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Abstract Zinc oxide and gold–zinc oxide (Au–ZnO)

nanostructures with multiple rods (multipods) morphology

were successfully prepared. Au–ZnO nanostructures were

synthesized via a simple precipitation route method in the

presence of oligoaniline-coated gold nanoparticles. The

Au–ZnO catalyst obtained was applied for the degradation

of methyl orange in an aqueous solution under UV irradi-

ation. Effects of the operational parameters such as the

solution pH, amount of photocatalyst, and dye concentra-

tion on the photocatalytic degradation and decolorization

of methyl orange were studied. Detailed studies including

kinetic study and regeneration of catalyst were carried out

on the optimal conditions for the photodegradation of

methyl orange by Au–ZnO multipods in aqueous solution.

Effect of foreign species on the photodegradation of methyl

orange was also studied. An enhancement of the photo-

catalytic activities for photodegradation of methyl orange

was observed when the gold nanoparticles were loaded on

the zinc oxide multipods. The proposed catalyst was

applied for the degradation of methyl orange in synthetic

wastewater samples with satisfactory results.

Keywords Photocatalyst � Photodegradation �
Decolorization � Gold–zinc oxide � Multipods

Introduction

Wastewaters contaminated with dyes remained from the

textile, paper, and other industries are a source of envi-

ronmental problems, especially in the third world coun-

tries. Synthetic dyes with wide variety of chemical

structures and compositions of inorganic and organic

compounds are one of the main groups of pollutants in

wastewater (Divya et al. 2013; Robinson et al. 2001).A

large amount of synthetic dyes is widely consumed in the

textile industry for dyeing processes, and about 50 % of

these are azo dyes (Hammami et al. 2008). The chemical

structures of these compounds have one or more azo

groups, which are responsible for the dye color, and

functional groups such as –NH2, –OH, –CH3, and –SO3

for the fixation of these dyes to fibers (Melgoza et al.

2009). Most azo dyes are considered to be basically non-

degradable, and common degradation processes such as

physicochemical treatment, active sludge, and oxidative

techniques are not able to completely remove azo dyes

from the contaminated wastewaters (Melgoza et al. 2009).

Therefore, development of an efficient process is required

to remove synthetic dyes from aqueous effluents.

The photo-assisted catalytic decomposition of organic

pollutants, employing semiconductors as photocatalysts,

has been a promising method for the degradation of pol-

lutants in wastewater. Among the semiconductors, titanium

oxide (TiO2) and zinc oxide (ZnO) are the most promising

photocatalyst materials for the photo-assisted catalytic

decomposition of organic contaminants. Both materials

exhibit very similar band gaps (ZnO, 3.37 eV; TiO2,

3.2 eV) and conduction band edge positions (Wang et al.

2008). Although TiO2 is widely employed as a photocat-

alyst, ZnO is a low-cost alternative to TiO2 (Pirkanniemi

and Sillanpää 2002; Hazrati et al. 2014). Higher
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photocatalytic efficiencies of ZnO have also been reported

especially for the degradation of organics in aqueous

solutions (Akyol et al. 2004; Kavitha et al. 2007;

Daneshvar et al. 2004). Up to now, one-dimensional (1D)

structures of ZnO such as rods (Cheng and Samulski 2004),

wires (He et al. 2005), and hollow microspheres (Tao et al.

2008) have stimulated intensive research interest owing to

their various applications. Li and Haneda (2003) have

found that the morphology of ZnO powder has a consid-

erable effect on its photocatalytic activity. Thus, some

recent efforts have focused on the preparation of ZnO

nanostructure material with different morphologies by the

integration of 1D structure building blocks into 2D- and

3D-ordered super structures. Reports on the synthesis of

various structures of ZnO have increased rapidly, including

tower-like (Wang et al. 2004), dumbbell-like (Sun et al.

2009), nut-like (Zheng et al. 2010), and flower-like (Liu

et al. 2006; Xie et al. 2011).

