried out recently on removing 

of such pollutants using photocatalyst materials. 

Photocatalytic degradation  is an effective, 

beneficial, and cost-effective method with the 

least pollution. Titanium dioxide is one of the 

materials that has been widely used as a 

photocatalyst semiconductor material. One of the 

advantages of this semiconductor is its physical 

and chemical stability and relatively inexpensive 

price. Titanium dioxide is a white, non-toxic, and 

environmentally friendly material that facilitates 

the production of hydroxyl radicals with the 

adsorption of photons with a certain wavelength 

and electron-hole production [9]. Problems such as 

the separation of nanoparticles and low-efficiency 

value in photocatalytic reactions, due to the 

electron-hole recombination, limits the beneficial 

use of titanium dioxide. In fact, a large number of 

electron-hole pairs are recombined, and a small 

number migrate to the photocatalyst surface and 

participate in the oxidation-reduction processes 

[10]. To overcome such problems, the stabilization 

of titanium dioxide on the proper base and doping 

with other semiconductors is suggested. One of the 

semiconductors that can increase the 

photocatalytic activity of titanium dioxide is zinc 

oxide. Moreover, mineral compounds such as 

different types of clay are appropriate for 

connecting to titanium dioxide due to their unique 

structure, pores, uniform channels, and very good 

absorption ability [11-12].  Bentonite is mainly 

composed of montmorillonite. This type of clay has 

a greasy and soap-like surface. In the chemical 

structure of montmorillonite, the replacement of 

Al3+ for Si4+ in the tetrahedral layers and the 

replacement of Mg2+ and Zn2+ in the octagonal 

layers causes a net negative charge on the soil 

surface. The imbalance of electrical charge is 

neutralized and compensated by internal cations 

(mainly Na+ and Ca2+); as a result, montmorillonite 

finds physical-chemical properties such as high 

contact surfaces, excellent absorption power, high 

structural stability, and strong capacity to cause 

suspensions at low concentrations [13]. On the 

other hand, the coupling of two semiconductors 

(titanium dioxide, zinc oxide) with different a 

capacity band and energy levels leads to the 

separation of an effective charge. If one of the 

semiconductors is exposed to radiation, after 

formation of the electron and hole, the electron 

generated in the active semiconductor is 

transferred to the conductive band of the other 

semiconductor. Hence, the amount of electron-

hole recombination is reduced, and as a result, the 

amount of pollutant degradation, in this case, will 

be increased [14]. Based on our findings, the 

application of TiO2 modified with bentonite and 

ZnO for methyl orange dye degradation has yet to 

be studied. The aim of the present work is to 

synthesize and characterize TiO2/Be/ZnO and study 

their use in the photolytic degradation of methyl 

orange dye using RSM. The prepared 

photocatalysts were characterized using XRD, XRF, 

FESM, TGA and FT-IR techniques. The impact of 

effective parameters such as time of degradation 

reaction, amount of photocatalyst, pollutant 

concentration, and pH of solution were 

investigated for the degradation of methyl orange 

dye via design of experiment using the central 

composite design defined under response surface 

methodology (RSM). The photocatalytic 

degradation of methyl orange dye was measured 

using an absorption spectrophotometer UV-Vis.  

2. Materials and methods 

2.1. Materials 

Titanium isopropoxide (97%, Aldrich), ethanol 

(99%, Merck), acetic acid (99.5%, Merck), zinc 

nitrate (98%, Merck), sodium hydroxide (98%, 

Merck), distilled water, and bentonite from the 

Shiraz region were used for preparing the 

composites. Methyl orange (99%, Merck) was used 

to investigate photocatalytic activity.  
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2.2. Preparing TiO2/Be/ZnO composites 

For preparing TiO2/Be/ZnO, the titanium dioxide 

solution was prepared by mixing 5 mL of titanium 

isoproxide and 20mL of ethanol via the sol-gel 

method at room temperature. After constant 

stirring for half an hour, a mixture containing 

acetic acid, water, and ethanol was added to the 

initial solution. The resulting solution was subjected 

to magnetic stirring for 60 min, and a clear yellow 

solution was obtained [15]. For the synthesis of the 

TiO2/Be composite, a certain amount of bentonite 

was added to the TiO2 solution and stirred for six 

hours on a magnetic stirrer. According to the 

results of our primary experiments, the optimum 

bentonite content obtained was equal to 4 wt% in 

the TiO2/Be composite. For synthesis of the 

TiO2/Be/ZnO composite, 4 wt% bentonite was 

added to the TiO2 solution. After three hours of 

constant stirring, different amounts of zinc nitrate 

were added to the above solution to obtain the 

optimum amount of zinc oxide and stirred for 6 

hours on a magnetic stirrer. Afterwards, a solution 

of water and ethanol was separately added to the 

above solution drop by drop in equal proportions 

using a burette until the gel was formed. The 

resulting gel was left at room temperature for 24 

hours and then dried in an oven at 120°C for 4 hours. 