It is well known that the initiation step in the photo-

catalytic process consists of the generation of electron–hole

pairs upon irradiation of the material with a photon having

energy at least equal to that for the band gap of the pho-

tocatalyst. The electron–hole pairs formed can participate

in the degradation reaction of dyes. Single-component

semiconductor nanostructures exhibit relatively poor pho-

tocatalytic activity because the photo-generated electron–

hole pairs are simply recombined prior to the superoxide

activation step (Szabó-Bárdos et al. 2003). Electron–hole

recombination can be minimized by using metal on a

semiconductor which metal acts as a sink for the electron

and decrease recombination (Pawinrat et al. 2009). Among

the different elements used for metal–semiconductor

composite preparation, noble metals have been found to be

more favorable for the development of semiconductors for

catalytic applications (Subramanian et al. 2003; Wu and

Tseng 2006; Height et al. 2006; Liqiang et al. 2006; Li and

Li 2002). Among the noble metallic nanoparticles (NPs),

gold nanoparticles (Au-NPs) have a greater potential to

modify ZnO for improving its photocatalytic activity.

Many developments have been achieved in this research

field including synthesis of gold–zinc oxide (Au–ZnO)

nanowires (Joshi et al. 2009) or nanorods (Sun et al. 2011),

but up to the present time, there is no report dealing with

the photocatalytic performance of Au–ZnO multipods.

In this work, ZnO and Au–ZnO nanostructures with

multiple rods (multipods) morphology were successfully

synthesized. The photodegradation of methyl orange (MO)

using ZnO and ZnO–Au multipods photocatalysts was

investigated. Detailed studies were carried out on the

optimal conditions for the photodegradation of MO by Au–

ZnO multipods in aqueous solution. The research was

conducted at Shahrood University of Technology, Iran, and

was completed in September 2012.

Materials and methods

Chemicals

All chemicals including zinc acetate dihydrate, sodium

hydroxide, polyvinyl pyrrolidone (PVP), tetrachloroauric

acid trihydrate, and citric acid were purchased from

Aldrich or Merck and used as received without further

purification. Aniline was purchased from Sigma-Aldrich

and distilled twice under reduced pressure before use. The

water used throughout this work was ultrapure, produced

by a Milli-Q system.

Preparation of ZnO multipods

ZnO multipods nanostructure was synthesized according to

the method proposed by Krishna et al., with some modi-

fications (Krishnan and Pradeep 2009). A total of 25 mL of

water was heated in a beaker at 60 �C. Under constant

temperature, 250 mL of an aqueous PVP solution

(12.5 mg mL-1) was then added. Subsequently, 25 mL of

zinc acetate (0.10 M) was added. The solution was

homogenized by constant stirring for about 1 min, and this

was followed by the addition of NaOH (4.0 M) so as to

maintain a particular (1:40) Zn2?:OH- ratio. The mixed

solution was stirred at 60 �C for 1 h. After completion of

the reaction, the resulting precipitate was collected by

centrifugation, followed by washing with distilled water

and ethanol for several times, and dried at 80 �C for 4 h.

Preparation of Au–ZnO multipods

For preparation of the Au–ZnO multipods, first oligoani-

line-coated gold nanoparticles (Au-NPs) solution was

prepared by a known procedure described by Sajanlal et al.

(2008), and this solution was then used for the preparation

of Au–ZnO multipods according to the method described

for the preparation of bare ZnO multipods. Briefly, 25 mg

of citric acid was dissolved in 35 mL of water. Keeping the

solution at 80 �C, 1 mL HAuCl4 (25 mM) was added to it.

After 10 min, when the color changed from pale yellow to

pink, 100 lL of distilled aniline was added followed by

500 lL of HAuCl4 (25 mM). Heating was continued for 5

more minutes. Color of the solution changed to light pink,

and a black precipitate was formed. This solution was kept

at room temperature for 5 h, centrifuged at 4,000 rpm, and

the black residue obtained was discarded. The resultant
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light pink supernatant containing the oligoaniline-capped

gold nanoparticles was used for further reaction. A total of

25 mL of this oligoaniline-capped Au-NPs solution was

used instead of water in the ZnO multipods preparation

procedure for the preparation of Au–ZnO multipods. The

product, Au–ZnO, was used for subsequent analysis.

Instruments

X-ray diffraction (XRD) patterns were obtained on a

Burker AXS (Model B8-Advance) diffractometer with Cu

Ka radiation (k = 0.15418 nm). Scanning electron

microscopy (SEM) analysis was conducted using a Hitachi

S-4160 electron microscope. Transmission electron

microscopy (TEM) images were obtained using a Philips

CM120 transmission electron microscope. Energy-disper-

sive X-ray spectroscopy elemental analysis of the sample

was carried out using a Philips XL-30 energy-dispersive

X-ray spectroscope (EDAX). The UV–Visible spectra were

recorded on a Ray Leigh UV-2610 UV–Visible spectro-

photometer equipped with a pair of 1.0-cm quartz cells.