For the formation of crystalline particles, the 

resulting powder was calcined in the furnace at a 

temperature of 300°C for four hours [16-17].  

2.3. Characterization of prepared composites 

XRD, D8-Advance Bruker Cu Kα (𝜆 =0/15406 nm), 

was used to determine the structure of the 

prepared samples in the angle range of 10-80 

degrees. X-ray fluorescence (XRF), S4 Explorer 

Bruker, was used to identify the elements in the 

prepared samples. The chemical properties and 

surface functional groups of the prepared 

composites were evaluated using the Perkin Elmer 

spectrum RXI FT-IR system. The morphology of the 

particle surface was examined using FE-SEM, 

HTACHI S-4160, with a magnification of 20-30000 

and maximum voltage of 30KV. In order to examine 

the thermal stability of the particles, a 

thermogravimetric analysis (TGA) device, namely 

the BAHR thermo Analyse STA 503, was used at a 

temperature range of 25-800°C, 10°C per minute. 

2.4. Photocatalytic experiments 

Methyl orange dye was selected as a pollutant to 

evaluate the photocatalytic activity of different 

composites. To this end, 0.1g of the composite was 

added to 25mL of dye solution at a specific 

concentration. To investigate the photocatalytic 

activity, a reactor equipped with a mercury vapor 

lamp of 250 W and a magnetic stirrer was used to 

ensure complete mixing of the dye material and 

composites. The pH of the solution was adjusted by 

sodium hydroxide and hydrochloric acid. After the 

reaction, for the removal of catalytic turbidity, the 

samples were first passed through the filter; then, 

they were centrifuged for 60 minutes. In the end, 

the samples were prepared to measure the changes 

in dye intensity. The UV-Vis spectrophotometer, 

Lambda-25 manufactured by Perkin Elmer, was 

used to evaluate the absorption spectrum of 

samples. A spectrum of a solution of methyl orange 

showed a maximum absorbance in the visible 

region at 464 nm. This wavelength was used to 

construct a calibration curve of absorbance vs. 

concentration of methyl orange to find the linear 

range of methyl orange absorbance. For the 

quantitative evaluation of the performance of 

photocatalysts, the pollutant removal percentage 

parameter is used, which is defined as: 

D % =
A0 − At

A0

 × 100 (1) 

where 𝐴0  means the absorbency of the original 

solution and 𝐴𝑡  means the absorbency of the 

methyl orange solution after treating for t hours. 

2.5. Design of experiment using response surface 

methodology 

In order to investigate the simultaneous effect of 

catalyst concentration, dye concentration, contact 

time, and pH, 30 experiments were designed based 

on the Central Composite Design (CCD) of the RSM 

method using Design Expert v.10. In the response 

surface method, using a set of useful statistical 

and mathematical techniques, the problems in 

which one or more dependent variables are 

affected by several independent variables are 

analyzed. The purpose of this method is to save 

time and materials, as well as solution 

optimization. In the experiments designed for 

photocatalytic degradation of methyl orange, 2-4 
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g/L of catalyst, the dye concentration range of 10-

20 ppm, light exposure of the solution for 30-60 

min, and the pH range of 4-9 were considered.  

Table 1 shows the design of the experiment carried 

out by the RSM method and the experimental and 

predicted results. 

Table 1. Experimental conditions and results of RSM for degradation of methyl orange using TiO2/Be/ZnO composite 

as photocatalyst. 

Response  Photocatalytic operating parameters 

Run Degradation 

percentage (%) 

 
pH 

Dye concentration 

(ppm) 

Time 

(min) 

Photocatalyst 

dosage (g/L( 

42.09  5 10 30 2 1 

64.1  5 10 30 4 2 

31.16  5 10 60 2 3 

42.2  5 10 60 4 4 

75.1  5 20 30 2 5 

92.67  5 20 30 4 6 

46.22  5 20 60 2 7 

59.93  5 20 60 4 8 

40.43  9 10 30 2 9 

58.98  9 10 30 4 10 

24.72  9 10 60 2 11 

35.75  9 10 60 4 12 

63.54  9 20 30 2 13 

79.29  9 20 30 4 14 

35.98  9 20 60 2 15 

52.65  9 20 60 4 16 

28.4  7 15 45 1 17 

62.43  7 15 45 5 18 

98.66  7 15 15 3 19 

5.65  7 15 75 3 20 

25.65  7 5 45 3 21 

64.18  7 25 45 3 22 

66.39  3 15 45 3 23 

33.87  11 15 45 3 24 

53.61  7 15 45 3 25 

53.61  7 15 45 3 26 

53.61  7 15 45 3 27 

53.61  7 15 45 3 28 

53.61  7 15 45 3 29 

53.61  7 15 45 3 30 

3. Results and discussion 

3.1. Characterization of synthesized photocatalysts 

3.1.1. X-Ray diffraction 

Figure 1 shows the X-ray diffraction spectrum of 

titanium dioxide (TiO2), bentonite, and various 

synthesized samples of TiO2/Be/ZnO composites. 

The structural analysis of titanium dioxide particles 

shows that the spectrum of these particles has 

certain peaks. The peaks observed at 2θ of 25.52° 

(101), 38.6° (112), and 48° (200) are related to the 

anatase phase [19-18]. The peaks observed at 55° 

are related to the rutile phase. Given the intensity 

of the XRD peaks related to titanium dioxide, the 

anatase phase is the dominant phase. According to 

other researchers’ reports, the rutile phase is 

always the most stable, but in the case of particles 

with a diameter less than 14 nm, the anatase phase 

is more thermodynamically stable. Moreover, from 

among the crystalline structures of titanium 

dioxide, the anatase phase is known as the most 

active phase in terms of photocatalytic activity 

[20]. In the Bentonite spectrum, the peaks related 
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to the calcite emerge at 61°, which confirms the 

calcium content of bentonite. The pixels emerging 

at 21°, 36°, and 54° are related to montmorillonite. 

The peak appearing at 27˚ is attributed to quartz 

[21]. 

Fig. 1. The X-ray diffraction patterns for the synthesized 

samples. 

In Figure 1, the XRD spectrum of TiO2/Be (4%) 

composite is also shown. The resulting spectrum is 

fully similar to the titanium dioxide spectrum, and 

almost no side-product that can be attributed to 

bentonite is seen. In these spectra, the anatase 

phase is known as the dominant phase. In the 

TiO2/Be (4%) sample, the titanium dioxide peaks 

have small displacements, and the shift of angles 

is related to the formation of TiO2/Be (4%). Also, 

the reduced peak intensity after the addition of 

bentonite to titanium dioxide can be attributed to 

the coating of the titanium dioxide surface. The 

TiO2/Be (4%) composite spectrum, in accordance 

with the standard PDF card of JCPDS 022-0502, 

includes a combination of silica, titanium, 

aluminum, and oxygen [22]. It is seen in Figure 1 

that the structural spectrum of composites 

prepared with various zinc content is very similar to 

the titanium dioxide spectrum. In the TiO2/Be/ZnO 

(6.5%) composite, the anatase phase of titanium 

dioxide is still seen as the dominant phase in the 

composition. The characteristic peaks of zinc oxide 

are located at 30°, 40°, 47°, 56°. But in the 

synthesized samples, because the composite has 

formed and the added material has penetrated the 

titanium dioxide structure, no additional peak that 

can be attributed to zinc oxide is seen. Also, given 

that the amount of zinc used in the synthesis of 

composite samples is less than sufficient for the 

formation of zinc oxide phases, the zinc oxide 

phases have not appeared [23-24]. As the zinc 

oxide content increases in the samples prepared 

from 3.28% to 6.5%, the intensity of the 

characteristic peaks of the anatase phase related 

to titanium dioxide is increased. According to 

Figure 1, as the zinc oxide content exceeds 6.5%, 

the intensity of the peaks is reduced, especially the 

peaks related to the anatase phase. And it seems 

that the crystallinity of the network sharply 

declines. This phenomenon is probably due to the 

addition of extra zinc oxide to the network and the 

destruction of a part of the system's crystal 

structure. According to the diagram, 6.5% zinc 

oxide is optimum, where the anatase phase has the 

highest contribution to the crystalline phase. 

Besides, the crystallinity of the structure in this 

composition is greater than the other samples. The 

average size of the crystallites can be calculated 

based on the data obtained from the X-ray 

diffraction spectrum through the Debye-Scherrer 

equation  D =
kλ

β cos θ
. In this equation, D is the 

average size of the crystallite (nm), K is the 

coefficient of the crystal shape (varying in the 

range of 0.62 to 2.08, and 0.9 on average), λ is the 

X-ray wavelength (copper lamp = 0.15406 nm), β is 

the peak width at the half of maximum height 

(FWHM) (radian), and θ is the diffraction angle 

(radian). The average size of the crystallites for the 

samples of titanium dioxide, bentonite, and 

composite TiO2/Be/ZnO (6.5%) was equal to 49.94, 

64.16, and 10.34 nm, respectively.  XRF analysis is 

used to investigate the elemental analysis of the 

synthesized samples. Table 2 shows the content of 

constituting elements of composite TiO2/Be/ZnO 

(6.5%) and the samples of titanium dioxide and 

bentonite. According to Table 2, in TiO2/Be/ZnO 

(6.5%) composite, after titanium, the largest 

amount is assigned to zinc, silicon, and aluminum 

compared to other elements. These results, along 

with the results of XRD, show that the components 

of bentonite and zinc have entered the titanium 

dioxide structure, and the composite is well-

formed.  
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Table 2. XRF elemental analysis of synthesized TiO2, 