The pH measurements and adjustments were carried out

using a Metrohm 691 pH meter equipped with a combined

glass electrode.

Procedure for photocatalytic degradation/decolorization

studies

The photocatalytic experiments were carried out using a

home-made photoreactor. Dimensions of the photoreactor

were 120 cm 9 100 cm 9 100 cm. A 400-W mercury

lamp was used for the UV irradiation. The distance

between the surface of the solution and the light source was

about 12 cm. In the irradiation experiment, 100 mL of

aqueous MO with an initial concentration of 10.0 mg L-1

(pH 6.5) was transferred into a sample vessel. A defined

mass of the photocatalyst (10.0 mg) was added to the dye

solution. Before irradiation, the suspensions containing

MO and photocatalysts were continuously stirred for

20 min at dark in order to reach an adsorption–desorption

equilibrium. The system was then subjected to UV light

irradiation by switching on the lamp, while the suspension

was stirred magnetically. At fixed time intervals, 2 mL of

the sample was withdrawn and centrifuged to remove the

catalyst particles. UV–Visible absorption spectra of the

clarified solution were recorded to obtain the absorbance of

MO at the wavelengths 464 and 272 nm, corresponding to

the maximum absorption wavelengths of MO.

Results and discussion

Characterization

XRD spectra

In order to investigate the changes in the crystal structure

due to gold doping, XRD measurements were taken within

the range of 2O– = 10–80� for the Au–ZnO photocatalyst.

The XRD patterns for ZnO and Au–ZnO are shown in

Fig. 1. All of the diffraction peaks in the patterns could be

exactly indexed as the hexagonal wurtzite ZnO and were

well agreed with the values in the standard card (JCPDS

36-1451). It was also found that the 2O– values at which

major peaks appeared for Au–ZnO multipods (Fig. 1b)

were almost the same as those for pure ZnO (Fig. 1a). The

amount of Au-NPs was so small that no diffraction peaks

were observed for them in curve (b). The results imply that

the crystalline phase for ZnO has not been changed by the

modification of ZnO with Au-NPs. The average size of

Au–ZnO particles, calculated from line broadening of

(101) diffraction peak using Scherer’s formula, was 28 nm,

which is approximately comparable with the results

obtained for the TEM analyses, and EDAX (Fig. 2) con-

firms that the samples primarily consisted of Zn and Au.

SEM and TEM images

Figure 3 shows the typical SEM images for ZnO and Au–

ZnO multipods, which show that ZnO nanorods are well

aligned to form uniform multipods-like structures with

Fig. 1 XRD patterns for a ZnO and b Au–ZnO nanostructures
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average size of *1–2 lm. By comparing the morphologies

for ZnO (Fig. 3a, b) and Au–ZnO (Fig. 3c, d), it is clear

that the morphology of ZnO has not been changed by the

modification of ZnO with Au-NPs. It can be seen from the

enlarged images shown in Fig. 3b, d that an individual

multipods-like structure is composed of about 20–30

nanorods with a radial alignment from a center.

A further morphologic and structural characterization of

the Au–ZnO multipods was performed by TEM. A typical

TEM image for one ZnO multipods is shown in Fig. 4a. It

is clear that the morphology of Au–ZnO is multipods and

that it is in agreement with the SEM results. Figure 4b

displays a TEM image for several individual ZnO nanorods

in the multipods structure. Dimensions of the nanorods

under TEM observation are *50–100 nm in diameter and

*400–500 nm in length with a sharp tip, which are in

good agreement with the SEM results.
Fig. 2 EDAX spectra for Au–ZnO with multipods morphology

Fig. 3 SEM images of ZnO and Au–ZnO. a, b Are small- and large-area SEMs of the ZnO multipods; c, d are small- and large-area SEMs of the

Au–ZnO multipods
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Photocatalytic activity of Au–ZnO