Bentonite and TiO2/Be/ZnO (6.5%). 

photocatalyst 
Elements 

2TiO/Be/ZnO Be 2TiO 

0.233 0.860 - S 

0.439 4.265 - Mg 

0.030 0.052 - P 

81.222 0.344 99.888 Ti 

0.198 1.496 - K 

0.189 2.824 - Ca 

0.384 7.636 - Fe 

1.427 13.655 - Al 

5.543 47.466 - Si 

6.476 - - Zn 

3 21 0.112 L.O.I. 

3.1.2. Fourier transform spectrometry 

Figure 2 shows the FT-IR spectra of TiO2, bentonite, 

and the TiO2/Be (4%) and TiO2/Be/ZnO composites 

with different zinc contents. In the FT-IR spectrum 

of titanium dioxide, the peak observed in the 1066 

cm-1 region shows the stretching vibrations of the 

O-Ti-O band. The peak of 1480 cm-1 is the bending 

vibration of Ti-O in the titanium dioxide network 

[27-25]. The broad peak in 1684 cm-1 is attributed to 

the absorption of water molecules by the sample. 

In the raw bentonite spectrum, the peak observed 

in the 471 cm-1 and 514 cm-1 regions are related to 

the vibrations of Si-O-Si and Al-O-Si bonds, 

respectively [13]. The peaks observed in regions 712 

cm-1, 794 cm-1, 847 cm-1 are related to quartz 

vibrations in the sample. The stretching vibrations 

of the Si-O bond in the bentonite sample are seen 

in the 1028 cm-1 region. The appearance of three 

peaks in 2364 cm-1, 2514 cm-1, and 2873 cm-1 can be 

attributed to the presence of calcium [21]. A 

relatively high peak observed in the 3400 cm-1 can 

be attributed to the stretching vibration of the OH 

group [26,21].  

In the FT-IR spectrum of the TiO2/Be composite, the 

peak of 490 cm-1 shows the metal-oxygen bond. The 

peak in 1120 cm-1 is related to the tensile vibrations 

of the O-Ti-O bond in the synthesized composite. 

As seen in the FT-IR spectrum of titanium dioxide, 

the peak of O-Ti-O is located at the 1066 cm-1 

region. But for the synthesized TiO2/Be sample, the 

peak shifts to 1120, and this indicates the specific 

chemical interactions between TiO2 and bentonite 

[28-27]. In the FT-IR spectrum of the TiO2/Be/ZnO 

composite, the peak observed in 490 cm-1 is related 

to the vibrations of the metal-oxygen bond. In a 

sample synthesized with 6.5% zinc nitrate, the 

metal-oxygen bond is formed (M-O-M (M: Ti, Zn, 

Al, or Si)). As different values increase from the Zn 

source to the composite, the weak peaks appear at 

530 cm-1 up to the 610 cm-1 regions, which 

characterizes the presence of zinc in the 

composition [28,22]. Due to the low content of zinc 

compared to titanium dioxide in the composite, the 

intensity of these peaks is very small.  

 
Fig. 2. FT-IR spectra of synthesized samples. 

3.1.3. FE-SEM analysis 

Field emission scanning electron microscopy was 

used to determine the morphology of the 

synthesized particles. Figure 3 shows the FE-SEM 

image of titanium dioxide and the TiO2/Be (4%) 

and TiO2/Be/ZnO composites with different zinc 

content. According to Figure 3, the synthesized 

titanium dioxide particles are distributed 

uniformLy and spherically. The surface of the 

spheres is very smooth and homogeneous. In the 

FE-SEM image of the synthesized TiO2/Be (4%) 

composite, the uniform distribution of TiO2 and 

bentonite particles can be detected, and the 

bentonite particles are located on the titanium 

dioxide surface. In this image, the TiO2 particles 

spherically are reduced compared to the pure TiO2 

image. According to the results obtained by the 

researchers, the zinc oxide particles are spherical or 

flower-like alone [29], but with the composition of 
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these particles with the TiO2/Be sample, its 

morphology is completely changed. In the SEM 

study, the distribution of the ZnO species on the 

TiO2/Be sample can be seen where the surface of 

the sample is covered with ZnO particles, and there 

are no significant changes in sample morphology 

after the addition of ZnO. As seen from the SEM 

images, the ZnO particles are like clusters that are 

connected to the sample surface. 