Figure 5 shows the absorption spectra for MO at different

UV irradiation times in the presence of Au–ZnO. The

changes observed in the absorbance at 464 nm with time

are due to breaking of the azo bonds in MO, showing its

decolorization. The changes observed in the absorbance at

272 nm with time are correlated to the changes in the

concentration of organic residuals in the solution and thus

the mineralization of MO. Therefore, the absorbance at

464 nm was used to monitor the decolorization of MO and

that at 272 nm was used to follow the degradation of the

aromatic part of the dye. Figure 6 shows the changes in

absorbance of MO at 464 nm (decolorization) and 272 nm

(degradation) with time under different conditions. If no

UV light irradiation was used, the concentration of MO

decreased a little after 20 min and remained unchanged

even after 120 min. This indicates that adsorption of MO

on the surface of photocatalyst reaches an equilibrium

condition after 20 min. Thus, in all experiments, the sus-

pensions containing MO and photocatalysts were continu-

ously stirred for 20 min at dark in order to reach an

adsorption–desorption equilibrium. According to Fig. 6, it

is clear that in the absence of Au–ZnO or ZnO (only UV

irradiation), the degradation of MO does not occur, but a

slight dye decolorization is observable. On the other hand,

in the presence of both Au–ZnO and UV light, nearly

100 % of the dye was decolorized and degraded within

140 min. These results signify the importance of Au–ZnO

catalyst toward complete mineralization of MO. In addi-

tion, comparison of the MO decolorization and degradation

in the presence of ZnO and Au–ZnO confirms the higher

catalytic effect of Au–ZnO multipod catalyst against ZnO

with the same morphology.

It is very important to explain why Au–ZnO multipods

display better photocatalytic activities than the bare ZnO.

In a typical photocatalytic process, ZnO multipods act as

electron and hole sources. The electron–hole pairs (EHP)

of ZnO are generated by UV excitation. The electrons on

the conduction band (CB) relax to the defect level and then

react with the O2 electron acceptors to form the superoxide

anion radicals O��2 , and the holes in the valence band (VB)

Fig. 4 TEM images of the Au–

ZnO multipods. a Small area

and b large-area images

Fig. 5 UV–Visible absorbance spectra for MO solution as a function

of UV light exposition time. Conditions: 100 mL of MO,

10.0 mg L-1; Au–ZnO, 10.0 mg and pH 6.5
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react with water to form hydroxyl anion radicals (Lin et al.

2005). However, EHP recombination reduces the formation

of O��2 and thus the photocatalytic activity (Goto et al.

2004). Au-NPs act as sinks of photo-generated electrons

and induce a shift of the Fermi level toward more negative

potentials (Subramanian et al. 2003). The Au–ZnO inter-

face can transfer electrons from ZnO to Au by a charge

equilibration process and lower EHP recombination to

enhance the photocatalytic activity.

Optimization of photocatalytic conditions

In the optimization procedure, the efficiency percentage

(E%) for the degradation and decolorization processes was

used to monitor the photocatalytic activity. E% was cal-

culated as follows:

Eð%Þ ¼ C0 � Ct

C0

� 100 ð1Þ

where C0 is the concentration of MO after adsorption–

desorption equilibrium at dark (t = 0) and Ct is the

remaining concentration of MO at the reaction time,

t (min). Concentration of the MO dye in the solution was

determined by measuring the absorbance intensities at

464 nm (for decolorization) and 272 nm (for degradation)

and with the use of calibration curves. All experiments

were conducted in triplicates and the mean value of the

results was used.

Effect of pH

The solution pH is an important operational parameter,

which plays a significant role in the photocatalytic process

of various pollutants. Effect of pH on the photodegradation

of MO was studied at the pH range of 3.0–8.0. More acidic

(pH \ 3.0) values were not studied due to the dissolution

of ZnO at low pH values. The pH of the solution was

adjusted before irradiation by the addition of nitric acid or

sodium hydroxide, and it was not controlled during the

course of the reaction. The results showed that the degra-

dation and decolorization efficiencies increase with the

increase in the pH values up to 6.5 and then decrease at

higher pH values. Thus, the pH value of 6.5 was selected as

the optimal solution pH for the further photocatalytic

experiments.