3.1.4. Thermogravimetric analysis 

In order to determine the thermal stability of the 

composites, thermogravimetric analysis (TGA) was 

carried out for each of the samples. All the analyses 

were conducted in atmospheric air at 50-800°C at 

10°C/min. The analysis shows the proportion of the 

physical and chemical changes of the composition 

proportional to the increase in temperature [32-

33]. Figure 4 shows the TGA diagram of titanium 

dioxide and TiO2/Be/ZnO composites with various 

contents of zinc. For the synthesized TiO2 sample, 

the amount of weight loss is attributed to the 

removal of ethanol and volatile matter. The data of 

this diagram show that about 90% of TiO2 metal 

oxide remains stable at temperatures above 550 ° 

C. Given the TGA diagrams for the TiO2/Be/ZnO 

composites with different zinc content, more 

weight loss occurs as the zinc content to the 

composites is increased, despite the constant 

thermal stability at temperatures above 600°C.  

According to the results, with the increase in zinc 

content in the composite from 3.28%, 6.5%, 

10.42%, 13.37%, the weight loss in the composites 

is 13%, 17%, 22%, and 33%, respectively. According 

to the diagram, three steps of weight loss are seen 

in these samples. The first step occurs with about 

5% weight loss in the temperature range of 50-

180°C. This step is attributed to the removal of 

surface water molecules. The relatively fast weight 

loss in the temperature range of 300-350°C is 

related to the decomposition of organic matter, 

loss of volatile matter, breakdown of Zn(OH2) 

bond, and loss of the OH2 group. Also, the mass loss 

at temperatures above 400°C is attributed to the 

loss of carbon in the sample. Besides, due to the 

loss of volatile matter and the conversion of 

titanium hydroxide to titanium dioxide, a similar 

and almost stable thermal stability trend at 

temperatures above 550°C can be seen in various 

synthesized samples. The results are consistent 

with the results of other articles [37-34]. 

 

  

  

  

Fig. 3. FE-SEM images of synthesized samples: (a) 

TiO2, (b) TiO2/Be (4%), (c) TiO2/Be/ZnO (3.28%), (d) 

TiO2/Be/ZnO (6.5%), (e) TiO2/Be/ZnO  (10.42%), and 

(f) TiO2/Be/ZnO (13.37%). 
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Fig. 4. TGA curves of synthesized samples. 

3.2. Photocatalysis experiments 

3.2.1. Choosing the suitable photocatalyst 

The type of photocatalyst is the most effective 

parameter in the photocatalytic degradation of 

dye. In fact, by exposing a photocatalyst such as 

TiO2 to light, the photocatalyst absorbs the photon 

energy, which makes the electrons move from the 

valence band to the conduction band. Therefore, a 

positive hole is made in the valence band. And as a 

result of the reaction with the hydroxyl groups in 

the environment, free radical hydroxyl is produced, 

which is a strong oxidizing agent and is considered 

a destructive agent of dye organic pollutants. 

Moreover, these electrons can also react with the 

O2 in the water-soluble titanium and convert to the 

radical superoxide anion ( 𝑂2
− ). In Table 3, the 

results of the photocatalytic experiments of the 

titanium dioxide samples, TiO2/Be (4%), and 

various TiO2/Be/ZnO composites are shown. 

According to the results of Table 3, the 

photocatalytic removal of methyl orange is 

increased from 57.82% to 78.81% with the addition 

of 4 wt% bentonite to pure titanium dioxide. An 

explanation is as follows. In the photocatalytic 

degradation of pollutants, a large number of 

electron-hole pairs are recombined, which reduces 

the process efficiency. It seems that the doping of 

titanium dioxide with bentonite that mainly 

consists of aluminum and silicon oxides improves 

the intermediate charge transfer reaction and 

delays the return of the electrons of the conduction 

band to the TiO2 valence band and prevents the 

electron-hole recombination; as a result, the 

photocatalyst performance is significantly 

increased. 

Table 3. The performance of different photocatalyst for 

degradation of methyl orange at same conditions. 