Surface charge is formed on a metal oxide as a result of

ionization and complexation reaction of surface hydroxyl

groups. Surface charge density as a function of pH is a very

important characteristic of the surface properties of the

metal oxide/solution. Thus, pH of the point of zero charge

(pHpzc) depends on the alkali-acid character of surface

hydroxyl groups. For ZnO, the value of this parameter is

within a very wide range, 6.9–9.8 (Sedlak and Janusz

2008). Thus, ZnO surface is presumably positively charged

in an acidic solution (pH \ pHpzc) and negatively charged

in an alkaline solution. On the other hand, the negatively

charged form of MO (pKa = 4) increases with increase in

pH. Due to the electrostatic attraction, by increasing the

solution pH, adsorption of the MO dye onto the ZnO sur-

face increases, and the degradation efficiency of MO

increases accordingly. Moreover, at a high pH value,

concentration of the hydroxyl ions is in excess, and the

OH- ions compete with the dye in the adsorption onto the

surface of ZnO, which will reduce the surface area avail-

able for dye adsorption.

Effect of Au–ZnO amount

Effect of the amount of Au–ZnO on the photocatalytic

degradation and decolorization of MO was investigated at a

fixed concentration of MO (10.0 mg L-1) in aqueous

solutions with the pH value of 6.5. The data obtained

showed that E% values increase with the increase in the

amount of catalyst up to about 0.10 g L-1 (100 % decol-

orization and 94.9 % degradation after 140 min UV
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tions: 100 mL MO solution with the concentration of 10.0 mg L-1;

Au–ZnO, 10.0 mg and pH 6.5
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irradiation) and then decrease marginally with further

increase in the amount of the catalyst. Increase in the E%

values with increase in the amount of catalyst can be

rationalized in terms of the availability of active sites on

the Au–ZnO surface, and also the number of dye molecules

adsorbed (Sun et al. 2006; Kaur and Singh 2007). How-

ever, increase in the amount of catalyst further than

0.10 g L-1 has a little negative effect on the decolorization

or degradation of MO. This is due to the enhancement of

light reflectance and light blocking by excessive catalyst

and decrease in light penetration. Therefore, 0.10 g L-1 of

catalyst was used in the next studies.

Effect of the initial dye concentration

From the application view point, it is important to study the

dependence of the photocatalytic reaction on the dye

concentration. The effect of initial dye concentration on the

photocatalytic degradation and decolorization was inves-

tigated in the concentration range of 5.0–20 mg L-1. These

studies were carried out in the presence of 0.1 g L-1 of the

catalyst at the pH value of 6.5. As shown in Fig. 7, E%

values for both degradation and decolorization decrease

with the increase in the initial MO dye concentration. This

is due to the fact that at a high dye concentration, the dye

molecules may absorb a significant amount of light, the

light absorbed by the catalyst decreases, and the catalytic

efficiency reduces accordingly.

Effect of dissolved oxygen

In order to investigate the effect of dissolved O2 on the

photocatalytic degradation/decolorization of MO, the

photocatalytic activities were measured under the air and

pure N2 atmospheres, taking 10.0 mg L-1 of MO solution

and 0.1 g L-1 of the catalyst at the pH value of 6.5. In the

experiments carried out under the N2 atmosphere, the

suspension was purged with highly pure N2 at dark for

30 min to remove the O2 adsorbed on Au–ZnO and O2

dissolved in the dye solution, and then the photoreaction of

MO was started by turning on the UV lamp, while purging

of N2 was continued. In the presence of O2, the degradation

and decolorization efficiencies were 100 % and 95.1 %,

respectively. On the other hand, in the flow of highly pure

N2 under UV irradiation, MO cannot be photodegraded

(only 5.2 % after 140 min). However, a slight decoloriza-

tion (19.9 % after 140 min) was observed almost like the

one observed in the absence of the catalyst but with UV

irradiation (Fig. 6a). These results confirm that O2 is a

requirement for the photocatalytic degradation process.

Reuse of Au–ZnO catalyst

The possibility of reusing the photocatalyst was examined

to see the cost-effectiveness of the method. For this pur-

pose, the recycled experiments were performed for the

photodegradation of MO under UV irradiation. After each

degradation experiment, the catalyst was separated from

the dye solution by centrifugation, thoroughly washed with

distilled water and ethanol, and then reused for the next

degradation. As shown in Table 1, the Au–ZnO photocat-

alyst exhibits satisfactory photostability, and after it was

recycled for three times, its photocatalytic efficiency was

nearly constant.