Degradation 

percentage 

(%) 

Amount 

of ZnO 
 )%( 

Amount 

of Be (%) 
photocatalyst 

57.82 - - TiO2 

78.81 - 4 TiO2/Be (4%) 

82 3.28 4 
TiO2/Be/ZnO 

(3.28%) 

98 6.5 4 
TiO2/Be/ZnO 

(6.5%) 

80 10.42 4 
TiO2/Be/ZnO 

(10.42%) 

78 13.37 4 
TiO2/Be/ZnO 

(13.37%) 

Conditions: dosage of photocatalyst: 4 g/L; dye 

concentration: 10 ppm; irradiation time: 60 min. 
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According to the results of Table 3, the addition of 

different values of zinc nitrate to TiO2/Be (4%) and 

the production of various TiO2/Be/ZnO composites 

increase the photocatalytic removal efficiency of 

methyl orange. In fact, with the addition of zinc 

oxide to the titanium dioxide semiconductor, which 

has a larger band gap than titanium dioxide, the 

electrons that are separated in the first step and 

created a hole are trapped by the second 

(bentonite) and third (zinc oxide) catalyst 

surfaces, providing more time for oxidation-

reduction and pollutant degradation reactions. As 

a result, the photocatalytic removal of methyl 

orange dye in the presence of a synthesized 

composite with 6.5% zinc oxide content shows 

better performance (98%) compared to other 

composites synthesized with values of 3.28%, 

10.42%, 13.37%. According to the results obtained 

from the XRD spectrum, with an increase of zinc 

oxide from 3.28% to 6.5% in the synthesized 

samples of TiO2/Be/ZnO, the intensity of the 

characteristic peaks of the anatase phase related 

to titanium dioxide is increased; then, with an 

increase in the zinc oxide content up to 13.37%, the 

intensity of the characteristic peaks of anatase 

phase related to titanium dioxide is reduced. 

According to the results reported by other 

researchers, among different phases of titanium 

dioxide, the anatase phase has the highest 

photocatalytic property, which is consistent with 

our photocatalytic results [38]. Moreover, in 

examining the FT-IR spectrum of samples, only in 

the sample synthesized with 6.5% zinc, the weak 

characteristic peaks of zinc oxide are visible at the 

530 to 610 regions. Given that the sample 

synthesized with 6.5% zinc oxide has the highest 

photocatalytic removal efficiency than other 

photocatalysts, the simultaneous effect of 

parameters affecting photocatalyst degradation 

of methyl orange is evaluated in the presence of 

TiO2/Be/ZnO (6.5%) using the RSM method. 

3.2.2. Investigating the results of experiment design 

by RSM 

3.2.2.1. Analysis of variance 

Analysis of variance is the most widely used 

technique for statistical results. Using ANOVA, the 

models presented for the prediction of responses 

were investigated, and the regression coefficients 

were estimated for linear terms, second-order 

terms, and interaction terms. Design-Expert 

software examines the suitability and validity of 

the model by ANOVA using the three parameters of 

R-square (R2), fisher test (F-test), and probability 

(P-value). Table 4 shows the ANOVA results for 

methyl orange dye degradation in the presence of 

TiO2/Be/ZnO (6.5%). The R-square determines the 

quality of model fitting. The adjusted R-squared 

(Radj
2 ) is the modified state of R-square, and it is 

reduced if unnecessary factors are added to the 

model. In fact, R2 is obtained from the sum of the 

squares of the difference between the experimental 

and the predicted values. And the closer the value to 

one, the better match between the experimental 

data and predicted model data occurred. The values 

of R2 and Radj
2  obtained from these experiments are 

0.9072 and 0.8718, respectively, which shows that 

the model properly predicts the experimental data. 

Statistically, a model that has the highest adjusted 

R-squared is suitable. This condition is necessary but 

not sufficient for the detection of precision. The 

significance of the models is statistically analyzed 

with the F and P values. The larger F value shows the 

higher validity of the model. Furthermore, along 

with a larger F value, the smaller P value (<0.0001) 

related to the model indicates that the model 

properly predicts the experimental data. The P-value 

determines the effective terms. If P-value < 0.05 for 

a model term, that term is an effective parameter 

on response. According to the results, the irradiation 

time (B), dye concentration (C), amount of catalyst 

(A), and pH (D) are among the effective parameters 

on the response equation that represents the dye 

degradation. According to the results, the 

interaction between the parameters is not 

important and has no serious impact on dye 

degradation. 
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Table 4. ANOVA table for response surface squares model for degradation percentage of methyl orange. 

p-Value prob > F F value Mean Degree of freedom Sum of squares Source 

<0.0001 25.65 1334.38 8 10675.07 Model 

<0.0001 30.26 157.48 1 1574.48 A 

<0.0001 111.7 5816.02 1 5816.02 B 

<0.0001 47.29 2460.58 1 2460.58 C 

0.0017 12.95 673.84 1 673.84 D 

0.4659 0.55 28.70 1 28.70 AB 

0.9708 1.375E-003 0.072 1 0.072 AC 

0.1417 2.33 121.28 1 121.28 BC 

0.9642 2.06E-003 0.11 1 0.11 BD 

- - 68.29 16 1092.59 Lack of fit 

- - - 5 0.000 Pure error 

- - 52.03 21 1092.59 Residual 

- - - 29 11767.66 Total 

R2 =0.9072, R2 (adjusted) = 0.8718, R2 (predicted) =0.8034. 