Interference study

Since different constituents are present in wastewater, a

basic understanding of the effect of foreign species on the

performance of photocatalytic systems is important to

ensure the operational stability of a catalyst in the photo-

catalytic water purification process. Thus, the influence of
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Fig. 7 Effect of the initial concentration of MO on the a decoloriza-

tion and b degradation efficiencies. Conditions: 100 mL MO solution;

Au–ZnO, 10.0 mg and pH 6.5
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most common co-exiting species on the degradation/

decolorization of MO solution was investigated under the

optimum conditions. The degradation/decolorization effi-

ciencies of the aqueous solutions containing 10.0 mg L-1

of MO and various amounts of foreign ions were measured

under UV irradiation for 2 h. The tolerance limit was

defined as the concentration, which gave a change of 3S (S

is the standard deviation of five replicate degradation/

decolorization efficiency measurements for 10.0 mg L-1

of MO) in the photocatalytic efficiency. The experimental

results are shown in Table 2. These results show that the

common ions (even at high concentrations) in water and

wastewater samples do not have any considerable inter-

ference effect on the photocatalytic activity of proposed

Au–ZnO catalyst and the catalyst could be used for the

photodegradation of MO in wastewaters without significant

matrix effects.

Kinetic study

Investigation of kinetics of dye decolorization is often

confusing because the process is complex. It is often

believed that degradation and decolorization mechanism is

depends on the surface coverage of catalyst (h). If the dye

concentration is very low (h � 1), the rate equation is

rendered into the first-order kinetic. On the other hand, at

relatively higher dye concentration (h & 1), the mecha-

nism follows the zero-order kinetics. In order to investigate

kinetics of the present study, the time dependence of the

MO concentration was investigated at different initial MO

concentration. The MO concentration range of

5.0–20.0 mg L-1 and a constant catalyst amount

(0.10 g L-1) were used for this study, and the data were

compared for first-order and zero-order kinetics. A plot of

[MO]t versus irradiation time (t) thus should give an

exponential curve if the reaction mechanism follows first-

order kinetics, and if the mechanism is zero-order kinetics,

the plot should be a straight line. In our case, we found

straight lines (R2; 0.9102–0.9989) when [MO]t was plotted

against irradiation time (t). Probably, this concentration

range is sufficient to form monolayer coverage (h & 1)

over Au–ZnO surface, and thus, it can be concluded that

under our experimental condition, MO decolorization/

degradation process manifested zero-order kinetics. From

the slope of zero-order kinetics curves, the apparent rate

constants of 1.2 (±0.2) 9 10-7 and 2.3 (±0.2) 9 10-7

mol L-1 s-1 were calculated for the degradation and

decolorization of MO, respectively.

Application of catalyst in synthetic wastewater

In order to examine the performance of the Au–ZnO cat-

alyst in the water purification process, the proposed con-

ditions were applied for the photodegradation of MO in

untreated tap water spiked with MO. The results obtained

showed that after 140 min UV irradiation, MO completely

decolorized (100 %) and degraded (93.9 %) in synthetic

wastewater. The data obtained reveal the capability of the

Au–ZnO photocatalyst for the degradation/decolorization

of MO in synthetic wastewater samples.

Conclusion

Au–ZnO nanostructure with well-defined multipods mor-

phology and particle average size of 28 nm was prepared

by a simple procedure. The Au–ZnO catalyst was used

effectively for the MO degradation and decolorization

under UV irradiation. It was found that the photocatalytic

activity of the catalyst was relatively higher in neutral pH

with the small catalyst amount of 0.10 g L-1. The recycle

and reuse of the catalyst were examined, and the results

Table 1 Results obtained for repeated use of Au–ZnO after cyclic

regeneration

No. of used cycle E (%)

Decolorization Degradation

1 100.0 95.0

2 100.0 93.7

3 100.0 91.3

4 87.1 63.2

5 81.2 58.8

6 73.4 56.6

Table 2 Interference study results for the decolorization and degra-

dation of 10.0 mg L-1 MO solution

Species Tolerable concentration

(mg L-1)

Decolorization Degradation

SO4
2-, NO3

-, HCO3
-, CH3CH2OH,

CH3COOH, Na?
1,000a 1,000a

Cl- 200 200

HPO4
2- 500 100

Mg2?, Ca2? 100 40

a Maximum concentration tested
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showed that the catalyst could be used three times without

any change in the photocatalytic efficiency. The results

obtained confirm the performance of the catalyst in the

synthetic wastewater purification.
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