Using ANOVA, the polynomial model No. 1 is 

obtained to predict the photocatalytic degradation 

percentage of methyl orange. In this equation, R is 

the degradation percentage of methyl orange. 

Given the coefficients of the equation parameters, 

the parameters (B), (C), (A), and D have the 

greatest effect on the response equation. According 

to the negative sign of the parameters B and D, the 

dye degradation is reduced with an increase in the 

value of parameters B and D. also based on the 

positive sign of the parameters A and C, the dye 

degradation is increased with an increase in 

parameters A and C. 

R=51.72+8.10A-15.57B+10.13C-5.30D-

1.34AB+0.067AC-2.57BC+0.082BD 
(1) 

In Figure 5, the data predicted by the model are 

shown based on the experimental data. According 

to Figure 5, the experimental and predicted values 

are close enough to the bisector line of the axes; this 

indicates that the predicted values are slightly 

distracted from the experimental data, and a proper 

regression of experimental data is performed. And 

the model is quite reliable. Figure 6 indicates the 

random dispersion of points in the residuals  range. 

In this diagram, if the data are dispersed between 

two fixed points with no particular trend, the model 

is suitable. In these diagrams, the data are normally 

distributed with a power transfer function in the 

studentized range. As a result, a proper randomized 

dispersion is seen in the studentized range. Figure 7 

shows the diagram of normal probability changes 

based on studentized residuals. The vector will be 

normal in the state where the points are linearly 

placed on the normalization line, but if the points 

are s-shaped in the line range, the diagram shows 

no normal distribution [39]. According to Figure 7, 

the normal diagram shows that residual values are 

normal and have an independent distribution, which 

shows that the model has a proper precision, the 

error values have a normal distribution, and the 

resulting data have no noise. 

Fig. 5. A rough comparison between the predicted 

values for methyl orange degradation against the 

experimental data (Actual data) for TiO2/Be/ZnO 

(6.5%) as photocatalyst. 
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Fig.6. Residual versus predicted plot for methyl orange 

degradation over TiO2/Be/ZnO (6.5%) as photocatalyst. 

Fig. 7. The calculated dependence of the normal 

probability on internally studentized residuals for methyl 

orange degradation. 

3.2.2.2. Investigating the effect of parameters on 

photocatalytic degradation 

Figure 8 shows a 3D diagram of the simultaneous 

effect of dye concentration and catalyst 

concentration on methyl orange degradation. 

According to Figure 8, the dye degradation increases 

with an increase in photocatalyst concentration. In 

fact, there are not enough active and unsaturated 

positions at low concentrations of the 

photocatalyst, but with an increase in photocatalyst 

concentration, the amount of available active 

positions is increased for dye molecules. However, 

constantly increasing the photocatalyst 

concentration is not always in favor of the amount 

of degradation. By increasing the photocatalyst 

concentration greater than the optimal value, the 

agglomeration of photocatalyst is occurred and 

then the available active site of catalyst are reduced 

that caused the reduction in degradation efficiency. 

Also by increasing the photocatalyst concentration 

greater than the optimal value, the turbidity of 

solution was increased that caused the reduction in 

light penetration. As a result, reducing the 

penetration of light reduces the efficiency of the 

degradation process. Also, in accordance with this 

figure, the highest degradation is seen at high 

concentrations of the dye in the examined range. At 

high dye concentrations, with a decrease in the 

available absorption points, the catalytic activity is 

reduced; however, in this work, the range of dye 

concentrations was low, and the degradation of dye 

increased with increasing dye concentration. Figure 

9 shows the simultaneous effect of time of radiation 

and pH on the methyl orange dye degradation. 

According to the figure, increasing the time of 

photon radiation has a negative effect on 

photocatalytic dye degradation in our time range. 

The light radiation causes the excitation of the 

electrons and the production of free radicals. The 

free radicals lead to the destruction of methyl 

orange with the oxidation of the pollutants. 

According to Figure 8, it is clearly seen that the 

amount of degradation decreases as the time of 

radiation increases. It seems that the recombination 

of free radicals increases, and as a result, the 

amount of dye degradation from the solution 

decreases. The effect of pH on photocatalytic 

degradation efficiency of methyl orange is shown in 

Figure 9. The photocatalytic degradation efficiency 

is affected by TiO2 surface charge, dye molecule 

charge, dye absorption on TiO2 surface, and radical 

hydroxyl concentration; all of these properties are 

dependent on the pH of the solution. Given that 

methyl orange dye is anionic, the H+ concentration 

is high in the acidic pH, and H+ ions of the catalyst 

surface have a positive charge. As a result, the 

electrostatic gravity increases between the methyl 

orange dye and the catalyst surface, and a greater 

amount of methyl orange is absorbed with the 

catalyst surface and degraded in the electron-hole 

process. In the alkaline environment, due to the 
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presence of the hydroxyl group, the catalyst surface 

is negated, and the repulsion created between the 

catalyst surface and anionic methyl orange 

adsorption is reduced. Therefore, the photocatalytic 

degradation of methyl orange decreases. The results 

are consistent with the results of other researchers 

[40-41]. The achievement of optimal conditions for 

variables affecting the process is one of the 

experimental design objectives. The optimization 

results showed that the maximum degradation 

efficiency of methyl orange in the presence of the 

TiO2/Be/ZnO (6.5%) photocatalyst at pH=5, 0.1g of 

photocatalyst, dye concentration of 20 ppm, and 

duration of 30 min was equal to 95%. A test was 

conducted in optimal conditions to ensure the 

optimum results of the model. The result of the 

methyl orange degradation test at optimal 

conditions was 94.1%, which was in good 

agreement with the degradation of methyl orange 

predicted by the model in optimal conditions. The 

photocatalyst reusability is a very important 

parameter in the applicability evaluation of the 

photocatalyst. In fact, the reuse of a photocatalyst 

is very important with respect to the reduced losses 

of the process. To examine the possibility of reuse of 

synthesized catalyst, 4g/L of catalyst was added to 

25 mL of 10 ppm solution of methyl orange and 

exposed to the visible light radiation for 60 min. 

After the end of the reaction, the catalyst was 

separated from the reaction mixture using the 

centrifuge, rinsed twice with distilled water, and 

dried for 24 hours. After complete drying, the 

catalyst was reused in the dye degradation reaction 

in the same conditions, and the above steps were 

repeated. This process was repeated five times, and 

the final dye concentration at each step was 

measured by UV-Vis spectrophotometry. The results 

are presented in Table 5. According to the results, 

the photocatalytic activity of TiO2/Be/ZnO (6.5%) in 

certain conditions, for reuse in five consecutive 

steps, shows a slight decrease (about 22% and 

similar to previous studies by the other researchers) 

in the degradation of methyl orange. Hence, the 

synthesized composite will be reusable [27,42]. 

 

 

Fig. 8. 3D diagram of simultaneous effect of dye concentration and weight of catalyst on degradation of methyl 

orange.
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Fig. 9. 3D diagram of simultaneous effect of time of radiation and pH of solution on degradation of methyl orange. 

Table 5. Reusability of the TiO2/Be/ZnO in 

photodegradation  of methyl orange. 

Degradation percentage 

(%) 

Run 

96 1 

82.5 2 

76.43 3 

75.4 4 

74.26 5 

Conditions: dosage of photocatalyst: 4 g/L; dye 

concentration: 10 ppm; pH: 6; irradiation time: 60 min. 

4. Conclusions 

In this research, TiO2/Be/ZnO photocatalysts were 

synthesized with different contents of ZnO and 

identified by XRD, FT-IR, FE-SEM, and TGA. The 

results of XRD showed that in the sample 

synthesized with 6.5% ZnO, the anatase phase had 

the highest contribution to the crystalline phase. 

Also, the crystallinity of the structure in this 

composition was higher than the other samples. To 

investigate the photocatalytic activity of the 

synthesized samples, the photocatalytic 

degradation of the methyl orange dye pollutant 

was studied. For the experimental design, the 

central composite design under the response 

surface method was used by Design Expert 

software. The effect of four parameters, including 

dye concentration, duration of light exposure, 

concentration of catalyst, and pH, on the 

degradation of methyl orange dye was 

investigated. The results showed that the 

TiO2/Be/ZnO composite with 6.5% zinc oxide had 

the highest degradation efficiency of methyl 

orange. In the analysis of parameters affecting the 

photocatalytic degradation process, it was found 

that the catalyst concentration and radiation time 

had the highest effect on the degradation of the 

dye. Using the obtained model, the optimal 

conditions for the photocatalytic tests of 

TiO2/Be/ZnO (6.5%) composite were the dye 

concentration of 20 ppm, catalyst concentration of 

100 mg, pH=5, and duration of 30 min; the methyl 

orange degradation of 95% was consistent with the 

experimental data. The results obtained from the 

analysis of the reusability of the composites as 

photocatalysts showed that using the synthesized 

composite for five consecutive times reduced its 

photocatalytic activity by almost 22%, which 

indicated that the synthesized composite would be 

reusable. 
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